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Fig. S1 Characterization and composition analysis of Fp.OMVs. (a) Negative staining analysis of the OMVs release process in Fusobacterium prausnitzii. (b) Particle size analysis of Fp.OMVs. (c) IPR domain database annotation of Fp.OMVs proteins. (d) Annotation of metabolic components of Fp.OMVs in the HMDB database. (e) Distribution of miRNA length in Fp.OMVs.
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Fig. S2 Fp.OMVs do not alleviate viral replication through direct action. Effect of different concentrations of Fp.OMVs on the viability of IPEC-J2 (a) and Vero cells (b). (c) Western blot analysis of PEDV-N expression levels in IPEC-J2 and Vero cells pre-treated with Fp.OMVs. (d) Immunofluorescence analysis of PEDV-N in IPEC-J2 and Vero cells pre-treated with Fp.OMVs.
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Fig. S3 Fp.OMVs significantly alter the structure and composition of the gut microbiota. Species richness characterization using shannon (a), observed_species (b), and chao1 (c) rarefaction curves. (d) Analysis of the number of shared and unique Unigenes in each group. Species abundance analysis at the phylum (e) and genus (f) levels. β-diversity analysis with PCoA (g) and NMDS (h) for each group. (i) LEfSe-based differential species abundance analysis (Oscillibacter valericigenes, Prevotellaceae unclassified, Bariatricus massiliensis, Faecalibacterium unclassified and Pseudoflavonifractor phocaeensis). (j) KEGG functional comparison analysis showing the top 30 significantly different functional entries.

Table 1. Analysis of beta-diversity in intestinal microbiota of Fp.OMVs+PEDV and PEDV groups in piglets using PERMANOVA based on Bray-Curtis distances.

	
	Df
	SumOfSqs
	R2
	F
	P

	Groups
	1
	0.21
	0.18
	6.14
	0.001


Note:Df represents Degrees of Freedom, SumOfSqs indicates Sum of Squares, and the R2 value reflects the proportion of variance explained by the environmental factors. A p-value less than 0.05 indicates high reliability of the test. PERMANOVA: Permutational Multivariate Analysis of Variance.

Detailed supplementation method
Fp.OMVs Proteomics
Samples were combined with Denaturing Buffer (8 M urea, 100 mM TEAB, pH 8.5) and shaken to mix. The mixture was centrifuged at 12,000 × g for 15 minutes at 4 °C, and the supernatant was collected. 1 M DTT was added to the supernatant and reacted at 56 °C for 1 hour, followed by the addition of Iodoacetamide and incubation at room temperature in the dark for 1 hour. Formalin-Fixed, Paraffin-Embedded samples were dewaxed using octane, rehydrated with graded ethanol, and washed twice with PBS. Protein lysis buffer (4% SDS, 100 mM Tris) was added, and the samples were incubated at 95 °C for 10 minutes, mixed by shaking, sonicated in an ice bath for 5 minutes, and incubated at 95 °C for 60 minutes to reverse crosslinking. Tris(2-carboxyethyl)phosphine and Chloroacetamide were then added for reduction/alkylation at 95 °C for 5 minutes. The samples were centrifuged at 12,000 × g for 15 minutes at 4 °C, and the supernatant was collected. Four volumes of pre-chilled acetone at -20 °C were added, and the mixture was precipitated at -20 °C for at least 4 hours. The precipitate was collected by centrifugation at 12,000 × g for 15 minutes at 4 °C, air-dried, and dissolved in protein lysis buffer. Protein concentration was determined using the Bradford method, and standard curves were created to calculate protein concentrations. Protein samples (20 µg each) underwent 12% SDS-PAGE and were stained with Coomassie Brilliant Blue. Protein samples were adjusted to 100 µL with DB protein lysis buffer, digested with trypsin and TEAB buffer at 37 °C for 4 hours, followed by overnight digestion with trypsin and CaCl2. The pH was adjusted to below 3 with formic acid, centrifuged at 12,000 × g for 5 minutes at room temperature, and the supernatant was desalted using a C18 desalting column. The column was washed three times with 0.1% formic acid and 3% acetonitrile, eluted with 0.1% formic acid and 70% acetonitrile, and the eluate was freeze-dried.

