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Multi‑omics analysis reveals that Bacillus spp. 
enhance mucosal antiviral immunity in teleost 
fish by mediating diglyceride production 
through lipid metabolism
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Abstract 

Background  Symbiotic microbiota in vertebrates play critical roles in establishing and enhancing host resistance 
to pathogenic infections as well as maintaining host homeostasis. The interactions and mechanisms of commensal 
microbiota-mediated mucosal immune systems have been extensively studied in mammals and, to a lesser extent, 
in birds. However, despite several studies emphasizing the role of mucosal microbiota in controlling pathogen infec-
tions in teleost fish, limited knowledge exists regarding the core microbiota and the mechanisms by which they 
contribute to resistance against viral infections.

Results  Our findings suggest that viral infections shape clinical manifestations of varying severity in infected fish. 
An increased abundance of Bacillus spp. in the mild phenotype indicates its crucial role in influencing fish immunity 
during viral infections. To confirm that Bacillus spp. act as a core contributor against viral infection in fish, we isolated 
a representative strain of Bacillus spp. from largemouth bass (Micropterus salmoides), which was identified as Bacillus 
velezensis (Bv), and subsequently conducted feeding trials. Our study demonstrated that dietary supplementation 
with Bv significantly reduced mortality from largemouth bass virus (LMBV) infection in bass by enhancing host immu-
nity and metabolism as well as by regulating the microbial community. Furthermore, multi-omics analysis elucidated 
the mechanism by which Bacillus spp. confer resistance to viral infections by regulating the production of diglyceride 
(DG) during lipid metabolism.

Conclusions  Our study provides the first evidence that Bacillus spp. are a core microbiota for combating viral infec-
tions in teleost fish, shedding light on the conserved functions of probiotics as a core microbiota in regulating micro-
bial homeostasis and mucosal immunity across the vertebrate lineage.
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Background
Mucosal surfaces in vertebrates host a diverse and abun-
dant community of commensal microbiota that are 
essential for maintaining host homeostasis. The biodi-
versity of the symbiotic microbiome is closely associated 
with the evolution of vertebrates, giving rise to host-spe-
cific microbiome characteristics and dynamic, complex 
interactions during coevolution [1]. In mammals, exten-
sive evidence highlights the importance of commen-
sal microbiota in shaping host innate immune systems, 
influencing pathogenic infections by regulating immune 
function and intestinal mucosal homeostasis, with the 
core microbiota serving as a key contributor [2–5]. Core 
microbiota, defined as the microbial taxa that are shared 
or abundant within the host, have been shown to play 
a crucial role in maintaining host health in mammals 
[6–9]. Currently, research on core microbial communi-
ties in avian and reptilian species is limited to classifica-
tions based on microbial abundance and shared taxa [10, 
11]. Teleost fish represent the oldest extant bony verte-
brates and harbor complex and abundant microbial com-
munities on their mucosal surfaces. The susceptibility 
of teleost fish to opportunistic pathogens highlights the 
necessity to study the roles of mucosal microbes in early 
vertebrates. Mucosal microbiota associated with teleost 
fish have been studied extensively, and the shared core 
microbiota in fish mucosa have been reported in previous 
studies [12, 13]. However, studies investigating the resist-
ance of mucosal core microbiota to pathogen infections 
in teleost remain scarce.

The core microbiota serves as both a holistic health 
indicator and a potential contributor to health improve-
ment. Probiotics have garnered widespread attention for 
their contribution to maintaining intestinal microbiome 
homeo​stasis, enhancing intes​tinal​ barri​er function, and 
regulating immune responses [14, 15]. A previous study 
in humans investigated the role of mucosal microbiota 
in infections, highlighting the loss of the core beneficial 
microbiota Prevotella spp. during acute viral infections 
[16]. Recently, several core microbiotas have been iden-
tified in mammals, including Akkermansia, Bacteroides, 
and Faecalibacterium, all of which are probiotics that 
are crucial for maintaining gut homeostasis and overall 
health [9, 17, 18]. Additionally, the core microbe Bifido-
bacterium in the gut of calves improves the growth phe-
notype of hosts by regulating microbial functions and 
host metabolism [19]. Studies involving mammals sug-
gest that probiotics, with the potential to serve as core 
microbiota, contribute to the normalization of disrupted 
gut microbiota caused by viral stimulation or environ-
mental stressors [20, 21]. In teleost fish, previous studies 
have examined the role of probiotics in mucosal homeo-
stasis; however, evidence regarding the involvement of 

core microbiota in pathogen resistance remains limited. 
Recent studies show that probiotics regulate the stabil-
ity of the gut microbiota network, enhance microbial 
interactions, and promote resistance to pathogen infec-
tions in zebrafish [22]. The contributions of probiot-
ics to host physiology are largely driven by secondary 
metabolites. This is consistent with findings from stud-
ies involving mammals, where metabolites produced by 
probiotics, such as bacteriocin, surfactin, and P34 pep-
tide, protect hosts from viral infections by inhibiting viral 
binding, entry, and replication [23–25]. In teleost fish, 
an extract derived from Bacillus spp. has been shown to 
resist SVCV infection by enhancing the innate immune 
response [26]. Previous studies have demonstrated that 
Bacillus velezensis (Bv) enhances zebrafish immunity 
against pathogen infections by strengthening gut micro-
biome interactions, which are dependent on vitamin B12 
produced by Cetobacterium [21]. Additionally, probiot-
ics play a crucial role in regulating immune and meta-
bolic networks by influencing the interactions between 
the mucosa and microbiota, particularly through the 
enhancement of lipid metabolism [27]. Notably, diglyc-
eride (DG) has been identified as a key signaling lipid 
and an important intermediate in lipid metabolism [28]. 
Recent research in mammals suggests that DG activates 
multiple downstream signaling cascades, including the 
Ras, NF-κB, and AKT pathways, thereby mediating 
T-cell immunity [29]. Despite growing evidence showing 
that specific symbiotic microbiotas in the mucosa pro-
tect hosts against pathogen infections, a comprehensive 
understanding of the core microbiota and the specific 
mechanism underlying pathogen resistance in teleost fish 
is lacking.

To address this gap in the literature, this study inves-
tigated the core microbiota and the specific mechanisms 
of their contributions to antiviral defense in teleost fish. 
We utilized largemouth bass as an experimental model 
and defined differential phenotypes following largemouth 
bass virus (LMBV) infection. Subsequently, the compo-
sition of symbiotic microbiota in the gut of largemouth 
bass exhibiting mild and severe phenotypes was analyzed 
using 16 s rRNA sequencing. Our results indicated that 
Bacillus spp. may represent the core microbiota mediat-
ing early antiviral responses in the largemouth bass. To 
confirm this hypothesis, we isolated a representative 
strain of the Bacillus spp. from bass, which was identi-
fied as Bv, and subsequently observed that Bv supple-
mentation provided protection against viral infection. 
Subsequently, we investigated the effects of Bv supple-
mentation on the composition and structure of the intes-
tinal microbiome, exploring the correlation between 
alterations in the microbiota and host metabolism and 
immunity through multi-omics association analysis. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/homeostasis
https://www.sciencedirect.com/topics/medicine-and-dentistry/intestinal-mucosal-barrier
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Furthermore, we identified a mechanism by which Bv 
enhances host resistance to viral infections via lipid 
metabolism, specifically through DG. These results dem-
onstrate that Bacillus spp. may serve as a core microbiota 
that mediates early antiviral responses in teleosts, sup-
porting host immunity by regulating the production of 
DG during lipid metabolism. Overall, our results indicate 
that the conserved role of probiotics as core microbiota 
in antiviral immunity in both primitive and modern ver-
tebrates is through a process of convergent evolution.

