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VitaminB6 formproducedbyLactobacillus
induces metabolic disorder and
suppresses multi-pathogenic bacteria
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Sourabh Kulshreshtha5, Pu Liu 1,2 & Xiangkai Li 1,2

VitaminB6comprises six vitamers, pyridoxal, pyridoxine, pyridoxamine, pyridoxal 5′-phosphate (PLP),
pyridoxine 5′-phosphate (PNP), and pyridoxamine 5′-phosphate (PMP), recognized for pleiotropic
functions inmitigating oxidative stress andmodulatingmetabolic homeostasis. This study reveals that
PMP exhibits broad-spectrum antibacterial activity against pathogens, including Aeromonas
hydrophila (A. hydrophila),Staphylococcus aureus,Pseudomonas aeruginosa, andSalmonella. In vitro
assays demonstrated that high-dose PMP disrupts bacterial membrane integrity, triggering extensive
extracellular DNA leakage and bactericidal effects. Furthermore, we identified Pediococcus
acidilactici GR-6 and Lactobacillus fermentum GR-7, isolated from crucian carp gut, that
synergistically synthesize vitamin B6 de novo during pathogens co-culture, achieving ≥63% inhibition
of polymicrobial pathogens. Integrated genomic, proteomic and metabolomic analyses confirm that
GR-6/GR-7 consortium regulates pyridoxal kinase and pyridoxine 4-dehydrogenase, maintaining
vitamin B6 primarily as pyridoxine (84%) and PMP (16%). In A. hydrophila-infected crucian carp,
dietary supplementation with GR-6/GR-7 consortium increases survival by 50%, with restored gut
microbiota diversity and attenuated systemic inflammation (Alkaline phosphatase, Lysozyme and
GSH/GSSG ratio). Metabolomics showed that probiotics-mediated elevation of intestinal content
PMP level directly inhibits A. hydrophila infection. Collectively, this study establishes PMP as a novel
probiotic metabolite that directly eliminates pathogens and resolving gut microbiome-host metabolic
dysregulation.

Microbial pathogens pose a persistent threaten to public health by secreting
virulence factors that disrupt host tissues or facilitate transmission1. Con-
ventional antibiotics, while effective, often drive resistance, disrupt bene-
ficial microbiota, and have a narrow spectrum of activity2. Although
alternatives like phytobiotics exist, their application is often constrained by
difficulties in standardization and precise quantification3,4. Recent studies
have highlighted the potential of probiotics in combating pathogen
infections5. Probiotics exert protective effects through immunomodulation,
antioxidant activity, and the synthesis of antimicrobial substances. Notably,
synergistic interactionsbetweendifferentprobiotic strains can enhance their
antibacterial efficacy. For example, Lactobacillus zeae LB1, Lactobacillus

plantarum S8, and Limosilactobacillus reuteri S64 reduce Salmonella
infection in the chicken spleen and liver, and down-regulate virulence gene
expression6. Similarly, various Lactobacilli strains exhibit differential
antagonistic effects against Campylobacter jejuni and vary in their ability to
elicit innate responses in chicken macrophages7. Furthermore, certain
strains of Bifidobacterium and Bacillus inhibit the growth of Staphylococcus
aureus by secreting fengycins, a class of lipopeptides8. Taken together, these
mechanism and inter-strain synergies highlight the substantial potential of
probiotics as a novel anti-infective strategy.

Vitamins are essential trace organic nutrients that perform diverse
functions, including metabolic regulation, antioxidant protection, and
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immune support9. Intriguingly, certain vitamins or their derivatives can
inhibit bacterial growth under certain conditions10. For instance, vitamin D
and vitamin K1 eradicate mature biofilms of Klebsiella pneumoniae, Pseu-
domonas aeruginosa, and Acinetobacter baumannii11. Vitamin B2 exerted
an anti-inflammatory effect in the polysaccharide-induced inflammation
model12. Moreover, enhanced B vitamins modulates host local innate and
adaptive immunity13, underpinning therapeutic outcomes in various dis-
eases and sustaining overall health14. Vitamin B6, which encompasses pyr-
idoxine, pyridoxal, pyridoxamine, and their phosphorylated forms, serves as
a cofactor in amino acid metabolism, neurotransmitter biosynthesis, and
immune regulation10,15. Its protective roles include suppressing NLRP3
inflammasome activation to prevent IL-1β production16, and impeding
formation of advanced glycation and lipoxidation end-products via pyr-
idoxamine, thereby mitigating renal disease and dyslipidemia17,18. Impor-
tantly, vitamin B6 deficiency is linked to neurological dysregulation, renal
impairment and autoimmune disorders, making it as a promising pro-
phylactic and therapeutic agent against pathogenic infections19. Given its
protective mechanisms, vitamin B6 emerges as a promising prophylactic or
therapeutic agent against pathogenic infections.

Conventional vitamin supplementation primarily relies on oral
administration of foods or extracted compounds20. However, vitamins in
food often exhibit low absorption efficiency and delayed efficacy due to
interactions with other dietary components, the food matrix, cooking
methods and nutrition competition21,22. Chemical synthetic or biotechno-
logical derived vitamins face limitations of formulation simplicity con-
straints, excessive intake and high production costs23. Probiotics offer a
promising sustainable alternatives to counteract pathogens by modulating
gutmicrobiota composition, enhancing immunocompetence, and synthesis
of antimicrobial compounds5. Notably, endogenous Cetobacterium syn-
thesizes vitamin B12 to restructure the gutmicrobiome and fortify intestinal
barriers against pathogen invasion24. Bifidobacterium longum BB536 and
Lactobacillus rhamnosus HN001 plus vitamin B6 alleviate symptoms and
gut dysbiosis in lactose intolerant patients with persistent functional gas-
trointestinal symptoms25. Particularly noteworthy is that Bifidobacteria and
Lactobacilli not only can synthesize water-soluble vitamins, but also can
ensure the stable nutrition supply by inhibiting vitamin-decomposing
bacteria26,27. Upon colonization, probiotics directly modulate the gut
microbiota and produce active substances to combat infection. exerting
precise and efficient intestinal remediation compared to traditional oral
vitamin delivery. Consequently, probiotics that synthesize antibacterial-
functionalized vitamins can achieve targeted intestinal repair, bypassing
extraction processes and enabling direct in situ utilization.

Probiotics demonstrate enhanced therapeutic potential through
interspecies synergism28. In this study, we identified a synergistic interaction
between Pediococcus acidilactici GR-6 and Lactobacillus fermentum GR-7,
and further demonstrate how this interplay can be leveraged to suppress
pathogenic bacteria. Specifically, multimodal data and in vitro experiments
revealed that these strains co-produce PMP, a form of vitamin B6, which
effectively suppresses pathogens. Subsequent animal gavage experiments
confirmed probiotic derived vitamin B6 is delivered to the host via gut-
remediated pathways, which not only significantly improved survival rates
in A. hydrophila-challenged fish, but also relieve intestinal microbiota
pressure and boost host resistance. This finding established bacterially
synthesized vitaminB6 as an intrinsic antimicrobial agent, positioning it as a
promising alternative to conventional antibiotics.

Results
Screening and broad-spectrum antibacterial activity of
probiotics
Probiotic strainsPediococcus acidilacticiGR-6 and Lactobacillus fermentum
GR-7, isolated from the intestines of diseased carp and identified via mor-
phological feature and 16S rRNA phylogenetic analysis (Fig. 1A-B). A pre-
feeding trial using healthy crucian carp confirmed their safety (Supple-
mentary Fig. 2). Bacteriostatic assays revealed that the GR-6/GR-7 con-
sortium (1:1 ratio) exhibited superior antibacterial activities against A.
hydrophila (72%), Staphylococcus aureus (63%), Salmonella (65%), Enter-
ococcus (67%) and Pseudomonas aeruginosa (72%), outperforming indivi-
dual strains or the broad-spectrum antibiotic gentamycin (Fig. 1C). Pre-
colonization with these probiotics was most effective against A. hydrophila
compared to the other pathogenic bacteria (Supplementary Fig. 3), leading
to its selection for subsequent mechanistic studies. Additional experiments
revealed that while individual cultures of GR-6 or GR-7 acidified themedia,
neither strain inhibited the growth ofA. hydrophila in co-culture, as the pH
remained above 8 at both 24 and 48 h (Supplementary Fig. 4B). Consistent
with this, CX-1, a known lactic acid-producing strain, also showed no
inhibition in a double-layer plate assay (Supplementary Fig. 4A). This
suggests that medium acidification was not the primary inhibitory
mechanism, prompting further study into the underlying inhibitory path-
ways of GR-6 and GR-7 consortium.

