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Figure S1. Morphological and genetic characterization of Bacillus subtilis with DNA phosphorothiation (PT), related to Figure 1.
(A) Representative macroscopic photographs and SEM images of PT B. subtilis strains. Scale bars are 5 μm.
(B) Validation of PT-DNA via I2/EtOH-induced cleavage. PT-DNA is susceptible to I2/EtOH -induced cleavage, thus giving DNA degradation phenotype in electrophoresis. The non-PT DH10B strain served as a negative control, whereas the PT B7A strain was included as a positive control.
(C) LC-MS/MS characterization of PT dinucleotides. The elution time and mass of dGpsA and dGpsT detected in DNA from B. subtilis E10-1 and E. coli B7A.
(D) Quantification of PT-containing dinucleotides by LC-MS/MS (n = 3). 
All data are presented as the mean ± SEM. Statistical significance was determined by two-tailed Student’s t test. **p < 0.01.
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Figure S2. Phylogenetic distribution and horizontal acquisition of the Dnd system, related to Figure 1.
(A) A phylogenetic tree of isolated B. subtilis. The phylogenetic tree was constructed based on concatenated core gene alignments using the maximum likelihood method. The tree displays the presence or absence of the Dnd protein on the colored circle. Yellow stars indicate the strains isolated in this study.
(B) Schematic of the PT-associated genomic island insertion flanked by direct repeat (DR) sequences.
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Figure S3. Evolutionary characterization of DndC and RpoB phylogenetic discordance, related to Figure 1.
(A) Distance discordance heatmaps comparing the hierarchical clustering orders of genomes versus DndC and RpoB. Darker shades indicate higher evolutionary discordance.
(B) Tanglegram comparing the Bacillus genome (left) and RpoB protein (right) phylogenies. Crossing lines indicate topological incongruence.
(C) Distance concordance scatter plots displaying the relationship between representative-level genome distances and protein genetic distances for DndC (top, Mantel r = -0.115) and RpoB (bottom, Mantel r = 0.987).
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Figure S4. Biosafety evaluation of PT B. subtilis, related to Figure 1.
(A) Hemolysis assay. Phenotypic references include α-hemolysis (green discoloration), β-hemolysis (complete lysis, clear halo) and γ-hemolysis (no lysis). Both α- and γ-hemolysis represent safe, whereas β-hemolysis represents pathogenic toxicity. 
(B) Antimicrobial susceptibility testing. All data are presented in the Table S3.
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Figure S5. Genetic manipulation and mutant construction of PT B. subtilis, related to Figure 2.
(A and B) Verification of the deletion of dndC in B. subtilis E10-1 by PCR (A) and by I2/EtOH -induced genomic DNA cleavage (B). The non-PT DH10B strain served as a negative control, whereas the PT B7A strain was included as a positive control.
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Figure S6. Protective effect of PT modification in B. subtilis against oxidative stress, related to Figure 2.
(A-C) E10-1 (light blue line) and E10-1 ΔdndC (light red line) strains were exposed to H2O2 (A), SIN-1 (B) or EtOH (C). Cytotoxicity assays were carried out with the indicated concentrations of H2O2, SIN-1 and EtOH (n = 3).
(D) LD50 concentration of H2O2, SIN-1 and EtOH to the E10-1 and E10-1 ΔdndC strains (n = 3).
All data are presented as the mean ± SEM. Statistical significance was determined by two-tailed Student’s t test. **p < 0.01, ***p < 0.001.
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Figure S7. EtOH and SGF induce intracellular hydroxyl radical formation in B. subtilis, related to Figure 3.
(A and B) Detection of hydroxyl radical levels in the E10-1 and E10-1 ΔdndC strains exposed to 2% EtOH (A) and SGF (B). All treatment groups were subjected to a 1 h stress induction (using 2% EtOH in LB medium or SGF in PBS), followed by a 1 h incubation with the hydroxyl radical-specific fluorescent probe provided in the commercial detection kit prior to fluorescence quantification. Cells without the fluorescent probe served as the negative control, while cells exposed to 50 mg/mL tert-butyl hydroperoxide served as the positive control.
[bookmark: _Hlk234751231]All data are presented as the mean ± SEM. Statistical significance was determined by two-tailed Student’s t test. ns, not significant, ***p < 0.001.