Results
LMBV infection induced differential clinical symptoms 
and gut microbiota disruption
In this study, we evaluated the immune responses of lar-
gemouth bass by developing a bath infection model with 
LMBV. Infected fish were sacrificed to collect samples 
at 1-, 4-, 7-, 14-, 21-, and 28-day post-infection (DPI) 
(Fig.  1A). Approximately, 40% of the fish succumbed to 
LMBV infection (Fig. 1B). Infected fish displayed typical 
clinical phenotypes, including spleen enlargement, skin 
ulcers, and fin congestion (Fig.  1C). At 7 DPI, infected 
fish exhibited variable clinical phenotypes. Based on the 
pathological phenotypes, infected fish were categorized 
into Mild and Severe groups (Supplementary Fig.  1 A). 
qPCR analysis revealed that LMBV loads in the gut 

Fig. 1  Infection model and microbial abundance analysis. A Fish were infected with LMBV via bath immersion and sacrificed at 1, 4, 7, 14, 21, 
and 28 DPI for tissue sample collection. B Cumulative survival rate of the Ctrl group and LMBV-infected group. The data are representative of two 
independent experiments. C Clinical phenotypes observed in largemouth bass infected with LMBV. D qPCR was used to quantify LMBV mcp gene 
copies (Log10) in the gut samples from the Ctrl, Mild, and Severe groups (n = 6). E Histological examination of the gut in Ctrl, Mild-7, and Severe-7 
group fish. F Distribution of bacteria in gut paraffin sections from fish in the Ctrl, Mild, and Severe groups was detected by in situ hybridization. 
From left to right: Ctrl, Mild, and Severe groups, scale bars: 30 μm. G Bacterial counts per villus in the Ctrl, Mild, and Severe groups (n = 6). Statistical 
differences were evaluated using a one-way ANOVA test. H Flow cytometry analysis displaying the staining of gut bacteria with SYTO BC Green 
in the Ctrl, Mild, and Severe groups. I The total gut bacterial count per fish in the Ctrl, Mild, and Severe groups (n = 6). *p < 0.05, **p < 0.01, ***p < 
0.001
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increased significantly at 4 DPI and remained elevated 
at 7 DPI, similar to the LMBV load patterns in the head 
kidney (HK) (Fig.  1D, Supplementary Fig.  1B). Notably, 
fish in the Severe group exhibited a higher LMBV load 
compared to those in the Mild group. H&E staining iden-
tified morphological changes in the Severe group, includ-
ing cell shedding around the gut villi, while no significant 
changes were observed in the Mild group (Fig. 1E). The 
expression levels of antiviral genes (irf-7, irf-3, ifnα, 
trim25, and mx) and inflammation-related genes (il-
10, il-8, and il-1β) were increased at 1 and 4 DPI before 
gradually decreasing at 7 DPI. Fish in the Severe group 
exhibited a stronger upregulation of immune-related 
genes compared to those in the Mild group (Supplemen-
tary Fig. 1D). Moreover, bacteria of the gut mucosa were 
visualized using fluorescent in situ hybridization analysis. 
The results revealed a significant increase in microbial 
abundance in the Mild and Severe groups compared to 
the control (Ctrl) group (Fig. 1F, G). Flow cytometry fur-
ther confirmed this increase in microbial abundance in 
the gut, with fish in the Severe group exhibiting a greater 
microbial abundance in the gut than fish in both the 
Ctrl and Mild groups (Fig.  1H, I; samples that were not 
stained with SYTO BC Green are shown in Supplemen-
tary Fig. 1D). These findings suggest that LMBV invasion 
elicits strong immune responses and disrupts the gut 
microbiota of largemouth bass.

Bacillus spp. mediate the early antiviral immune response 
of largemouth bass
To investigate microbial composition in the Mild and 
Severe groups, gut samples were collected from fish in 
the Ctrl, Mild, and Severe groups for 16S rRNA sequenc-
ing analysis. The Chao1 index showed that the bacterial 
community richness in the severe group was significantly 
higher than in the mild group, and it was also elevated 
compared to the control group (Fig. 2A). Principal com-
ponent analysis (PCA) indicated that the microbiome 
pattern in the Ctrl group was similar to that in the Mild 
group but differed from that of fish in the Severe group 
(Fig.  2B). At the genus level, the composition of the 
microbiota varied significantly among fish in the Ctrl, 
Mild, and Severe groups (Fig. 2C). BugBase analysis indi-
cated a higher abundance of pathogenic and facultatively 
anaerobic bacteria in the Severe group compared to those 
in the Ctrl group, whereas fish in the Mild group exhib-
ited no significant changes (Fig. 2D, E). Heat map analysis 
highlighted distinctions in the composition of pathogens 
and probiotics among the three groups. Fish in the Severe 
group showed a marked increase in the relative abun-
dance of pathogenic bacteria and a decrease in probiot-
ics. Fish in the Mild group exhibited a modest increase 
in the relative abundance of probiotics compared to the 

Ctrl fish (Fig.  2F). Specifically, a significant increase in 
pathogenic bacteria such as Aeromonas and Plesiomonas 
was observed in Severe group fish, accompanied by a 
notable decline in probiotics, particularly Lactobacillus 
(Fig.  2G). In contrast, fish in the Mild group displayed 
a significant increase in Bacillus spp. compared to both 
the Ctrl and Severe groups, suggesting that Bacillus spp. 
may play an important role in resistance to LMBV infec-
tion in largemouth bass. To further evaluate the potential 
mechanisms by which Bacillus spp. mediate the immune 
response of bass against LMBV invasion, we isolated 
Bacillus spp. from the gut of largemouth bass and iden-
tified it as B. velezensis (Bv). Subsequently, our findings 
demonstrated that this strain inhibited the growth of 
pathogenic bacteria, including Aeromonas hydrophila, 
Edwardsiella piscicida, and Nocardia seriolae (Supple-
mentary 2 A, B). Additionally, the strains exhibited the 
potential to enhance nutrient utilization through the pro-
duction of enzymes such as protease, cellulase, amylase 
(AMS), and lipase (LPS) (Supplementary Fig. 2 C).