Probiotic-derived vitamin B6 mediates antibacterial activity
Metabolomic and proteomic analyses were employed to elucidated the
antimicrobial mechanism of GR-6/GR-7 consortium againstA. hydrophila.
Compared to theA. hydrophilamonoculture (GroupA), co-culturewith the

Fig. 1 | Characterization and bacteriostatic activity of probiotics GR-6 andGR-7.
A Phylogenetic analysis of strain GR-6 and GR-7 based on 16S rRNA sequences.
B Scanning electronmicroscope (SEM) images depicting the cellular morphology of

GR-6 and GR-7. CAssessment of bacteriostatic activity. The panel shows inhibition
zones (left) and corresponding quantitative inhibition rates (right) of GR-6 and GR-
7 against various pathogenic bacteria (n = 3).
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probiotics (Group AP) significant upregulated vitamin B6 and purine
metabolism pathways (Fig. 2A-C). Metabolite profiling revealed that A.
hydrophila alone accumulated metabolites such as adenylosuccinate, S-
adenosyl-L-methionine, S-lactoylglutathione, spermidine and TAG (50:1),
whereas the AP group was enriched in D-(3)-phosphoglyceric acid, PMP,
pyridoxine, kynurenine, hexylamine and propionic acid (Fig. 2D). No
antimicrobial peptides were detected in the proteomic data (Supplemen-
tary Fig. 5).

Subsequentbacteriostatic assays identifiedPMP, as theactive compound,
demonstrated 50% inhibition unlike pyridoxine (0%). A combined treatment
yielded no additive effect, indicating PMP’s independent action (Supple-
mentary Fig. 6). Notably, PMP production was significantly elevated in the
A+ 7+ 6S andAP cultures (0.48mg/L and 0.61mg/L, respectively) (Fig. 2E,
Supplementary Fig. 7). Consistent with its antibacterial effect, independent
PCR and UV-Vis analyses confirmed that these treatments significantly
suppressedA. hydrophila growth and concurrently reduced the production of
sulfuric metabolites (Fig. 2F, G, Supplementary Fig. 8). Furthermore, PMP
displayed dose-dependent activity (MIC= 0.1mg/mL, MBC= 10mg/mL),
achieving inhibition rates of 72.6% (100mg/mL), 69.9% (10mg/mL), and
50.5% (1mg/mL). Pharmacological inhibition of vitamin B6 biosynthesis
using 2-aminoxyacetic acid (a, PLP inhibitor) attenuated probiotic efficacy,
confirming the critical role of this pathway (Fig. 2H, I). These results suggested
that the synergistic action of GR-6 and GR-7 primarily inhibitsA. hydrophila
through PMP-mediated metabolic interference.

SEM images showed that probiotics colonization encircled the
pathogen and induced apparent cell shrinkage after 18 h of co-culture
(Fig. 2J). Besides, the GR-6/GR-7 consortium significantly inhibited the
growth of A. hydrophila while exhibiting no inhibitory effect on other
probiotics, in contrast to genistein and D-cycloserine (Fig. 2K, Supple-
mentary Fig. 9).Moreover, the probiotic consortium reduced the hemolytic
activity of A. hydrophila by 46.4%, outperforming both genistein (34.9%
reduction) and D-cycloserine (17.9% reduction) (Fig. 2L). These results
conclusively positioned probiotic-derived PMP as a more potent and spe-
cific suppressor of A. hydrophila than the conventional inhibitors tested.

Vitamin B6 disrupts A. hydrophila structural integrity and
virulence
To elucidate the antibacterial effect of probiotic-derivedPMP,A. hydrophila
was treated with escalating PMP concentrations (0, 0.1, 1, and 10mg/mL,
designated as Control, PMP1, PMP2 and PMP3), and D-cycloserine
(0.5mg/mL, positive control) (Fig. 3A). The results showed that PMP
caused dose and time dependentmembrane damage, evidenced by elevated
AKP activity, rising from0.06, 3.1, 11.0 and 6.2 folds at 24 h to 0.07, 9.8, 29.2
and 20.2 folds at 48 h in the PMP1, PMP2, PMP3 andD-cycloserine groups,
respectively, compared to the control (Fig. 3B). This was corroborated by
increased β-D-galactosidase activity (0.4-, 9.1-, and 12.8-fold in PMP2,
PMP3, and D-cycloserine groups; P < 0.0001) and elevated extracellular
DNA release (24.8-, 40.7-, 50.0-, and 2.9-fold in PMP1, PMP2, PMP3 and

Fig. 2 | Comprehensive elucidation of the antibacterial mechanisms exerted by
probiotics against A. hydrophila. A-B Permutation test (A) and OPLS-DA (B)
score plots of metabolomic profiles. C KEGG pathway enrichment analysis com-
paring the A group (A. hydrophila alone) and AP group (A. hydrophila+
probiotics). Vertical axis: Enriched pathways; Horizontal axis: The proportion of
metabolites associated with each pathway. D Heatmap of differentially abundant
metabolites. E-F. PMP levels (E) and bacterial growth performance (F) across dif-
ferent culture media (A: A. hydrophila. 6: GR-6. 7: GR-7. 6S: Supernatant of A.
hydrophila+GR-6 co-culture. 7S: Supernatant of A. hydrophila+GR-7 co-cul-
ture).G Sulfide levels.HDose-dependent inhibitory effects of PMP on the growth of

A. hydrophila. H Hemolytic activity of A. hydrophila on fish erythrocytes under
different treatments. I a. PMP inhibition assay against A. hydrophila. b. Effect of the
inhibitor 2-aminoxyacetic acid on the bacteriostatic zones formed by theGR-6/GR-7
consortium. The red line indicates the samplewell radius; the green line indicates the
radius of the inhibition zone. J SEM images of A. hydrophila alone (a) and in co-
culture with probiotics (b). The red circle highlights A. hydrophila cells surrounded
by probiotic bacteria. K Growth covers of A. hydrophila under different conditions.
LQuantitative analysis of hemolysis ratio. Data are presented as mean ± SD (n ≥ 3).
Between-group comparisons were performed using a two-way ANOVA with
Tukey’s post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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D-cycloserine; P < 0.01), collectively indicating irreversible membrane
injury (Fig. 3C,D).Notably, PMP3 completely eradicated biofilm formation
and markedly suppressed both exotoxin and endotoxin production (3.27-
fold), while lower doses PMP (PMP1 and PMP2) transiently upregulated
hemolytic exotoxin activity (P < 0.0001; Fig. 3E–G). Flow cytometry and

confocal imaging revealed a PMP concentration-dependent induction of
apoptosis (PM3 > PM2 > PM1 >D-cycloserine), with PM3 causing per-
manent growth arrest (CFU = 0 at 24 h), outperforming the transient sup-
pression by D-cycloserine (Fig. 3J–L, Supplementary Fig. 10). Additionally,
PMP exhibited broad-spectrum antibacterial activity against various

Fig. 3 | Antimicrobial mechanism of PMP against A. hydrophila. A Schematic
diagram of the PMP inhibitory experiment. B−E Effects of PMP treatment on A.
hydrophila (n = 6): AKP (B), β-D-galactosidase activity (C), DNA exosmosis (D)
and biofilm biomass (E). F,G PMP-mediated attenuation of A. hydrophila exotoxin
hemolytic activity (H) and endotoxin secretion (I). H Bacteriostatic effect of PMP
against Staphylococcus aureus (SA),Pseudomonas aeruginosa (PAE), and Salmonella

(SM). I Effect of PMP on probiotics. J, K Flow cytometry analysis of A. hydrophila
cell viability using Propidium Iodide (PI) staining (J) and combined DMAO & PI
staining (K). L Confocal laser scanning microscopy images. (A) Control; (B) Long-
term PMP exposure; (C) Short-term PMP exposure. Data are presented as
mean ± SD (n = 3). Statistical significance was determined by one-way or two-way
ANOVA with Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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pathogens (Fig. 3H, I). Thesefindings demonstrated that PMP exerts potent
antibacterial effects against A. hydrophila by disrupting structural integrity
and suppressing virulence.