[image: ]
Figure S8. Alcohol exposure induces dose-dependent liver injury in weaned piglets, related to Figure 4.
(A) Experimental scheme for (B) to (I). Following a 3-day dietary adaptation, weaned piglets were administrated daily doses of saline or varying concentrations of 50% (v/v) ethanol for 35 days.
(B) Body weight curves under different doses of 50% (v/v) ethanol treatments (n = 3-5).
(C) Ratios of liver weight to body weight (BW) (n = 3-4).
(D and E) Serum ALT, AST, GST (D), T-CHO and TG (E) levels (n = 3-4).
(F and G) Representative images for H&E, Oil Red O, and Masson staining of liver sections. Scale bars are 100 μm, 50 μm and 100 μm, respectively (F). Histological scores and the positively stained areas of the corresponding sections were quantified (G) (n = 3).
(H) Representative TEM images of the liver hepatocytes. Red and blue arrows indicate mitochondria and the surrounding cytoplasm, respectively. Scale bars are 1 μm.
(I) Detection of MDA and SOD levels in the serum (n = 3-4).
All data are presented as the mean ± SEM. Statistical significance was determined by two-way ANOVA (B) or one-way ANOVA (D, E, G and I) with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group.
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Figure S9. Systemic physiological evaluation in gradient alcohol-exposed piglets, related to Figure 4.
(A) [bookmark: OLE_LINK1]Ratios of different organ weights to body weight (n = 3-4).
(B) Serum BUN and CRE levels (n = 3-4).
(C) Histological images of the heart, spleen, lung, kidney and brain tissues stained with H&E. Scale bars are 100 μm.
All data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group.
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Figure S10. Hematological profile of weaned piglets under gradient alcohol exposure, related to Figure 4.
All data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 versus the control group (n = 3-4).
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Figure S11. Alcohol damages the gastrointestinal tract and alters the gut microbiota composition in weaned piglets, related to Figure 4.
(A) Representative images for H&E of stomach and duodenum sections. Scale bars are 500 μm.
(B) MDA and SOD levels in the colon tissues (n = 4).
(C) Total colonic bacterial burden assessed by qPCR of the 16S rRNA gene (n = 4).
(D) Metagenomic quantification of the relative abundance of PT populations (n = 3-4). One data point in the control group was identified as an outlier by Dixon's Q-test (Q > 0.829, n=4, p < 0.05) and was thus excluded from this analysis.
(E) Genera composition of the microbial community from the control and low-dose groups (n = 4). One color represents one genus, and the length of the color block indicates the proportion of relative abundance occupied by the genus (only the top 15 genus at the abundance level are shown.)
(F) Chao1 index and Shannon index (alpha diversity) of the microbial community composition (n = 4). Both metrics were used to assess alpha diversity at the species level.
[bookmark: _Hlk224840692](G) NMDS plots of the microbial community variations between the control and low-dose groups (n = 4). Beta diversity is generated using abund jaccard distance in species level.
(H) LEfSe analysis identifying significantly enriched bacterial taxa, from the genus to the species level, between the control and low-dose groups. Only LDA scores > 3 are shown.
(I) Relative abundance of LEfSe-derived beneficial bacteria (n = 4).
All data are presented as the mean ± SEM. Statistical significance was determined by two-tailed Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S12. B. subtilis restores systemic physiological parameters in alcohol-exposed piglets, related to Figure 4.
(A) Body weight curves under different treatments (n = 5).
(B) Ratios of different organ weights to body weight (n = 5).
(C-F) Detection of GST (C), MDA, SOD (D), T-CHO, TG (E), BUN and CRE (F) levels in the serum (n = 5).
(G) Histological images of the heart, spleen, lung and kidney tissues stained with H&E. Scale bars are 100 μm.
[bookmark: _Hlk234862035]All data are presented as the mean ± SEM. Statistical significance was determined by two-way ANOVA (A) or one-way ANOVA (B-F) with Tukey’s post hoc test for multiple groups. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.