Bv supplementation enhanced growth performance 
and antiviral ability of bass
To evaluate the role of strain Bv in bass, the fish were 
fed a commercial diet supplemented with Bv for 28 days 
(Fig. 3A). Results showed that the feed coefficient in the 
Bv group significantly decreased, whereas the weight 
gain rate (%) and specific growth rate (%/d) significantly 
increased compared to the Ctrl group (Fig. 3B). Moreo-
ver, significant improvements in the characteristics of 
the foregut (FG) and midgut (MG) villi were observed, 
including the increased villus length, villus count, and 
muscle layer thickness compared to the Ctrl group (Sup-
plementary Fig.  3 A, B). A significant increase in the 
trypsin (TPS), AMS, and LPS activities was observed 
in the FG of the Bv group. Additionally, TPS activity 
increased in the MG and LPS activity increased in the 
hindgut (HG) of the Bv group (Fig.  3C). Furthermore, 
increased activities of innate immune-related enzymes, 
including superoxide dismutase (SOD), lysozyme (LSZ), 
and acid phosphatase (ACP), were observed in the gut 
and serum (Fig.  3D, Supplementary Fig.  3 C). Collec-
tively, our findings demonstrated that Bv supplementa-
tion effectively enhanced the activities of both digestive 
and innate immune-related enzymes. To further inves-
tigate whether supplementation with Bv provides pro-
tection against LMBV infection in largemouth bass, 
we developed an intraperitoneal infection model. Our 
results indicated that approximately 60% of fish in the 
Ctrl group and 40% of fish in the Bv-fed group died 
within 30 days (Fig.  3E). qPCR analysis revealed that 
the LMBV load in the spleen (SP), FG, and HG of the Bv 
group was significantly lower at 7 DPI compared to the 
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Ctrl group (Fig. 3F). Additionally, we defined the patho-
logical phenotypes of infected fish at 7DPI and recorded 
the percentages of asymptomatic (Non), Mild, and Severe 
phenotypes in the Ctrl and the Bv group (Supplementary 
Fig.  3D). In the Bv group, the proportions were 66.7%, 
19.4%, and 13.9%, compared to 52.8%, 27.8%, and 19.4% 
in the Ctrl group (Fig.  3G). This suggests that Bv sup-
plementation alleviates clinical symptoms after LMBV 
infection and enhances the antiviral resistance of large-
mouth bass.

Bv supplementation induced differential immune 
responses in the intestinal segment
To analyze the immune responses of the gut following Bv 
supplementation, we performed transcriptome sequenc-
ing analysis on the FG, MG, and HG after 28 days of Bv 
supplementation. We found a total of 602 genes (FG), 
604 genes (MG), and 1080 genes (HG) were differen-
tially expressed following Bv supplementation. Among 
these genes, 234, 346, and 378 genes were downregu-
lated, whereas 368, 258, and 702 genes were upregulated 

Fig. 2  Composition differences in gut commensal microbiota among fish in the Ctrl, Mild, and Severe groups (n = 4 samples, three fish per sample). 
A Microbial richness in the gut of fish in the Ctrl, Mild, and Severe groups (n = 4). Community richness was measured using the Chao1 index. B PCA 
analysis was performed to assess the gut microbiome communities of fish in the Ctrl, Mild, and Severe groups (n = 4). C Relative abundance of gut 
microbiota at the genus level in fish in the Ctrl, Mild, and Severe groups. D, E Proportions of potentially pathogenic (D) and facultatively anaerobic 
bacteria (E) in the Ctrl, Mild, and Severe groups fish. F Heatmap displays the relative abundance of pathogenic bacteria and probiotics in Ctrl, Mild, 
and Severe fish (Log2 relative abundance). G Relative abundance of specific microbiota (Aeromonas, Shewanella, lactococcus, and Bacillus) in the Ctrl, 
Mild, and Severe groups fish
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in FG, MG, and HG, respectively (Fig. 4A). Additionally, 
9 genes were upregulated in all 3 tissues, and 27 genes 
were downregulated (Fig. 4B). Furthermore, we observed 
that immune-related genes were significantly upregu-
lated in FG, MG, and HG following Bv supplementation 
(Fig. 4C). Genes associated with metabolic function were 
also upregulated in FG, MG, and HG compared to the 
Ctrl group (Fig. 4D). KEGG enrichment analysis revealed 
that differentially expressed genes (DEGs) were enriched 
in pathways related to metabolism, immunity, and cel-
lular proliferation (Fig.  4E). Notably, immune-related 
pathways, including the B-cell receptor signaling path-
way and the NF-κB signaling pathway, are enriched with 
more genes in the MG and HG (Fig. 4E). These findings 

highlight the important role of the MG and HG as poten-
tial targets for induced intestinal immunity following Bv 
supplementation in largemouth bass.

Bv supplementation affected the composition 
and structure of symbiotic microbiota in the intestinal 
segment
To investigate the effects of Bv feeding on the struc-
ture and composition of the gut microbiota in large-
mouth bass, the FG, MG, and HG were collected for 16S 
sequence analysis. The Chao1 index indicated a signifi-
cant increase in bacterial community richness in the HG 
of the Bv group compared to the Ctrl group (Fig.  5A). 
Consistently, the OTU analysis indicated that the number 

Fig. 3  Supplementation with Bv enhanced host nutrition utilization and immunity against LMBV infection. A Experimental strategy: fish were fed 
a diet supplemented with Bv for 28 days, and 20 fish were randomly selected and sacrificed for tissue sample collection. The remaining fish were 
injected with LMBV, with 30 fish used for the mortality test and 60 fish that were subjected to phenotypic analysis and tissue sample collection 
at 7 DPI. B Effects of dietary Bv on growth performance of largemouth bass (feed coefficient, weight gain rate, and specific growth rate). C 
Effect of dietary supplementation with Bv on TPS, AMS, and LPS in the FG, MG, and HG of largemouth bass. D Effect of dietary supplementation 
with Bv on LSZ, SOD, and ACP activity in the FG, MG, and HG of largemouth bass. E Cumulative survival rates of fish in the Bv and Ctrl groups 
following LMBV intraperitoneal injection (abbreviations: Ctrl-i.p and Bv-i.p). The data are representative of two independent experiments. F LMBV 
mcp copies (Log10) in SP, FG, MG, and HG of fish (n = 6). G Statistical analysis of differential phenotypes of infected fish in the Ctrl group and Bv-fed 
group. The red section indicates the proportion of severely diseased fish, the yellow section represents the proportion of mildly diseased fish, 
and the blue section represents the proportion of asymptomatic (non-phenotypic: non) fish. *p < 0.05, **p < 0.01, ***p < 0.001
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of OTUs in the HG of the Bv (78) group increased com-
pared to the Ctrl group (34), with nine specific OTUs 
(Supplementary Fig. 4). Additionally, the OTU number in 
the FG and MG was higher than in the HG, with the total 
OTU number in the FG group being the highest (Sup-
plementary Fig.  4). Moreover, the variation in bacterial 
structure at the phylum and family levels can be visually 
depicted from the circos plot analysis (Fig. 5B, C). At the 
phylum level, the relative abundance of Proteobacteria 
decreased in FG and MG, and there was an increase in 
the relative abundance of Firmicutes and Bacteroidota in 
the HG (Fig. 5D). Meanwhile, we observed a significant 
decrease in the abundance of Enterobacteriaceae and 
an increase in Fusobacteriaceae in the FG. In the MG, 
Aeromonadaceae significantly decreased. Additionally, 
the abundance of Mycoplasmataceae and Alcaligenaceae 
increased significantly in the HG (Fig. 5E). LEfSe analy-
sis further evaluated the changes in the microbial com-
munity composition at the genus level. We found that Bv 
feeding led to more pronounced changes in the microbial 
composition and structure of the HG compared to the 
FG and MG. Furthermore, the abundance of pathogenic 
bacteria, such as Aeromonas, decreased in the MG and 
HG following Bv supplementation. Meanwhile, there was 
a significant increase in probiotic abundance, including 