Genomic functional annotation reveals the vitamin B6 biosyn-
thetic pathway in GR-6 and GR-7
Comprehensive genomic analysis of Pediococcus acidilactici GR-6 and
Lactobacillus fermentum GR-7, and along with the pathogen A. hydrophila
(ATCC_35654) identified a core set of enzymes central to vitamin B6 bio-
synthesis (Fig. 4A-B). Genome annotation revealed that both probiotic
strains utilize carbon metabolism pathways, specifically the pentose phos-
phate pathway and the Eentner-Doudoroff pathway, to generate erythrose-
4-phosphate. This metabolite is subsequently funneled into the deoxyx-
ylulose 5-phosphate (DXP)-dependent pathway for the synthesis of B6
vitamers29. Key enzymes, including erythrose-4-phosphate dehydrogenase
(Epd), 4-phosphoerythronate dehydrogenase (PdxB), and 3-phosphoserine
aminotransferase (SerC), converts erythrose-4-phosphate into 4-
phosphohydroxy-l-threonine. This intermediate is then oxidized by 4-
hydroxythreonine-4-phosphate dehydrogenase (PdxA) and finally con-
densed with DXP, synthesized by DXP synthase (Dxs), via pyridoxine 5’-
phosphate synthase (PdxJ), yielding PNP.

Furthermore, the genomic landscape revealed a network of enzymes
capable of interconverting different B6 vitamers, including pyridoxine 5’-
phosphate oxidase (PdxH), sugar phosphatases, pyridoxine 4-

dehydrogenase, pyridoxal kinase, andPMPoxidase.A pivotalfinding is that
neither GR-6 nor GR-7 possesses a standalone, complete pathway for de
novo B6 synthesis. Instead, they exhibit a genetically complementary rela-
tionship. GR-6 uniquely encodes pyridoxine 4-dehydrogenase, while GR-7
harbors genes for SerC,Dxs, and pyridoxal kinase. This suggests a potential
cross-feeding or collaborative mechanism for efficient B6 metabolism
(Fig. 4C). Supporting this genomic insight, proteomic analysis comparing
the AP group to the A group revealed significant differential expression (99
upregulated, 119 downregulated proteins), with PCA confirming distinct
proteomic profiles (Supplementary Fig. 11). A targeted heatmap analysis
specifically highlighted 14 enzymes within the B6 biosynthesis pathway
(Fig. 4D, Supplementary Figs. 12–13). The integrated multi-omics model
suggests that GR-6 and GR-7 may strategically modulate the pathway by
suppressing the expression of pyridoxal kinase and pyridoxine
4-dehydrogenase expression. This regulatory mechanism potentially favors
the accumulation of B6 in the forms of pyridoxine and PMP, pointing to a
finely tuned and cooperative biosynthetic strategy between the two strains.
In addition, although GR-6 and GR-7 were found to carry virulence genes,
they do not harbor antibiotic resistance genes and demonstrated no sig-
nificant virulence risks under the tested conditions (Supplementary
Fig. 14)30–33. Thesefindings revealed a synergistic relationship betweenGR-6
and GR-7 for vitamin B₆ metabolism and confirm their safety profile,
supporting their potential as probiotic candidates.

Fig. 4 |Genomic insights into vitaminB6 biosynthesis. A,BCircular genomemaps
of GR-6 (A) andGR-7 (B).CConceptualmodel of vitamin B6 biosynthesis pathways
inferred from whole-genome analysis during co-culture with A. hydrophila. Gene
presence in each strain is indicated by color. Enzymes: 1, Glucose-6-phosphate
dehydrogenase; 2, 6-phosphogluconate dehydrogenase; 3, 6-Phosphoglucono-
lactonase; 4, Transketolase; 5, Transaldolase; 6, 6-Phosphogluconate dehydratase; 7,
Erythrose-4-phosphate dehydrogenase; 8, 4-Phosphoerythronate dehydrogenase; 9,

Phosphoserine aminotransferase, 10, 4-Hydroxythreonine-4-phosphate dehy-
drogenase; 11, PNP synthase; 12, Deoxyxylulose-5-phosphate synthase; 13, Sugar-
phosphatase; 14, Pyridoxine kinase; 15, Pyridoxine 4-dehydrogenase; 16, Pyridoxal
kinase; 17, PMPoxidase; 18, PLP-dependent aminotransferase.DHeatmap showing
the relative abundance of differentially expressed proteins associated with the
vitamin B6 synthesis pathway across groups (GR-6, GR-7, AP (GR-6/GR-7+ A.
hydrophila), and A (A. hydrophila alone)) (n = 3).
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Protective effects of probiotics against A. hydrophila infection in
crucian carp
To assess the protective role of dietary probiotics, crucian carp were sub-
jected to A. hydrophila bath infection while being fed a probiotic-

supplemented diet over a 14 day period (Fig. 5A). Complete mortality
(100%) occurred in the infected group (IP), whereas the probiotic-fed group
(PP) showed a markedly improved survival rate, with mortality reduced to
50% (P < 0.01 vs. IP). No mortality was observed in uninfected control

Fig. 5 | Probiotics mitigate A. hydrophila-induced damage in crucian carp.
A Experimental schedule for evaluating probiotics effects in A. hydrophila-infected
crucian carp (n = 20 fish per group). B Cumulative mortality of crucian carp in the
three groups. CDaily feed intake. D-E. Activity levels of AKP (D) and lysozyme (E)
in tissues (n = 10). F−H Oxidative stress markers: GSH (F), GSSG (G), and

superoxide anion radical scavenging rate (H) in different treatment groups (n = 10).
I Quantification of intestinal villi length and width using Image J software. J Light
micrographs of intestinal tissue. K Quantification of intestinal cells. L Light
micrographs of kidney tissue (n = 6). M Quantification of kidney cells. Bars show
mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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group (CP) (Fig. 5B). Feed intake was suppressed in both IP and PP groups
(6–7 g/fish/day) compared to the CP group (10 g/fish/day), suggesting
infection-induced metabolic dysregulation (P < 0.001) (Fig. 5C). Serum
biochemical profiling revealed hyperactivated immunity in the IP group,
with elevated AKP (+ 229%) and lysozyme (+460%s) levels compared to
CP (P < 0.0001). Probiotic supplementation attenuated these immune
responses (AKP: +138%; lysozyme: +158%; P < 0.01 vs. CP) (Fig. 5D–E).
The IP group also exhibited pronounced oxidative stress, including glu-
tathione dysregulation (GSH /GSSG ratio decreased by 89% in gut and 95%
in serum, and superoxide anion overproduction across serum, kidney, and
spleen (+274%, +45% and +53% vs. CP; P < 0.001). By contrast, the PP
group partly restored redox balance to near-baseline levels (Fig. 5F–H,
Supplementary Fig. 15). Histopathological evaluation confirmed extensive
intestinal damage in the IP group, characterized by villus fracturing,
structural disintegration, epithelial denudation, and reduced villus dimen-
sions. Conversely, the PP group maintained intestinal architecture close to
normal, underscoring the structural protective effect of probiotics
(Fig. 5I–K). Kidney pathology in the IP group, including glomerular base-
ment membrane stratification and cellular depletion, was also partially
mitigated by probiotic intervention (Fig. 5L, M). These findings collectively
demonstrate that probiotic supplementation enhances host resilience
against A. hydrophila by attenuating dysregulated immune responses,
rebalancing oxidative stress, and preserving critical tissue integrity, thereby
significantly improving survival outcomes.