[image: ]
Figure S13. B. subtilis reshapes the gut microbiota and its associated metabolome, related to Figure 5.
(A) Genera composition of the gut bacterial composition in the control, EtOH, con+E10-1, Et+E10-1, con+E10-1 ΔdndC and Et+E10-1 ΔdndC groups (n = 5). One color represents one genus, and the length of the color block indicates the proportion of relative abundance occupied by the genus (only the top 15 genus at the abundance level are shown.)
(B) Chao1 index and Shannon index (alpha diversity) of the gut bacterial composition (n = 5).
(C) NMDS plots of the gut bacterial composition in the control, EtOH, con+E10-1, Et+E10-1, con+E10-1 ΔdndC and Et+E10-1 ΔdndC groups (n = 5). Beta diversity is generated using Bray-Curtis distance.
(D) Principal component analysis (PCA) of cecal content metabolites from different groups (n = 5).
(E) Volcano plot of differentially expressed metabolites in the control, EtOH, Et+E10-1 and Et+E10-1 ΔdndC groups (n = 5).
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Figure S14. Gut microbiota and metabolites trend correlation analysis, related to Figure 5.
(A and B) Heatmap for the key bacterial genera (A) and metabolites (B) exhibiting significant abundance trends (n = 5).
(C) KEGG pathway enrichment analysis of the indicated key metabolites (n = 5).
(D) Heatmap of Spearman correlation coefficients between differential microorganisms and metabolites. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S15. B. subtilis directly converts TCDCA to TUDCA, related to Figure 5.
LC-MS/MS extracted EICs of TCDCA and TUDCA in the standards and different experimental reaction mixtures.
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Figure S16. Transcriptomic analysis reveals dynamic gene expression shifts in the liver, related to Figure 5.
(A) PCA analysis revealing distinct gene expression patterns among the control, EtOH and Et+E10-1 and Et+E10-1 ΔdndC groups (n = 3).
(B) Volcano plot of differentially expressed genes in the control, EtOH, Et+E10-1 and Et+E10-1 ΔdndC groups (n = 3).
(C) Mfuzz clustering analysis revealing distinct gene expression trends across the control, EtOH, Et+E10-1 and Et+E10-1 ΔdndC groups based on mean FPKM values (n = 3).
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Figure S17. Original uncropped Western blot images, related to Figure 5I.

Table S1. Primer information
	Name
	5’ to 3’