Cetobacterium in the FG and Bacillus in the HG, respec-
tively. These results suggest that Bv supplementation 
regulates the structure and composition of the gut micro-
biota, thereby providing benefits to gut health (Fig. 5F, G, 
H).

Bv supplementation regulates metabolic function 
of intestinal segment
PCA analysis indicated that distinct separations of 
metabolites in the FG, MG, and HG exist between the 
Ctrl and Bv groups (Fig.  6A). The Venn diagram illus-
trates the number of different metabolites in the FG, MG, 
and HG, revealing total metabolite counts of 133, 162, 
and 313, respectively (Fig. 6B). VIP > 1 indicates that the 
metabolite has a high impact on this group. In our study, 
several metabolites in the FG were significantly upregu-
lated compared to the Ctrl group (VIP > 1), including 
D-ribose 5-phosphate, leukotriene E4, isopenicillin N, 
vitamin B6, 5-hydroxy-L-tryptophan, L-tryptophan, and 
ornithine. Notably, adenosine monophosphate, thiamine 
pyrophosphate, and 3′,5′-cyclic GMP showed marked 
downregulation in Bv-fed fish (Fig.  6C). The enriched 
pathways of differential metabolites in the FG mainly 
related to metabolism, including vitamin B6 metabo-
lism, purine metabolism, tryptophan metabolism, and 

Fig. 4  Transcriptomic analysis of bass gut tissues following Bv supplementation (n = 3 samples, three fish per sample). A Volcano plot shows 
the upregulated or downregulated expression of genes in FG, MG, and HG of Bv-group fish versus Ctrl fish. Red dots indicate significantly 
upregulated genes (fold change > 2 and FDR < 0.05), blue dots indicate significantly downregulated genes (fold change < 2 and FDR < 0.05), 
and grey spots indicate no differential expression. B Venn diagrams show the overlap of upregulated or downregulated genes across FG, MG, 
and HG. C Heatmap of RNA-Seq analysis shows changes in immune-related genes from the FG, MG, and HG of Bv-group fish versus Ctrl fish. D 
Heatmap of RNA-Seq analysis shows changes in metabolic-related genes from the FG, MG, and HG of Bv-group fish versus Ctrl fish. E KEGG analysis 
revealed significant changes in biological processes in the FG, MG, and HG of Bv-group fish versus Ctrl fish
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aldosterone synthesis and secretion (Fig. 6F). Bv supple-
mentation resulted in the upregulation of metabolites 
such as lysophosphatidylcholine (LysoPC), leukotriene 
F4, 5-trans-PGE2, glycerophosphoric acid, 9-hydroxylin-
oleic acid, and PE-NMe2 in MG. Conversely, prostaglan-
din E2, D-galactose, and 12-oxo-ETE were significantly 
downregulated in the Bv group compared to the Ctrl 
group. Furthermore, these differential metabolites were 
significantly enriched in pathways including glycerophos-
pholipid metabolism and arachidonic acid metabolism 
(Fig. 6D, G). Additionally, metabolites such as 9-hydrox-
ylinoleic acid, diglyceride (DG), and phosphatidylcho-
line (PC) were upregulated in the HG of the Bv group 
compared to the Ctrl group. Notably, these differential 
metabolites were enriched in pathways including linoleic 

acid metabolism, glycerophospholipid metabolism, 
NF-κB signaling pathway, and PPAR signaling pathway 
(Fig. 6E, H).

Correlation analysis of multiple omics sequencing revealed 
that Bv supplementation enhanced immune‑related 
pathways
A correlation analysis of metabolomics and 16S sequenc-
ing was performed to investigate the relationship between 
the differential microbiota and secondary metabolites 
(Fig. 7A, B, C). Spearman’s correlation analysis indicated 
that Cetobacterium was positively correlated with vita-
min B6 in the FG (Fig.  7A). A negative correlation was 
observed between Aeromonas and Geneticin in the HG, 
and Bacillus exhibited a positive correlation with DG 

Fig. 5  Bv supplementation altered the microbial diversity and composition in the FG, MG, and HG (n = 3 samples, three fish per sample). A Richness 
of microbiota in FG, MG, and HG (n = 3). Community richness was measured by the [LE1] Chao1 index. B, C Circos plots showing the microbial 
abundance in FG, MG, and HG at the phylum (B) and family (C) levels. D, E Relative abundance (%) of the top five bacteria (phylum and family) 
in the FG, MG, and HG. F, G, H LEfSe cladogram of microbial taxa in FG (F), MG (G), and HG (H) of fish in the Ctrl and Bv groups (genus). *p < 0.05, **p 
< 0.01, ***p < 0.001
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and 9-hydroxylinoleic acid in the HG (Fig. 7C). Genome 
sequencing further confirmed that Bv can produce lipases 
to regulate lipid metabolism and mediate DG production 
(Supplementary Fig.  5). Furthermore, other pathogens, 
including Achromobacter and Mycoplasma, exhibited a 
negative correlation with DG (Fig. 7C). Subsequently, the 
correlation analysis of metabolomics and transcriptome 
sequencing demonstrated that altered genes and metab-
olites are co-enriched into the same pathway (Fig.  7D, 
E, F). Furthermore, no significantly enriched pathways 
were observed in the FG, whereas the pathway of ara-
chidonic acid metabolism was significantly enriched 
in the MG (Fig.  7D, E). Additionally, a significant cor-
relation was observed in the HG between immune and 
metabolism-related pathways including phospholipase 
D signaling pathway, Fc epsilon RI signaling pathway, 
Fc gamma R-mediated phagocytosis, protein digestion 

and absorption, and NF-κB signaling pathway (Fig.  7F). 
Importantly, DG is a shared metabolite in the enriched 
immune and signaling transduction-related pathways of 
the HG (Table S2), which indicates that DG may mediate 
the immune response in the gut.