Probiotics alleviate gut microbiome dysbiosis disrupted by A.
hydrophila
Gutmicrobiomeprofilingwas conducted to evaluate the effects of probiotics
on A. hydrophila-infected crucian carp. α-diversity showed a decline trend
in the IP group, but this reduce was counteracted by probiotic treatment
(Fig. 6A). PCAanalysis revealeddistinct clusteringofPPand IPgroups from
CP group (Fig. 6B). CORREL similarity analysis showed substantial
microbial community overlap between IP and PP groups, with coefficients
of 95% (phylum), 76% (genus), and 75% (species) relative to CP (Fig. 6C).
Notably, optimalfitness values, reflecting compensatory proliferation under
infection, surged in the IP group (phylum: 8.90 × 10⁻⁴; genus: 1.16 × 10⁻⁴;
species: 2.94 × 10⁻⁵). Probiotic intervention lowered these values (5.72 × 10⁻⁴,
4.0 × 10⁻⁵, 1.30 × 10⁻⁵) towards CP baselines (1.52 × 10⁻⁵, 5.72 × 10⁻⁶,
1.77 × 10⁻⁶), which illustrates the role of probiotics in alleviating ecological
stress within the gut microbiota (Fig. 6D, Supplementary Figs. 16–18).

Taxonomic analysis revealed that the IP group led to elevated abun-
dances of Firmicutes (+607%) and Actinobacteria (+188%), alongside a
reduced in Proteobacteria (-10%). These alternations were partially nor-
malized following probiotic administration (Fig. 6E). At the genus level, the
IP group showed enrichment of Aeromonas (+707%) and Enterococcus
hirae (+1160%), whereas PP group suppressed opportunistic pathogens
such asAcinetobacter baumannii (–17.8%) andPseudomonas (–69%),while
promoting beneficial Pediococcus acidilactici (vs. IP, Fig. 6F). Species-level
analysis further indicated that probiotics upregulated P. acidilactici, Gam-
maproteobacteria, and Escherichia coli, suggesting successful colonization
and ecological integration (Fig. 6G). LEfSe and RDA analyses identified
Lactobacillaceae and P. acidilactici as key biomarkers enriched in the PP
group (Fig. 6H, Supplementary Fig. 19).

Functional profiling via KEGG annotation of 16,347 differentially
abundant genes highlighted four dominant categories: metabolism
(57.20–66.99%), genetic information processing (17.51–21.32%), environ-
mental information processing (4.21–16.99%), and cellular processes
(5.48–7.49%) (Fig. 6I, J). Importantly, the PP group exhibited enhanced
carbohydrate metabolism and enrichment of key enzymes involved in
vitamin B6 metabolism, phosphoserine aminotransferase [EC:2.6.1.52],
pyridoxine kinase [EC:4.2.3.1], pyridoxamine 5’-phosphate oxidase
[EC:1.4.3.5], and 2-epi-5-epi-valiolone synthase [EC:4.2.3.1] (Fig. 6K, L).
Additionally, PP enriched LuxR-type quorum sensing inhibitors and dis-
rupted virulence networks of A. hydrophila (Supplementary Figs. 20–21).
Correlation analysis linked Pediococcus with elevated skin mucus DPPH

(p= 0.76) and gonad GSH (p= 0.79), while Aeromonas correlated posi-
tively with serum AKP (p = 0.48), gut lysozyme (p = 0.53), and GSH
(p = 0.67) (Fig. 6M). These findings show that GR-6/GR-7 consortia
counteracts gut microbiota dysbiosis through alleviating microbiome eco-
logical stress, suppressing pathobiont expansion and regulating host-
microbiome metabolism.

VitaminB6 restored infection-inducedmetabolic dysregulation in
crucian carp
Untargeted UPLC-MS/MS metabolomic analysis revealed distinct metabolic
alterations in the gut content (69metabolites) and serum (106metabolites) of
crucian carp across CP, IP, and PP groups, with 40 shared metabolites high-
lighting systemicmetabolic interplay (Fig. 7A,B, SupplementaryFig. 22). PLS-
DAdemonstrated that thePPgroup exhibited greatermetabolic homogeneity
and a closer alignment with the CP group, suggesting a partial restoration
toward the uninfectedmetabolic state (Fig. 7C,D). In the IP group, significant
dysregulation was observed in both gut and serum metabolites, including
elevated levels of S-adenosyl-L-methionine, xanthurenic acid, S-carbox-
ymethylcysteine, creatine, threonineandriboflavin, alongside reductions inN-
acetylneuraminate, 2’-dexycytidine, tricosanoic acid, deoxycholic acid, stear-
oyl ethanolamide, linolenic acid, vitamin K1, and N-acetylneuraminic acid.
ThePPgrouppartially reversed thesemetabolic alterations, and elevatedPMP
level in the gut content. KEGG enrichment analysis connected these differ-
ential metabolites to key pathways including amino acid metabolism
(methyhistidine, methionine, glycine and serine, histidine), phosphati-
dylcholine biosynthesis, amino sugar metabolism, bile acid biosynthesis,
purine metabolism and steroid hormone biosynthesis (Fig. 7E, F). However,
gut cell PMP remained unchanged in the PP group, while renal PMP was
reduced (p= 0.032) comparedwith the IP group, implying PMPproduced by
gut microbiota primarily act at the site of production to inhibitA. hydrophila,
rather than being systemically absorbed and transported to tissues like kidney.
Elevated S-adenosyl-L-methionine in the IP group further underscored its
potential role in infection response (Fig. 7G, Supplementary Fig. 23). Mantel
tests identified tricosanoic acid and N-acetylneuraminic acid as key
microbiome-metabolome nexus across taxonomic levels in gut content and
serum. Correlation analysis identified Pediococcus as a primary driver of
vitamin B6 production (Fig. 7H, I, Supplementary Fig. 24). In summary, the
metabolomic evidence suggests a direct, moderating effect of the probiotics at
the molecular level. The partial restoration of key functional metabolites
indicates that the probiotics actively contributed tometabolic rebalancing and
improved physiological resilience.

Discussion
Probiotics, defined as live microorganisms that confer health benefits to the
hosts, have demonstrated considerable potential in suppressing pathogenic
bacteria34. For example, Lactococcus lactis isolated from Cyprinus carpio
intestine enhances immunomodulation and pathogen resistance35. Bacillus
subtilis 6D1disrupts Staphylococcus aureus biofilm formation by interfering
with its quorum-sensing system36. Crucially, multi-strain probiotics often
exhibit additive or synergistic effects, improving mucosal adhesion and
enhancing inhibitory activity within the digestive tract37. Example include
co-culture of sourdough lactic acid bacteria with L. plantarum DC400,
which suppressed the growth of L. sanfranciscensis DPPMA174 and P.
pentosaceus 2XA338. The combined supplementation of Lactiplantibacillus
plantarum and Bacillus megaterium in fish feed effectively improved anti-
oxidant capacity and reduced mortality by 25%39. Such synergistic inter-
actions are frequently accompanied by enhanced gut colonization and the
induced synthesis of antimicrobial metabolites like bacteriocins40. Con-
sistent with these findings, the GR-6/GR-7 consortium employed in this
study exhibited broad-spectrum antibacterial activity, underscoring its
potential as an effective anti-pathogenic agent.

The dual-strain consortium of GR-6 and GR-7 effectively restrained the
growth of A. hydrophila, a synergistic antimicrobial effect analogous to that
reported between L. plantarum and L. acidophilus against enteroaggregative
Escherichia coli41. In this study, we identified an antibacterial mechanism
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mediated by vitamin B6, a gut microbiota metabolite implicated in oxidative
stress mitigation and metabolic homeostasis42. Vitamin B6 is an essential
organicmicronutrient for animals andhumans43. Itsmetabolically active form,
PLP, serves as a cofactor in over 140 enzymatic reactions, involved in amino
acid metabolism, sulfur-containing amino acid metabolism, cellular redox

maintenance, and energy metabolism44,45. When co-cultured with A. hydro-
phila, the GR-6/GR-7 consortium established a complementary de novo
vitamin B6 biosynthetic pathway by upregulating key rate-limiting enzymes
(PdxA46, PdxB47, and SerC48) andmodulating the activities of pyridoxal kinase
and PNP oxidase, thereby directing metabolic flux toward the synthesis of

Fig. 6 | Gut microbiome dynamics in A. hydrophila-infected crucian carp fol-
lowing probiotic intervention (n= 3). A Shannon index. B PCA analysis of
microbial communities.C,DCORREL similarity coefficient (C) and optimal fitness
value (D) analyses at phylum, genus and species levels. E−G Relative taxonomic
abundance of the gutmicrobiota at the phylum (E), genus (F), and species (G) levels.
H Cladogram of LEFSe biomarkers identifying differentially abundant taxa.