	isoDndB-F
	CACGCAGTCAATACTACTTCTTC

	isoDndB-R
	AGAGATTCTATAAAGACACCATGACC

	isoDndC-F
	CCTTGGGTAGTAGGATATAGCGGCGG

	isoDndC-R
	AATCTTTAAGCGGTCCGTACACCAGC

	isoDndD-F
	GAGAAAACGGAGCCGGCAAAACAAC

	isoDndD-R
	ATTTCTTCACCGTCAAACAAGCATA

	dndA-F
	GGAAACCCTTCAAGCAAATACTACTCC

	dndA-R
	AAGCTGAGCCAGTTGAAACAGC

	dndC-F
	GGGTATAGCGGCGGGAAAGA

	dndC-R
	GACCGCGTCGTACTTTGTATCC

	HomodndC-F
	CATCTCCAACACTGCCACACAC

	HomodndC-R
	TTGCTGTAATTTCTTTTGGTGTTGC

	qdndB-F
	CGATCTTAATCGTCACGCGG

	qdndB-R
	CGTCACGAGTGCTAAATGGTC

	qUni16S-F
	TCCTACGGGAGGCAGCAGT

	qUni16S-R
	GGACTACCAGGGTATCTAATCCTGTT

	qHPRT1-F
	CCCCAGCGTCGTGATTAGTG

	qHPRT1-R
	ATCTCGAGCAAGCCGTTCAG

	qTUBB-F
	TTTCTTGCCCCGTACACACC

	qTUBB-R
	CACCTCCCAGAACTTGGCAC

	qMLCK-F
	CCTGGGTGTTGGGGAAGAAC

	qMLCK-R
	AGTCCACTGACCCGTAGTTT

	qZO-1-F
	CACCTTTAGATAAGGAGAAAGGTGA

	qZO-1-R
	AGACACTTGTTTTGCCAGGT

	qMUC2-F
	AGTGCCATCTACACCAAGGTC

	qMUC2-R
	AAGGGGATGCCCTCCGA

	qTLR4-F
	CCTGACAACATCCCCACATC

	qTLR4-R
	TGTCTGAATTTCACATCTGGATAA

	qIFNγ-F1
	GCCATTCAAAGGAGCATGGA

	qIFNγ-R
	TCTGCAGATTATCTACCGGAAT

	qSTAT1-F
	TTCCGACACCTGCAACTGAA

	qSTAT1-R
	GGCTGGCACAATTGGGTTTC

	qTGR5-F
	AGACATCATCGCCAGACGAC

	qTGR5-R
	AGCAACAGGGGTGCATGG





Table S2. Physiological and biochemical characteristics of PT B. subtilis, related to Figure 1
	Profile
	Strains

	
	B. spizizenii   ATCC 6633
	B. subtilis E10-1
	B. subtilis E10-4
	B. subtilis E4-1

	Catalase
	+
	+
	+
	+

	Anaerobic growth
	-
	-
	-
	-

	Methyl red
	+
	+
	+
	+

	Nitrate reduction
	+
	+
	+
	+

	50 °C
	+
	+
	+
	+

	7% NaCl
	+
	+
	+
	+

	Starch hydrolysis
	+
	+
	+
	+

	Casein hydrolysis
	+
	+
	+
	+

	Glucose
	+
	+
	+
	+

	Mannitol
	+
	+
	+
	+

	Sucrose
	+
	+
	+
	+

	Glycerol
	+
	+
	+
	+

	Citrate utilization
	+
	+
	+
	+


Phenotypic assays were performed to evaluate the metabolic and growth profiles of the indicated strains. B. spizizenii ATCC6633 served as the wild-type reference control. Symbols: +, positive reaction or visible growth; -, negative reaction or no growth.



Table S3. MIC and antimicrobial susceptibility profile of PT B. subtilis, related to Figure 1

	Antibiotic
	MIC(μg/mL)

	
	B. subtilis E10-1
	B. subtilis E10-4
	B. subtilis E4-1

	Chloramphenicol
	2
	S
	1
	S
	2
	S

	Ciprofloxacin
	0.064
	n.r.
	0.032
	n.r.
	0.032
	n.r.

	Ceftriaxone
	2
	n.r.
	2
	n.r.
	1
	n.r.

	Ceftazidime
	8
	n.r.
	8
	n.r.
	4
	n.r.

	Imipenem
	0.016
	n.r.
	0.016
	n.r.
	0.016
	n.r.

	Erythromycin
	0.125
	S
	0.064
	S
	0.125
	S

	Vancomycin
	0.25
	S
	0.25
	S
	0.25
	S

	Clindamycin
	0.125
	S
	<0.064
	S
	0.064
	S

	Penicillin
	0.125
	n.r.
	<0.064
	n.r.
	0.064
	n.r.

	Ampicillin
	0.064
	n.r.
	<0.064
	n.r.
	0.064
	n.r.

	Rifampicin
	0.064
	n.r.
	<0.064
	n.r.
	0.064
	n.r.

	Gentamicin
	<0.064
	S
	<0.064
	S
	<0.064
	S


MIC values against a panel of selected antibiotics were determined using the standard broth microdilution method. Susceptibility interpretations were assigned according to the European Food Safety Authority (EFSA) guidelines. S, susceptible; n.r., not required.
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