DG enhanced the protective effect of largemouth bass 
against LMBV infection
To determine whether the protective effects of Bv on 
the prevention of viral infection are reliant on DG, the 
EPC cells were incubated with M199 medium and M199 
medium containing DG at a concentration of 0.5% for 2 h 
(Fig. 8A). qPCR analysis showed that DG incubation sig-
nificantly enhanced the gene expression of ifnα, isg15, and 
mx, whereas viperin did not exhibit significant variation, 
suggesting that DG might induce the antiviral function 
of EPC (Fig.  8B). After LMBV infection, the cytopathic 

Fig. 6  Differential metabolite analysis of the FG, MG, and HG in the Ctrl and Bv groups (n = 3 samples, three fish per sample). A PCA analysis 
was performed to assess the metabolite composition of fish in the Ctrl, Mild, and Severe groups. B Venn diagram shows the overlap of metabolites 
in the FG, MG, and HG of the Ctrl and Bv groups. C, D, E Comparison of differential metabolites in the FG (C), MG (D), and HG (E) between the Ctrl 
and Bv groups. The dot plots on the left show VIP scores from the multivariate analysis, and the heatmaps on the right represent the relative levels 
of each metabolite across the Ctrl and Bv groups. F, G, H Bubble plots show the pathways of metabolite enrichment in the FG (F), MG (G), and HG 
(H). Bubble size indicates the number of metabolites in each pathway, while color represents the p-value
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effect (CPE) area was significantly reduced in the 0.5% 
DG group compared to the Ctrl group (Fig. 8C, Supple-
mentary Fig. 6 A). Subsequently, cells were collected after 
culture for 12 h for LMBV load analysis. We observed a 
lower LMBV load in EPCs incubated with DG compared 
to the Ctrl group (Fig.  8D). These results suggest that 
DG incubation induces the expression of antiviral genes 
in EPCs, thereby contributing to enhanced resistance 
to LMBV infection. To further explore the function of 
DG in defending against LMBV infection in largemouth 
bass, we designed an experiment involving feeding DG to 
analyze the protective effects of DG on largemouth bass 
(Supplementary Fig.  6B). Our results showed that the 
largemouth bass of the DG group with LMBV intraperi-
toneal injection (DG-i.p) presented higher survival rates 
compared to the PBS group with LMBV intraperitoneal 
injection (PBS-i.p) (Fig.  8E). The LMBV load in the SP, 
HK, FG, and HG significantly decreased in the DG-i.p 
group (Fig. 8F). H&E staining confirmed that DG supple-
mentation alleviated the histopathology of the gut caused 
by LMBV infection, such as intestinal epithelial cell shed-
ding and erythrocyte infiltration (Fig.  8G). Additionally, 
the statistics of pathological phenotypes showed that 
the proportions of Non-, Mild-, and Severe-phenotype 
fish were 66.7%, 11.1%, and 22.2% in the DG-i.p group, 

compared with 35.0%, 25.0%, and 40.0% in the PBS-i.p 
group, respectively (Fig.  8H). In conclusion, the above 
results suggest that DG plays an important role in allevi-
ating clinical symptoms and enhancing the resistance of 
largemouth bass against LMBV infection.

Discussion
Symbiotic bacteria coexist on mucosal surfaces and col-
laboratively maintain host health in vertebrates, with the 
core microbiota serving as a key contributor. However, 
the roles of core microbiota have mainly been investi-
gated in mammals, whereas little is known regarding 
the core microbiota and its interactions with the mucosa 
during viral infection in teleost fish. In this study, we 
identified Bacillus spp. as a core contributor that medi-
ates the clinical symptoms of early antiviral infection in 
largemouth bass. Furthermore, multi-omics analysis 
revealed the mechanisms through which Bv enhances 
antiviral infection resistance in largemouth bass, pri-
marily through lipid metabolite DG that improves the 
host’s immune response. Therefore,  our results provide 
the first demonstration in teleost fish that probiotics, as 
core microbiota, exert conserved functions in regulating 
microbial  homeostasis and mucosal immunity, thereby 

Fig. 7  Correlation analysis between differential metabolites, microbiota, and genes. A, B, C Heatmaps depicting correlations between microbial 
genera and metabolites in the FG (A), MG (B), and HG (C). The color indicates the degree of correlation, with yellow representing positive 
correlations and blue indicating negative correlations. D, E, F The bar chart shows significant correlations of enrichment pathways 
between metabolites in FG (D), MG (E), and HG (F) and genes (*p < 0.05, **p < 0.01, ***p < 0.001)
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filling the gap in our understanding of mucosal microbi-
ota function and evolution across the vertebrate lineage.

To assess the microbial composition of the intestinal 
mucosa after viral infection, we developed an LMBV 
infection model in bass via bath exposure, which mimics 
a natural infection. Defining phenotypes is essential for 
disease detection and evaluation. In our study, fish were 
classified into mild and severe infection categories based 
on the degree of clinical phenotypes, such as spleno-
megaly, extensive skin ulcers, local hemorrhaging, mus-
cle necrosis, and swelling and ulcers at the fin base at 7 
DPI [30]. Innate parameters are an important component 
of antiviral immune defense in aquatic animals [31, 32]. 
qPCR analysis revealed that fish with a severe phenotype 
exhibited elevated expression levels of antiviral genes (irf-
3, irf-7, trim25, and mx) and inflammation-related genes 
(il-8, il-1β) compared to fish with a mild phenotype, 

accompanied by higher viral loads in the severe indi-
viduals. This finding is consistent with observations in 
humans where individuals with severe clinical pheno-
types tend to have high viral loads and elevated levels of 
inflammatory genes [33–35]. Moreover, the inflamma-
tory response caused by viral invasion can increase sus-
ceptibility to secondary bacterial infections and disrupt 
the microbial balance, resulting in a significant imbal-
ance between beneficial and pathogenic bacteria [36–38]. 
Consistently, we found that the relative abundance of 
potential pathogenic and facultatively anaerobic bacteria 
was significantly increased in the Severe group compared 
to the Mild and Ctrl groups. Notably, most life-threat-
ening pathogenic bacteria are facultative anaerobes [39]. 
Additionally, we observed that the abundance of ben-
eficial Bacillus spp. was significantly higher in the Mild 
group fish. The microbiota differences in mild and severe 