I, J KEGG pathway enrichment analysis of gut microbiome functional potential at
secondary (I) and tertiary (J) levels. K LEFSe analysis identifying differentially
abundant KEGG pathways. LHeatmap of differentially expressed enzymes involved
in host vitamin B6 metabolism. M Spearman correlation heatmap between the
relative abundance of microbial genera and host physiological biomarkers.
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pyridoxine and PMP. Notably, depletion of pyridoxal kinase impairs glucose
metabolism and DNA integrity49, while PNP-4-dehydrogenase catalyzes the
NAD(P)H-dependent reduction of pyridoxal to pyridoxine in vitro50. This
probiotic-driven metabolic remodeling significantly inhibited the secretion of
hemolysin and enterotoxin by A. hydrophila, outperforming the effect of
D-cycloserine and remaining effective against multiple drug-resistant strains,
underscoring the therapeutic potential of PMP51–54.

Pyridine-based ring systems rank among the most extensively utilized
heterocycles in drug design and have spurred the development of broad-
spectrum therapeutic agents55. Notable examples include isoniazid, the first
synthetic drug with bactericidal activity againstMycobacterium tuberculosis56,
and pyrazinamide, which uniquely eradicates non-replicating bacterial pers-
isters resistant to conventional tuberculosis drugs57. Both share a critical pyr-
idine ring structure58. In this study, PMP exerted its antibacterial mechanism
primarily by disrupting bacterial cell walls and membranes, leading to the
efflux of intracellular contents and cell death59,60. A. hydrophila enhances its
environmental adaptability and quorum-sensing capacity by elevating intra-
cellular metabolites such as adenylosuccinate and S-lactoylglutathione61. In
contrast, GR-6 and GR-7 act synergistically to upregulate the vitamin B6
biosynthesis pathway, thereby counteracting this metabolic reprogramming.
When PMP synthesis was inhibited using 2-aminooxyacetic acid, the anti-
bacterial efficacy of theprobioticswas significantly diminished, confirming the
central role of PMP62. Importantly, while conventional chemically synthesized
vitamin B6 analogs carry risks of dose-dependent sensory neuropathy

54, pro-
biotic synthesized PMP offers a metabolically favorable alternative. Prior to
evaluating the functional efficacy of probiotic strains, assessing their safety

profile is paramount. The strainsGR-6 andGR-7, used in this study exhibit no
hemolytic activity and harbor no antibiotic resistance genes, mitigating con-
cerns over horizontal gene transfer of resistance determinants63. Furthermore,
in vivo acute toxicity assays in crucian carp revealed no adverse effects on
survival, growth, or overall behavior, establishing a foundational safety profile
for their subsequent application64.

Building upon this safety assurance, the probiotic consortium was
demonstrated to counteract A. hydrophila-induced tissue damage65. Pro-
biotic supplementation represents a paradigm shift by targeting patho-
genicity without exerting selective pressure for resistance. For instance,
Bacillus cereus could promote the growth, elevate the immunity and anti-
oxidant status, and improve the texture of carp fillet66. Similarly, Lactoba-
cillus salivarius SMXD51 produced bacteriocin and induced β-defensin in
Paneth cells against pathogen C. jejuni67. In this study, the GR-6/GR-7
consortia reducedmortality by 50% inA. hydrophila-infected crucian carp.
This protective effect was achieved by maintaining physiological levels of
innate immune enzymes-AKP and lysozyme-which are critical for neu-
tralizing bacterial exotoxins and mitigating associated pathological
alterations68,69. Concurrent downregulation of oxidative stress markers
(GSSG, superoxide anions, glutathione) indicated restored redox home-
ostasis, thereby suppressing lipid peroxidation cascades70. Histological
analysis further confirmed that the probiotics preserved the structural
integrity of intestinal villi and glomerular basement membranes, mitigating
oxidative damage and exerting cytoprotective effects71.

Gut microbiota constitutes a dynamic ecosystem essential for host
physiology, regulating immune homeostasis, metabolic integration, and

Fig. 7 | Probiotic intervention restored metabolic homeostasis in A. hydrophila-
infected crucian carp (n ≥ 6). A-B Heatmaps of metabolome profile in intestinal
contents (A) and serum (B). Class I: Metabolites common to both compartments;
Class II: Metabolites differently abundant between compartments. C-D PLS-DA
analysis of gut content (C) and serum (D) metabolomes. E, F KEGG pathway
enrichment analysis based on gut content (E) and serum (F).GAbundance levels of

vitamin B6 derivatives and S-Adenosyl-L-methionine in gut cells (GC) and kidney
(K) tissues. H, I Correlation analysis between differential abundant strains and
metabolites in gut content (H) and serum (I). Red indicates a positive correlation;
green indicates a negative correlation. Statistical significance was determined using
one-way ANOVA with Tukey’s post-hoc test.
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nutritional biosynthesis72. These commensal microbes maintain stable
symbiosis with the host to cope with various external factors such as diet,
lifestyle and environmental exposure73. Pathogenic colonization can disrupt
this equilibrium, depleting beneficial taxa, such as Bacteroides and Lacto-
bacillus, while enriching harmful bacteria like Vibrio. This dysbiosis acti-
vates pathogen virulence factor, impairs community function, and reduces
host survival65. Consistent with this paradigm,A. hydrophila infection led to
enrichment of inflammation-associated taxa (Gammaproteobacteria,
Enterococcus hirae, and Pseudomonas stutzeri), and depletion of beneficial
bacteriocin producers (Pediococcus acidilactici, Micromonospora sp.
RP3T)74. This dual perturbation dismantled microbial antagonism net-
works, facilitating A. hydrophila dominance75. The GR-6/GR-7 consortium
counteracted this dysbiosis by rebalancing Firmicutes/Proteobacteria ratio
and enriching bacteriocin genera such as Pediococcus and Lactobacillacea76.
Metagenomic revealed probiotic enhancement of vitamin B6 metabolism
(e.g., pdxH [EC:1.4.3.5]), a pathway critical for intestinal immunity and
redox homeostasis49. Concurrent enrichment of LuxR-type regulators
enabled microbial community adaptation and pathogen interference77.
Collectively, probiotics GR-6 and GR-7 rectified A. hydrophila-induced
dysbiosis in crucian carp, reestablishing a protective gut ecosystem via
metabolic and ecological synergy.

Metabolomics analysis further elucidated key mechanisms underlying
the antagonistic interplay between probiotics and A. hydrophila in crucian
carp78. Specifically, A. hydrophila suppressed vitamin K1 biosynthesis, ele-
vating hemorrhage risk by impairing coagulation cascades79. Reduced
deoxycholic acid level disrupted bile acid homeostasis, compromising lipid
solubilization, oxidative stress regulation, and cytostatic activity80. The
depletion of tricosanoic acid suggested diminished microbial β-oxidation
capacity, indicative of gut dysbiosis-driven metabolic energy deficit81. Fur-
thermore, decreased N-acetylneuraminic acid and N-acetylneuraminate
correlated with attenuated bacterial antioxidant defenses, potentially
exacerbating mucosal vulnerability to pathogen colonization82. Con-
currently, A. hydrophila elevated metabolites associated with pathogenic
adaptation. For example, elevated threonine and xanthurenic acid levels
dysregulated intestinalmucin synthesis,while S-carboxymethylcysteine and
S-adenosyl-L-methionine accumulation disrupted methylation pathways
via toxic byproducts (adenine and methylthioadenosine)83,84. These per-
turbations aligned with gut and renal pathology in the IP group, where
elevated adenine and creatine levels exacerbated fibrosis and tubular
injury85. Probiotics restoredmetabolic equilibriumbypreservingmicrobiota
functionality and stimulating the synthesis of protective metabolite such as
PMP. Research has showed that PMP can attenuate diet-induced renal
inflammation, demonstrating therapeutic potential against early-stage
kidney damage86. Additionally, glutamic acid accumulation modulated
energy allocation through enhanced nitrogen metabolism and alleviated
oxidative stress by serving as a precursor for glutathione synthesis87. Col-
lectively, these findings delineate ametabolic rescue axis wherein probiotics
counteractA. hydrophila-induced dysregulation, reinstating host metabolic
homeostasis.