Fig. 8  DG enhances antiviral infection in vivo and in vitro. A Scheme of the DG antiviral experiment in vitro. B qPCR was used to detect the gene 
expression (ifnα, isg15, mx, and viperin) in EPC cells from the 0.5% DG group and Ctrl group (n = 6). C The cytopathic effect (CPE) of EPC cells. D qPCR 
was used to detect LMBV mcp gene copies (Log10) in EPC cells from the 0.5% DG and Ctrl group (n = 8). E Cumulative survival rates of fish in the DG 
(0.5%) and Ctrl group following LMBV intraperitoneal injection (abbreviations: DG-i.p and PBS-i.p). The data are representative of two independent 
experiments. F qPCR was used to detect LMBV mcp gene copies (Log10) in the SP, HK, FG, MG, and HG from the DG-i.p and PBS-i.p groups (n = 6). 
G Histological examination of the gut in PBS-i.p and DG-i.p group fish using H&E staining, scale bars: 20 μm. H Statistical analysis of differential 
phenotypes of infected fish in the Ctrl group and DG-fed group. The red section represents the proportion of severely diseased fish, the yellow 
section represents the proportion of mildly diseased fish, and the blue section represents the proportion of non-phenotypic fish (*p < 0.05, **p < 
0.01, ***p < 0.001)
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clinical phenotype groups suggest the important role of 
these bacterial communities in host health. It should be 
noted that host health is the outcome of the combined 
effects of multiple factors, including nutrition, lifestyle, 
and genetic background [40]. Studies have shown that 
host genetics influence the composition of microbiota 
and play a crucial role in both directly and indirectly reg-
ulating disease susceptibility [41]. However, this study is 
limited to investigating the impact of the microbiome on 
the host’s susceptibility to viral infections. It is hypoth-
esized that Bacillus species may serve as a potential core 
microbiota that alleviates pathological phenotypes and 
maintains health in largemouth bass following LMBV 
infection. Consistent with previous studies, several 
bacterial communities with beneficial effects, includ-
ing Prevotella spp., Akkermansia spp., Bacteroides spp., 
and Faecalibacterium spp., have been reported as core 
microbiota in mammals [9, 16–18]. However, the specific 
mechanisms by which Bacillus spp. enhance resistance to 
viral infection in early vertebrates like teleost fish remain 
poorly understood.

Hence, we further isolated a Bv strain from the intes-
tinal mucosa of largemouth bass and characterized its 
digestive and antibacterial properties. Hematological 
parameters and biochemical indices serve as valuable 
biological indicators to assess the health status and physi-
ological condition of fish [42]. In our study, we found 
that supplementation with Bv significantly increased the 
activity of digestive and immune enzymes and decreased 
mortality from viral infections. This suggests that Bv 
supplementation activated and promoted the metabolic 
and immune functions of the bass. Previous studies in 
humans have reported that probiotics provide multi-
ple beneficial effects by modulating mucosal immunity, 
microbiota composition, and metabolism [43, 44]. Tran-
scriptome sequencing further revealed that the highest 
number of differentially expressed genes was observed 
in HG, and the expression profiles of immune and met-
abolic-related genes across different intestinal segments 
exhibited heterogeneity. Immune and metabolism-
related genes in FG and HG showed uniqueness, sug-
gesting functional differences in immune and metabolic 
processes. KEGG analysis indicated a higher enrichment 
of immune-related pathways in HG and MG, with par-
ticularly enrichment in HG. This is consistent with previ-
ous findings in fish, where nutrient uptake progressively 
decreases, and the importance of immune homeostasis 
mechanisms increases from the FG to the HG [45–47].

A previous study demonstrated that Bacillus spp. affect 
the gene expression of the gastrointestinal immune sys-
tem in fish primarily through symbiotic host-microbiome 
interactions [48, 49]. We further assessed the composi-
tion and structure characteristics of the gut microbiota 

using 16S rRNA analysis. The Chao1 index indicated 
that Bv supplementation induced a significant increase in 
microbial richness in the HG, as reported in a previous 
study in Cyprinus carpio Songpu mirror [50]. Moreover, 
we found that Firmicutes were significantly increased 
in HG, which could contribute to an increase in the Fir-
micutes/Bacteroidetes ratio. Notably, a reduction in the 
Firmicutes/Bacteroidetes ratio is known to be associated 
with dysbiosis and inflammatory diseases [51, 52]. Pro-
teobacteria are known to encompass a wide variety of 
pathogens with invasive properties, which were observed 
to significantly decrease in both the FG and MG [53, 54]. 
Previous studies reported that probiotic administration 
enhances microbial balance in humans by regulating 
the abundance of beneficial and harmful bacteria [55]. 
Our findings show that Bv supplementation resulted in 
a decrease in Aeromonas abundances, which have been 
associated with disease in farmed fish [56]. Moreover, we 
observed a significant increase in beneficial bacteria such 
as Cetobacterium and Bacillus, which have been dem-
onstrated to play a crucial role in regulating host health 
and maintaining mucosal homeostasis in aquaculture 
[57–59].

In mammals, microbiotas modulate mucosal immu-
nity through the production of secondary metabolites, 
thereby influencing the host’s susceptibility to infection 
[60]. In our study, the differential metabolites induced 
by Bv supplementation enriched pathways related to 
immune and metabolic functions, particularly in HG. 
This is consistent with the variation observed in the tran-
scriptome analysis, suggesting that Bv supplementation 
induced a robust immune response in HG. Correlation 
analysis further showed a positive correlation between 
Bacillus spp. and DG metabolite in the HG. Genomic 
analysis indicated that Bacillus spp. can regulate the 
production of DG through triacylglycerol lipase (TAG 
lipase) [61]. Importantly, we found that the immune-
related pathways were significantly enriched in both 
transcriptomic and metabolomic association analyses, 
with DG being one of the most crucial metabolites. The 
NF-κB pathway plays an important regulatory role in the 
immune response to infection, and studies in mammals 
reported that probiotics stimulate the NF-κB signaling 
pathway, activating downstream signaling factors that 
regulate innate and adaptive immune functions [62–64]. 
Critically, we found that DG exerts a protective role in 
enhancing the antiviral response of EPC cells and reduc-
ing the mortality rate of largemouth bass through elevat-
ing the expression of antiviral genes, which is consistent 
with studies in mammals that DG mediates the NF-κB 
signaling pathway to combat viral invasion by upregu-
lating the expression of ifnα, isg15, and mx [65, 66]. To 
our knowledge, our study provides the first evidence that 
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Bacillus spp. are a core microbiota in resisting viral infec-
tions and reveals its potential mechanism of antiviral 
infection in teleost fish.

Conclusion
In this study, we identified Bacillus spp. as a core con-
tributor that mediates the clinical symptoms of early 
antiviral infection in largemouth bass. The feeding tri-
als further confirmed that feeding Bv provides various 
benefits to the host, including promoting growth perfor-
mance, enhancing immune enzyme activity, and reducing 
mortality in largemouth bass following LMBV infection. 
Multi-omics analysis suggested that Bacillus spp. con-
fer protection through an enhanced mucosal immune 
response, improved composition of intestinal commen-
sal microbiota, and altered host metabolism, particularly 
within the HG. Notably, Bv facilitates enzymatic hydroly-
sis to produce DG, an endogenous intermediate of lipid 
metabolism that enhances the resistance of cells to viral 
infection through the activation of antiviral genes. Con-
sistently, DG supplementation decreased the mortal-
ity and clinical phenotypes of infected largemouth bass. 
These results provide evidence that Bacillus spp. are a 
core microbiota that mediates early antiviral infection in 
largemouth bass, which confers resistance to viral infec-
tions by regulating the production of DG during lipid 
metabolism. Overall,  our findings suggest that Bacil-
lus spp. emerge as core microbiota against viral infections 
in early vertebrates, supporting the evolutionary view-
point that probiotics play conserved roles as core micro-
biota in regulating microbial homeostasis and mucosal 
immunity across the vertebrate lineage.

Materials and methods
Fish
All largemouth bass used in the experiments were 
obtained from a fish farm in Wuhan (China). They were 
soaked for 30 min in a tank containing 10 mg/L of potas-
sium permanganate and then maintained in a recircu-
lating aquaculture system for more than 4 weeks at a 
temperature of 28 °C. The fish were fed daily with com-
mercial diets. Prior to the formal experiment, we ran-
domly selected largemouth bass for PCR testing to 
confirm the absence of LMBV infection and comprehen-
sively assessed their health status by evaluating external 
symptoms.

Infection of fish with largemouth bass virus (LMBV) 
and phenotype definition
Healthy largemouth bass were randomly divided into two 
groups: a control (Ctrl) group and an infected group (n = 
150). Fish in the infected group were exposed to an infec-
tive dose of 5 ml of LMBV (1 × 107 TCID50) diluted in 5 

L of water at 28 °C for 4 h. The Ctrl group was exposed to 
virus-free cell culture supernatant under the same treat-
ment conditions. Following exposure, both groups of fish 
were transferred to new freshwater tanks for culture. 
Before sampling, largemouth bass were anesthetized 
using MS-222, and tissues were collected at 1, 4, 7, 14, 
21, and 28 days post-infection (DPI) for further experi-
ments. Gut samples were collected and pooled at 7 DPI, 
with each sample containing gut tissue from three fish for 
16S sequencing.

Phenotype definition
The infected fish showed detectable LMBV load and 
exhibited classic clinical phenotype (splenomegaly, skin 
ulcers, and fin congestion). We then defined one star to 
represent the appearance of a clinical phenotype once, 
two stars to represent the appearance of the clinical phe-
notype twice, and three stars to indicate the presence of 
all three clinical phenotypes in the infected fish simulta-
neously. In phenotype assessment, the mild phenotype is 
represented by zero or one star, while the severe pheno-
type is represented by two or three stars.

B. velezensis (Bv) feeding experiment
To investigate the effects of Bv on the resistance of large-
mouth bass to viral infection, fish were randomly divided 
into two groups: the Ctrl group and the Bv-supplemented 
group (n = 150). Briefly, Bv was cultured in LB liquid 
medium for 3 days and then sprayed onto commercial 
feeds, allowed to dry naturally, and stored at 4 °C. Bass 
were fed either a Ctrl diet or a Bv-supplemented diet (1–3 
× 10^8 CFU/g diet) at 4% of their body weight, with the 
feeding strategy adjusted every 2 weeks according to their 
feed intake. After 28 days of feeding, growth parameters, 
including specific growth rate (SGR), feed conversion 
rate (FCR), and weight gain rate (WGR), were calculated 
for both groups according to methods described in a pre-
vious study [67]. Tissue samples from fish in each group 
were randomly collected (n = 20) and stored at − 80 °C 
for enzyme activity analysis, as well as for 16S, transcrip-
tomic, and metabolomic sequencing. Each sample used 
for sequencing consisted of gut tissue from three fish. A 
total of 30 fish were intraperitoneally injected with a cell 
suspension containing LMBV for the mortality test, and 
cumulative mortality was recorded daily for 30 days. The 
mortality experiment was repeated twice. Meanwhile, the 
remaining fish (n = 60) were injected with 100-μL LMBV 
suspension (1 × 107 TCID50, 1:1000) and sacrificed at 7 
DPI for sample collection and statistical analysis of path-
ological phenotypes. Phenotype definition.

The infected fish showed detectable LMBV load and 
exhibited clinical phenotype (severe abdominal redness 
and swelling, skin ulcers). Fish were classified based on 
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the severity of symptoms using a star rating system. In 
phenotype assessment, the non-phenotype is represented 
by zero star, the mild phenotype is represented by one 
star, while the severe phenotype is represented by two 
stars.

Diglyceride (DG) feeding experiment
The bass were randomly divided into two groups: the Ctrl 
group and the DG-supplemented group (n = 150 fish). 
Bass were fed either a Ctrl diet or a DG-supplemented 
diet (0.5% concentration) at 4% of their body weight, with 
feeding strategies adjusted every 2 weeks. After feeding 
a regimen of 4 weeks, a total of 30 fish per group were 
intraperitoneally injected with a cell suspension con-
taining LMBV (1 × 107 TCID50, 1:1000) for the mortal-
ity test, and cumulative mortality was recorded daily for 
30 days. The mortality experiment was repeated twice. 
Meanwhile, the fish (n = 60) were all injected with LMBV 
and sacrificed at 7 DPI for sample collection and statis-
tical analysis of pathological phenotypes. DG powder (> 
70%) was obtained from Xi’an Shouhe Biotechnology Co., 
Ltd.).

Virus neutralization experiment of DGin vitro
We performed viral neutralization experiments in  vitro 
to evaluate the ability of DG to enhance the resistance of 
EPC to LMBV infections. Briefly, EPC cells were seeded 
into 12-well plates and cultured overnight. The cells 
were then incubated with 500 µL of M199 solution con-
taining 0.5% DG for 2 h. The Ctrl group was incubated 
with M199. After being washed three times with PBS, the 
LMBV suspension (1 × 107 TCID50) was diluted (500 µL, 
1:1000) and incubated with the EPC cells for 2 h at 28 °C. 
Subsequently, the infected cells were washed three times 
with PBS and cultured in 1% FBS/M199 at 28 °C for 24 h. 
Finally, the infected EPC cells were used for the detection 
of LMBV load and analysis of the cytopathic effect (CPE).

RNA isolation, DNA extraction, and qPCR analysis
The method of total RNA extraction and qPCR proto-
col was carried out according to previous studies [36]. In 
brief, total RNA was isolated from the gut of largemouth 
bass using the TRIzol reagent (Tsingke, Beijing, China). A 
total of 1-μg RNA was used to synthesize cDNA; subse-
quently, the cDNA was diluted threefold for qPCR analy-
sis. To quantify the LMBV load in tissues, the genomic 
DNA was extracted using the DNA extract kit (CWBIO, 
Beijing, China) according to the manufacturer’s instruc-
tions. A standard curve was constructed using an LMBV 
plasmid, and LMBV loads were calculated by extrapolat-
ing the average values to the curve. The qPCR primers 
used in this study are provided in Table S1.

Light microscopy and immunofluorescence microscopy 
studies
Gut tissues from infected largemouth bass at different 
time points were fixed in 4% neutral buffered formalin for 
at least 1 day. The tissues were gradually dehydrated and 
embedded in paraffin and cut into 5-μm slices. For histo-
morphologic examination, the gut sections were stained 
with H&E solution according to the methods previously 
described [68]. Fluorescence in situ hybridization analy-
sis was performed according to the method described in 
a previous study [69].