In conclusion, probiotics and their metabolites represent promising
alternatives for enhancing animal health and preventing infectious diseases.
This study identifies two candidate probiotics-Pediococcus acidilacticiGR-6
and Lactobacillus fermentum GR-7 isolated from the intestinal microbiota
of crucian carp. These strains synergistically produce the antimicrobial
metabolite PMP, effectively suppressingA. hydrophilaproliferation. In vitro
experiments established PMP’s capacity to induce A. hydrophila cell death.
In vivo supplementationwith the probiotics preserved intestinalmicrobiota
diversity, maintained core metabolic function, and reduced systemic
translocation of A. hydrophila-derived cytotoxic factor, thus mitigating
infection-associated mortality by 50%. These findings establish functional
probiotics and their bioactive metabolites as effective antibiotic alternatives
for controlling pathogenic infections in aquaculture systems. Future work
should prioritize elucidating these mechanisms to fully exploit PM’s ther-
apeutic potential in human.

Materials and Methods
Bacterial strain isolation and identification
Crucian carp exhibiting hemorrhagic symptoms were sourced from a local
aquaculture market in Lanzhou, China. A. hydrophila was isolated by
aseptically scraping gill and liver tissues with sterile inoculation loops, fol-
lowed by streaking onto nutrient agar (NA) plates (composition: 3 g/L beef
extract, 10 g/L tryptone, 5 g/L NaCl; pH 7.0). Suspected A. hydrophila
colonies were confirmed via PCR amplification and 16S rRNA sequencing
(NCBI accession: PP140679) (Supplementary Fig. S1). Intestinal contents
(0.1 g) fromhealthy crucian carp (samehabitat)werehomogenized in sterile
PBS (pH 7.4), centrifuged (1000 g, 20min), and the supernatant serially
diluted. Dilutions were plated on De Man Rogosa Sharpe (MRS) agar and
incubated anaerobically (28°C, 18 h). Individual colonies were co-cultured
withA. hydrophila (100 μL, 1 × 10^6CFU/mL)onLBagar using cross-streak
assays, with A. hydrophila alone used as a control. Strains exhibiting
antagonistic activity were sub-cultured in MRS broth (28°C, 18 h) and
identified asPediococcus acidilacticiGR-6 andLactobacillus fermentumGR-
7 via 16S rRNA sequencing (primers: 27 F/1492 R).

Antimicrobial activity assays
Co-culture inhibition assay. Overnight cultures of strains GR-6, GR-7,
and A. hydrophila (BNCC 337115) in LB broth (28°C, 200 rpm) were
adjusted to a concentration of 1 × 10^9 CFU/mL. A. hydrophila solution
(800 μL, 1 × 10^6 CFU/mL) was spread onto LB agar plates. After 30 min,
wells (8 mm in diameter) were punched and filled with 200 μL of pro-
biotic cultures. The plates were incubated overnight at 28 °C. The inhi-
bition rate was calculated using the following formula: Inhibition rate
(%) = [(Dprobiotic – Dcontrol) / Dprobiotic] x 100, where Dprobiotic is the
diameter of the inhibition zone with probiotics, and Dcontrol is the dia-
meter of the inhibition zone for A. hydrophila alone88. Lactobacillus fer-
mentum CX-1 (non-inhibitory strain) served as a negative control. All
assays were performed in triplicate.

Double-layer plate method. Spread 10 mL of MRS agar medium as a
base layer and left overnight to dry. Add 10 μL of probiotic liquid to the
surface of the culture medium and incubate overnight at 28°C. Then,
pour out 10 ml of soft agar containing the pathogenic bacteria, incubated
for 12–18 h, and the resulting inhibition zones were observed.

PCR experiment. PCR detection of A. hydrophila in co-culture was
conducted using universal bacterial primers (27 F/1492 R) and species-
specific primers (F: 5’-GTCGAGCGGCAGCGGGAAAGTA-3’, R: 3’-
GCCCTCCCGAAGGTTAAGCTAT-5’).

PH measurement. To assess the acidification profile, GR-6 and A.
hydrophila were grown in co-culture. Overnight cultures of each strain
were adjusted to an optical density corresponding to ~1 × 10⁹ CFU/mL
and mixed in a 1:1 ratio. This co-culture was incubated at 28°C with
constant shaking for 48 h. Sampling was performed every 4 h, whereby
2 mL of the culture was centrifuged (10,000 × g, 5 min) to pellet the
bacterial cells. The resulting supernatant was then transferred to a new
tube, and its pH was determined using a calibrated pH meter (YIN-
MIK, China).

Broad-spectrum activity. Broad-spectrum activity was assessed for
strains GR-6 and GR-7 using the agar well diffusion assay, and for PMP
by co-culture with A. hydrophila (ATCC_35654), and other laboratory
strains (Staphylococcus aureus, Pseudomonas aeruginosa, Salmonella,
Enterococcus, Lactobacillus fermentum (non-GR-7), and Pediococcus
acidilactici (non-GR-6), respectively.

Scanning electron microscopy. Bacteria were cultured in LB medium
for 18 h and collected by centrifugation at 5000 rpm for 5 min at 4 °C. The
bacteria were washed three times with PBS (0.1 M, pH 7.2–7.4), and
gently suspended during eachwash. Subsequently, the bacteria were fixed
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overnight with 2.5% glutaraldehyde, washed twice with PBS for 10 min
each time, and then washed with pure water. The samples underwent
gradient dehydration using 30%, 50%, 70%, 80%, and 90% ethanol
aqueous solution for 15 min each, followed by dehydration in 100%
ethanol for 15 min twice. After dehydration, the samples were diluted
with anhydrous ethanol to about 10-3, and added to a cover slide. They
were frozen in a -80°C refrigerator overnight, then transferred to a freeze
dryer for drying. Once fully dried, the samples were observed via scan-
ning electron microscopy (SEM, Apreo S).

PMP assay
PMPproduction. GR-6 andA. hydrophilawere co-cultured for 18 h (1:1
ratio, 1 × 10^9CFU/mL each) at 28°C for 18 h. The co-culture supernatant
(100 mL) was transferred to fresh LB medium (100 mL), and inoculated
with GR-7 and A. hydrophila (1:1 ratio). Co-culture of GR-6+ A.
hydrophila with the supernatant of GR-7+ A. hydrophila was prepared
similarly. Parallel cultures were established for GR-6 alone, GR-7 alone,
A. hydrophila alone, GR-6+ A. hydrophila, GR-7+ A. hydrophila, GR-
6+GR-7+ A. hydrophila. After 24 h incubation (28°C, 150 rpm), PMP
concentration was quantified via HPLC (Thermo Fisher Scientific
LC1260) using chromatographic-grade PMP (MedMol, CAS:85-87-0) as
the standard. Separation was conducted at 25°C on an Agilent Poroshell
120 EC-C18 column (3.0 × 50 mm, 2.7 μm). Themobile phase consists of
25 mmol/L dibasic sodium phosphate (pH 7.0) as phase A and methanol
as phase B. The gradient elution programwas as follows: -2.5 to 0 min: 5%
B (95% A) for equilibration, 1.5 min: 7% B, 1.6 min: 10% B, 3.6 min: 15%
B, 4.0 min: 80% B, 5.5 min to 15 min: 80% B. The injection volume was
20 μL with a flow rate of 0.6 mL/min. UV absorption was monitored at
291 nm89.

Minimum inhibitory / bactericidal concentration (MIC/MBC). The
MIC and MBC of PMP against A. hydrophila was determined via micro-
dilution (CLSI guidelines)90. Bacterial suspension (0.5 McFarland standard)
was diluted 1:1000 in LB broth. Aliquots (180 μL) were mixed with PMP
(20 μL; 0.001-100mg/mL) in 96-well plates. After incubation (28°C, 24 h),
MIC (lowest concentration inhibiting visible growth) and MBC (lowest
concentration killing ≥99.9% bacteria) were recorded. The threshold for
visible growth inhibition is defined as the point at which the OD600 value
reaches approximately half that of the control. Genistein (0.512mg/mL) and
D-cycloserine (0.5mg/mL) served as reference antibiotics.

Antimicrobial activity of PMP. Overnight cultures of GR-6, GR-7, and
A. hydrophila in LB broth were prepared and adjusted to 1 × 10⁹ CFU/
mL.AnA. hydrophila suspension (800 μL of 1 × 10⁶CFU/mL)was spread
onLB agar plates. After 30 min,wells (8 mmdiameter) were punched and
filled with the following test substances (200 μL each): Probiotic cultures,
Probiotic cultures ± 1 mM aminoxyacetic acid (Aladdin, China)), PMP
(10 mg/mL, 1 mg/mL and 0.1 mg/mL), and pyridoxal (1 mg/mL, Yua-
nYe, China). The inhibition rate was calculated using the formula
mentioned in the co-culture assay. Additionally, 10 μL of PMP solution at
different concentrations (0 mg/mL, 0.1 mg/mL, 1 mg/mL, 10 mg/mL)
wasmixedwith 10 μLofA. hydrophila culture and co-cultured onLB agar
plates overnight at 28°C. D-Cycloserine (0.5 mg/mL) and Genistein
(0.512 mg/mL) were used as reference controls. The formation of inhi-
bition zones was observed.

Proteome profiling
Bacteria were lysed in lysis buffer (100 μL, 6M guanidine hydrochloride,
40mMchloroacetamide, 10mMTris (2-carboxyethyl) phosphine, 100mM
Tris-HCl, pH 8.5), vortexed (30 s), and sonicated (3 × 10 s pulses). Lysates
were diluted with 900 μL buffer (90% acetonitrile, 100mM Tris-HCl, pH
8.5), centrifuged (12,000 × g, 15min), and protein concentrations deter-
mined via BCA assay (Pierce™). Proteins (50 μg) were digested with trypsin
(1:50 w/w, 30°C, 18 h), acidified to pH 2–3 with 5% trifluoroacetic acid
(TFA), anddesaltedusingC18 StageTips (ThermoFisher). The eluateswere

dried at 65°C. Proteomic analysis was conducted using an EASY-nLC
1200 system (ThermoFisher Scientific, Waltham, MA, USA), interfaced
with an Orbitrap Fusion Lumos mass spectrometer. Approximately 1 μg
protein was analyzed by LC/MS. Peptides were purified using Acclaim
PepMap100 C18 cartridges (3 μm, 100 Å) separated on a capillary column
(15 cm × 75 µm inner diameter) packed with C18 particles (1.9 µm dia-
meter). The separation employeda120mingradient at aflowrateof 300nL/
min.TheOrbitrapFusionLumosmass spectrometer conducted two scans: a
full FTMS scan of 380-2000m/z (resolution: 120,000) and HCDMS/MS of
selected parent ions (isolationwidth: 1.6m/z, CE: 30%). Datawas processed
using Metascape, Heml 2.0, and String analysis91,92.

Evaluation of cell damage in A. hydrophila
Cell wall and membrane permeability. A. hydrophila was cultured in
LB medium at 28°C with shaking at 150 rpm for 18 h. The bacterial
suspension was adjusted to 1 × 10^7 CFU/mL using fresh LB medium.
PMP was diluted to final concentrations of 0.1 mg/mL, 1 mg/mL and
10 mg/mL (labeled as PM1, PM2 and PM3 groups, respectively), and
D-Cycloserine (0.5 mg/mL) as positive control. Alkaline phosphatase
(AKP) activity was measure at 0, 4, 8, 12, and 24 h using an AKP assay kit
(Jiancheng Bioengineering Institute, Nanjing, China) to evaluate cell wall
permeability93. β-Galactosidase activity was quantified at 12 and 24 h
using a β-galactosidase assay kit (Boxbio, Beijing, China) to assess
membrane permeability94.

Extracellular DNA release analysis. Bacterial cells were washed three
times with 0.1 mol/L PBS and resuspended to 1 × 10^⁷CFU/mL. Samples
were collected at 0, 2, 4, 6, 8, 10, 12, and 24 h, centrifuged at 4500 rpm for
10 min, and the supernatant absorbance at 260 nm was measured to
quantify extracellular DNA95.

Biofilm formation assay. Bacterial culture (OD600 = 1.0) was diluted
1:20 in brain heart infusion (BHI) medium and incubated in 96-well
plates at 28°C for 72 h. Wells containing only BHI medium served as
negative controls. After removing planktonic cells, wells were washed
three times with PBS solution, fixedwithmethanol and stained with 0.5%
crystal violet for 30 min, and excess dye was dissolved in 30% glacial
acetic acid. Biofilm content was calculated using the following formula:
Relative value = OD570nm / OD600nm

96.

Toxin activity assessment. A. hydrophila was cultured in LB medium
~8 h (Pre-logarithmic), and PMPwas diluted in LBmedium until the late
logarithmic growth phase (18 h). The bacterial suspension was cen-
trifuged at 4°C, 5500 g for 1 min. The supernatant (200 μL) was mixed
with 1.75 mL of PBS and 50 μL of 2% rabbit erythrocyte suspension, and
incubated at 28°C for 30 min. After centrifuged, the supernatant was
collected to measure the OD value at 540 nm97. For endotoxin secretion
quantification, supernatant from A. hydrophila late-logarithmic phase
cultures was analyzed using a chromogenic substrate assay kit
(BIOENDO, Xiamen, China)98.

Flow cytometric analysis of cell death
In the long-term PMP exposure assay, bacterial suspensions were co-
cultured with PMP or D-cycloserine (0.5 mg/mL, positive control) at 28°C
for 24 h, after which the cells were washed three times with PBS. For flow
cytometry (BD LSRFortessa™ flow cytometer), cells were filtered through a
400-mesh sieve. The LIVE/DEAD bacterial staining kit utilizes a dual-
staining approach combining DMAO and propidium iodide (PI) to dif-
ferentiate bacterial viability. Live bacteria with intact cell membranes
exclusively stain green through DMAO fluorescence, while membrane-
compromised dead bacteria exhibit dual fluorescence-retaining green
DMAO staining while additionally incorporating red PI fluorescence that
penetrates damagedmembranes. Rawdatewas dealwith FlowJo (v.10.09.0).
For confocal laser scanningmicroscopy (Stellaris 5-2microscope), cellswere
stained with Syto9 (3.34 μM, green fluorescence; 488 nm excitation), PI
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(20 μM, red fluorescence; 561 nm excitation), and Concanavalin A
(0.125mg/mL, blue fluorescence; 633 nm excitation) for 30min. Imaging
performedon a Stellaris 5–2microscope99. In the short-termPMP exposure
assay, bacteria were washed with PBS, treated with PMP or D-cycloserine
for 4 h, and cell death was similarly quantified using flow cytometry and
confocal microscopy.

Animal experiment
Preparation and safety test of probiotic feed. All animal experiments
were conducted in strict compliance with the ethical guidelines approved
by the Ethics Committee of the School of Life Sciences, Lanzhou Uni-
versity, China (Approval No.: EAF2022053). The probiotic strains GR-6
and GR-7 were reactivated in MRS broth (37°C, 24 h), centrifuged (4°C,
5000 × g, 10 min), and resuspended in sterile ddH₂O to a final con-
centration of 10⁹ CFU/mL. The probiotic suspension was uniformly
applied to commercial food pellets (3 mm; Neijiang Zhengda) using a
spray-coating system, followed by vacuum drying at 25°C, for 12 h to
preserve bacterial viability (> 90% post-processing). Fresh probiotic-
enriched feed (10^⁹ CFU/kg) was prepared triweekly under aseptic con-
ditions. A. hydrophila was cultured overnight, harvested during the late
logarithmic growth phase by centrifugation (5000 × g, 10 min, 4 °C), and
resuspended in sterile ddH₂O. Then the OD₆₀₀ was measured. Bacterial
concentration was estimated based on a pre-established standard curve
correlating OD₆₀₀with counts (CFU/mL). The safety of the two probiotic
strains was evaluated using 40 healthy juvenile crucian carp (20 ± 10 g /
fish). After a 2-week adaptation period in an indoor water tank, the fish
were divided into two groups of 20 fish each. The fish were observed for
30 days, during which mortality was recorded. The activity of the pro-
biotic cells in the enriched diet was monitored by weekly plate counting
during the feeding phase.