Flow cytometry analysis
In our study, flow cytometry was used to evaluate the 
proportion and quantity of intestinal bacteria. Briefly, 
intestinal mucosal tissue samples were scraped using 
sterile phosphate-buffered saline (PBS) to collect 
microbes, followed by filtration through a 100-μm cell 
strainer. The supernatant was collected and centrifuged 
three times for 5 min at 400 g, followed by centrifugation 
to collect the precipitate at 13,000 g. Finally, the micro-
biota was collected and incubated in 200 μL of PBS con-
taining SYTO BC, and an equal volume bacterial solution 
was used for bacterial enumeration using a CytoFLEX LX 
Flow Cytometer.

Determination of antimicrobial and enzyme‑producing 
capacity of Bv
The antimicrobial activity of Bv was assessed using a 
modified agar spot method as previously described [70]. 
Three bacteria including A. hydrophila, E. piscicida, and 
N. seriolae were selected as pathogenic strains to assess 
the antimicrobial ability of Bv [71]. In the Bv feeding 
experiment, feeding was terminated 3 days before the 
sacrifice procedure. Subsequently, the gut and blood 
samples from the Ctrl and Bv groups were collected for 
enzyme activity detection (n = 9). Serum supernatant was 
collected after centrifugation at 6000 × g for 8 min and 
stored at − 80 °C. The activities of superoxide dismutase 
(SOD), lysozyme (LSZ), acid phosphatase (ACP), trypsin 
(TPS), amylase (AMS), and lipase (LPS) were assessed 
using standard biochemical assays. The activities of 
SOD, LSZ, and LPS were assessed using colorimetric 
assays, while ACP, TPS, and AMS were measured using 
substrate hydrolysis assays following the manufacturer’s 
instructions (Nanjing Jiancheng, Nanjing, China).

RNA‑seq library preparation, sequencing, and data analysis
RNA-seq libraries of the FG, MG, and HG tissues from 
the Ctrl and Bv fed groups were constructed and ana-
lyzed by Majorbio Bio-Pharm Technology Co. Ltd. 
(Shanghai, China). The libraries were sequenced on the 
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Illumina HiSeq X Ten or NovaSeq 6000 platform, pro-
ducing paired-end reads of 150 bp in length. Raw reads 
were trimmed and mapped to the largemouth bass 
genome using Spliced Transcripts Alignment to a Refer-
ence (STAR) with default parameters. Genes were con-
sidered differentially expressed (DEGs) if they met the 
criteria of a false discovery rate (FDR) ≤ 0.05 and |log2 
(fold-change)|≥ 1.

Extraction, annotation, and analysis of gut metabolites
The gut samples of the Ctrl and Bv groups were sent 
to Majorbio Bio-Pharm Technology Co. Ltd. (Shang-
hai, China). The metabolites from gut contents were 
extracted, detected, and annotated following the method 
previously described [72]. Metabolite annotation was 
carried out using the Automatic Mass Spectral Deconvo-
lution and Identification System, with database searches 
conducted against resources such as the National Insti-
tute of Standards and Technology and the Wiley Regis-
try Metabolomics Database. The data were then adjusted 
based on the internal standard for subsequent analysis.

Bacterial 16S rRNA sequencing and data analysis
The gut samples of the Ctrl and the Bv group were sent 
to Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, 
China) for 16S sequence analysis. The methods used in 
this study are as described in previous studies [36].

Statistics
The differences between the groups were analyzed using 
Prism version 6.0 (GraphPad Software). Unpaired Stu-
dent’s t-test (Prism version 8.0; GraphPad) and one-way 
analysis of variance with Bonferroni correction were used 
for the analysis of differences between groups. Data are 
expressed as mean ± standard error of the mean (SEM), 
with p-values < 0.05 regarded as statistically significant.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40168-​025-​02124-8.

Supplementary Material 1. Figure 1. A Phenotypic definition of large-
mouth bass after viral infection. (Left: Mild group, right: Severe group. The 
symptoms observed in infected fish included enlarged spleen, skin ulcera-
tion and fin hyperemia. Red and black arrows highlight areas associated 
with the symptoms. One star represents the appearance of a phenotype 
once, two stars represent the appearance of the phenotype twice, and 
three stars indicate the presence of all three phenotypes in the infected 
fish simultaneously. The mild phenotype was indicated by one star, and 
the severe phenotype by two or three stars in the phenotypic scoring 
system. B qPCR was used to quantify LMBV mcp gene copies (Log10) in 
the HK of fish in the Ctrl, Mild, and Severe groups (n= 6). C Expression 
levels of immune-related genes in fish at 1, 4, Mild-7, Severe-7, 14, 21, and 
28 DPI. D Flow cytometry analysis of microbiota stained without SYTO 
BC Green. Statistical differences were evaluated by unpaired Student’s t 
test. Data are presented as mean ± SEM of three biological duplicated. 

*P < 0.05, **P < 0.01, and ***P< 0.001. Figure 2. A Bacteriostatic ability 
of the screened Bacillus velezensis (Bv) against Aeromonas hydrophila (A. 
hydrophila),Edwardsiella piscicida (E. piscicida), and Nocardia seriolae (N. 
seriolae). B Statistical chart showing the fold change in the inhibition of 
three pathogenic bacteria. C Production of digestive enzymes (amylase, 
cellulase, protease, and lipase) by Bv. Figure 3. A Histological examination 
of FG, MG and HG in Ctrl and Bv-supplemented group fish at 28 days was 
analyzed via H&E staining, Scale bars, 50 μm. B Statistical analysis of villi 
number, villi length, and muscle layer thickness in the FG, MG and HG in 
the Ctrl and Bv-supplemented groups (n = 6). Data are representative of 
at least three independent experiments (mean ± SEM). C Activities of LSZ, 
SOD, and ACP in the FG, MG, and HG of the Ctrl and Bv-supplemented 
groups (n = 8). D Definition of non, mild, and severe symptoms in large-
mouth bass infected with LMBV by injection. Indicators include severe 
abdominal redness and swelling, skin ulcers. Black arrows highlight areas 
corresponding to the symptoms. In phenotype assessment, the non-
phenotype is represented by zero star, the mild phenotype is represented 
by one star, while the severe phenotype is represented by two stars. 
Statistical differences were evaluated by unpaired Student’s t test. Data are 
presented as mean ± SEM of three biological duplicated. *P < 0.05, **P < 
0.01, and ***P < 0.001. Figure 4. Venn diagram and OTU numbers of micro-
biota in FG, MG, and HG of fish in the Ctrl and Bv-supplemented groups. 
Figure 5. Genome analysis reveals the ability of Bv to synthesize lipases. 
Figure 6. A ImageJ was used to quantify the CPE area in the Ctrl and 0.5% 
DG group (n = 6). B Experimental strategy for dietary supplementation 
with DG. Largemouth bass were fed with commercial feed containing PBS 
or DG (0.5%), injected with LMBV at 28 DPI and sacrificed at 7 DPI for tis-
sue sample collection. Statistical differences were evaluated by unpaired 
Student’s t test. (*p < 0.05, **p< 0.01, ***p < 0.001). Supplementary tables: 
Table S1. Primers used in this study. Table S2. Metabolite enrichment 
pathway in the HG.
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