Infection experiment. Sixty healthy crucian carp (150 ± 10 g) were
purchased from a local fishery market, and acclimatized for 7 days in
food-grade fiberglass tanks (500 L), which supplied with dechlorinated
water (pH 7.2 ± 0.3, dissolved oxygen ≥ 6 mg/L) under a natural photo-
period. Randomized block design allocated specimens into three groups
(n = 20/group). Each tank housed 10 fish. Each group is divided into 10
items / per cylinder. The IP group exposed toA. hydrophila (10^6 CFU/ L)
in a water bath, and fed a standard diet. The PP group exposed to the
pathogen as above but supplemented with probiotic-enriched feed. The
CP group served as the control, receiving only standard feed and no
pathogen exposure. All groups received twice-daily feeding (09:00 and
18:00; 2% biomass), with tank maintenance involving 50% water
exchange and siphoning of residual debris prior to each feeding cycle.
Pathogen concentrations were maintained by replenishing A. hydrophila
to 10^6 CFU/L during each water change. Mortality was monitored daily
over the 14 day experimental period. Moribund fish were promptly
collected for necropsy to confirm Aeromonas-related pathogenesis.

Biochemical assays and histological examination of fish tissue
samples
Fishes were anesthetized with eugenol (150mg/L, Sigma-Aldritch). Blood
collection via caudal venipuncture was performed using heparinized syr-
inges, with plasma isolated through centrifugation (4°C, 3000 g, 15min).
The activities of glutathione (GSH), alkaline phosphatase (AKP), oxidized
glutathione (GSSG), superoxide anion radical scavenging capacity, and
lysozyme were measured in various tissues using commercial kits (Nanjing
Jiancheng, China). Specifically, GSH and AKP were measured in gut con-
tent, gonad, kidney, serum, and spleen. GSSG activity was measured in gut
content, gonad, spleen, serum, and ovary. Superoxide anion radical
scavenging capacity was assessed in gonad, kidney, spleen, serum, and skin
mucus. Lysozyme was evaluated in gut content, serum, and skin mucus100.
For histological analysis, gut and kidney tissues fixed in 4% paraformalde-
hyde (24 h), paraffin-embedded, and sectioned (4μm) with rotary micro-
tome (Leica RM2235). PAS-H&E dual staining visualized

mucopolysaccharide distribution and inflammatory infiltrates.Villus height
(10measurements / sample) and glomerular basementmembrane thickness
were quantified using Image-Pro Plus 6.

Genomic landscape characterization
Bacterial genomes (GR-6 and GR-7) and gut metagenomes of fish were
extracted using the PowerSoil® Pro Kit (MO BIO) with bead-beating
homogenization. DNA integrity (OD260/280: 1.8-2.0) was assessed by
Agilent 4200 TapeStation, followed by library construction with Illumina
DNA Prep using dual-indexed adapters (PCR primers: 3’-AGATCG-
GAAGAGCACACGTCTGAACTCCAGTCAC; 5’-AGATCGGAA-
GAGCGTCGTGTAGGGAAAGAGTGT). Shotgun sequencing
(2×150 bp) was performed on NovaSeq 6000 (Illumina) achieving >50×
coverage. Functional annotation leveraged DIAMOND alignment against
NCBI RefSeq (e-value < 1e-5), and community structure analyzed through
MetaPhlAn4. Sparrow Search Algorithm-optimized logistic regression
identified core microbiome clusters (Bray-Curtis similarity >0.85)101.

Metabolomic analysis
Metabolomic extraction. Heat-inactivated (75°C, 25 min) bacterial
lysates (GR-6, GR-7, and A. hydrophila) were collected, and extraction
followed the protocol outlined by Metabolon, Inc102. For tissues extrac-
tion, gut content (1 g), intestinal cells (0.2 g) and kidney (0.2 g) were
suspended in 1 mL of ddH₂O and centrifuged at 3000 × g for 10 min. The
pellet was resuspended in 500 μL ddH₂O, centrifuged at 10,000 × g for
5 min, and the supernatants were combined. Acetonitrile and formic acid
were added to final concentrations of 1% and 0.5%, respectively. After
mixing and centrifugation at 13,000 × g for 15 min, the supernatant was
ultrafiltered (4500 × g, 50 min). The filtrate was dried in a centrifugal
concentrator and stored at -80°C. For analysis, dried samples were
reconstituted in 200 μL solvent, incubated at 4°C for 8 h, and the
supernatant was subjected to LC-MS. A 100 μL serum sample was mixed
with 400 μL of cold extraction solvent (methanol:acetonitrile, 1:1 v/v)
containing an internal standard (2 μg/mL 9-fluorinylmethoxycarbonyl-
glycine). The mixture was vortexed for 30 s, ultrasonicated in an ice bath
for 5 min, incubated at -20°C for 1 h, and centrifuged at 12,000 rpm (4°C)
for 15 min. A 425 μL aliquot of the supernatant was vacuum-dried. The
residue was reconstituted in 100 μL of acetonitrile/water (1:1, v/v), vor-
texed, incubated on ice for 10 min, and centrifuged. The final supernatant
(100 μL) was used for LC-MS analysis.

Metabolomics analysis by LC-MS. LC-MS/MS analysis was performed
using a Thermo Scientific Dionex UltiMate 3,000 UHPLC system cou-
pled to a ThermoOrbitrap Fusion Lumos mass spectrometer. Separation
was achieved on aHypersil GOLDC18 column (2.1 mm, 1.9 μm) at 35°C.
The mobile phase consisted of 0.1% formic acid in water (A) and
methanol (B), with a gradient elution: 2% B to 30%B over 30 min, then to
60% B in 8 min, to 100% B in 2 min (hold 5 min), and re-equilibration to
initial conditions in 1 min. The flow rate was 0.3 mL/min with an 8 μL
injection volume. ESI was performed in positive ion mode. Mass spec-
trometry parameters were: scan range m/z 100-1000; spray voltage
3,500 V; ion transfer tube temperature 320°C; vaporizer temperature
400°C. Full MS scans were acquired at a resolution of 120,000 with a
maximum injection time of 50 ms. Sheath and auxiliary gas flowswere 40
and 50 arb, respectively. MS2 scans used an orbitrap detector with auto
normal mode (start m/z 50) and a resolution of 15,000. Method stability
was confirmed by analyzing quality control (QC) samples. The repro-
ducibility of retention times, peak counts, and internal standard intensity
in QCs, along with PCA and correlation analysis of QC data, verified
system stability. All data processing was conducted using BMKCloud.

Statistical and reproducibility analysis
All experiments were performed with at least three independent replicates.
Data are presented as the mean ± standard deviation (SD). Specific sample
sizes (n) and replicate numbers are detailed in the figure legends and
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Methods section. Statistical significance between two groups was deter-
mined using a two-way ANOVA with Tukey’s post-hoc test, with the fol-
lowing thresholds: ns (not significant), *p* > 0.05; *p* < 0.05, **p* < 0.01,
***p* < 0.001, and ****p* < 0.0001. Furthermore, correlation networks
were generated from multi-omics data (n ≥ 6 per group) using Cytoscape
(v3.9.1), applying a Spearman’s correlation coefficient (ρ) threshold of >0.6
and a statistical significance threshold of *p* < 0.05 after Benjamini-
Hochberg adjustment. Visualization figures utilized ggplot2 in R 4.2.2,
GraphPad Prism 10.0 and OriginPro 2023b.

Data availability
Numerical source data for all graphs in the manuscript can be found in
supplementary Data 1 file. The raw multi-omics datasets generated in this
study have been deposited in public repositories, including gutmetagenome
sequences under NCBI accession PRJNA1018254, proteomics data under
PRIDE accession PXD070947, andmetabolomics data underMetaboLights
accessions MTBLS13344 and MTBLS8636. Additional abundance files are
included in Supplementary Data 2.
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