Liquid chromatography elution was conducted using the Vanquish Neo UHPLC system, equipped with a C18 pre-column (5 mm × 300 µm, 5 µm) and an analytical column (150 µm × 15 cm, 2 µm). The mass spectrometer operated in data-dependent acquisition mode, performing a full scan of m/z 380-980 at a resolution of 240,000, with an AGC target of 500%, a parent ion window of 2 Th, 300 DIA windows, an NCE of 25%, and a secondary scan of m/z 150-2000 at a resolution of 80,000 with a maximum injection time of 3 ms, thereby generating mass spectrometry data. InterProScan software was utilized for GO and IPR functional annotation, while COG and KEGG were used for functional protein family and pathway analysis of the identified proteins.
Fp.OMVs Small RNA-seq
OMVs samples were combined with RNA lysis buffer and incubated at room temperature for 5 minutes. Following this, 140 μl of chloroform was added, vortexed for 15 seconds, and incubated at room temperature for 3 minutes. The mixture was centrifuged at 12,000 × g for 15 minutes at 4 °C, and the upper aqueous phase was collected and mixed with 1.5 volumes of absolute ethanol. 700 μl of this mixture was transferred to an RNeasy spin column and centrifuged at 8,000 × g for 15 seconds at room temperature. The filtrate was discarded, and the process was repeated. The column was then washed sequentially with 700 μl Buffer RWT and 500 μl Buffer RPE, each centrifuged at 8,000 × g for 15 seconds at room temperature. After the final Buffer RPE wash, the column was centrifuged at 8,000 × g for 2 minutes. It was then transferred to a new centrifuge tube and centrifuged at 12,000 × g for 1 minute to dry, and the filtrate was discarded. RNA was eluted with 30 μl RNase-free water by centrifuging at 8,000 × g for 1 minute and immediately stored at -80 °C. RNA concentration was measured using a Quantus Fluorometer, and exosome RNA was diluted with NR1 cassette diluent for detection. For 3' adaptor ligation, the reaction mixture was prepared and incubated in a PCR machine at 28 °C for 60 minutes, 65 °C for 20 minutes, and 4 °C for 5 minutes. The 5' adaptor ligation reaction mixture was added and incubated in a PCR machine at 28 °C for 30 minutes, 65 °C for 20 minutes, and then held at 4 °C. The cDNA synthesis reaction mixture was then added and cycled in a PCR machine at different temperatures, followed by cDNA purification. The purification process involved adding QMN Beads, vortexing, centrifuging, washing with 80% ethanol, drying, adding NF-Water, and transferring the supernatant after adsorption. Library amplification included adding the purified cDNA product to the reaction mixture and cycling in a PCR machine at 95 °C for 15 minutes, 95 °C for 15 seconds, 60 °C for 30 seconds, 72 °C for 15 seconds, 72 °C for 2 minutes, and 4 °C for 2 minutes, with a final hold at 4 °C. The library sorting steps included adding QMN Beads, vortexing, centrifuging, washing with ethanol, drying, adding NF-Water, and transferring the supernatant after adsorption. The miRNA library concentration and fragment size were then detected. The miRNA adaptor sequence was AACTGTAGGCACCATCAATNNNNNNNNNNNNAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC.
Small RNA sequencing libraries were sequenced using PE150 sequencing. Sequencing quality was assessed with FastQC, and Fastp was used to trim N bases from both ends of sequences, filter q20 bases, and remove adaptors. Bowtie was employed to align clean sequences to the Rfam database to remove rRNA, tRNA, and other ncRNA before aligning to the genome. Small RNA sequences from the miRBase database served as references to quantify small RNAs in the samples, and miRNA families were identified according to the miRBase database.

Metagenome assembly and functional annotations
Total DNA was extracted from samples using the Fecal Genome DNA Extraction Kit (AU46111-96, BioTeke, China). DNA libraries were constructed with the TruSeq Nano DNA Library Preparation Kit-Set (#FC-121-4001, Illumina, USA) according to the manufacturer’s instructions. Metagenome libraries were sequenced on an Illumina NovaSeq 6000 platform with PE150 at LC-Bio Technology Co., Ltd. (Hangzhou, China). Sequencing adapters were removed from de-multiplexed raw sequences using cutadapt (v1.9). Low-quality reads (quality scores <20), short reads (<100bp), and reads containing more than 5% “N” bases were trimmed using the sliding-window algorithm method in fqtrim (v0.94). Quality-filtered reads were aligned to the genome using bowtie (v2.2). The remaining reads underwent de novo assembly for each sample using MEGAHIT (v1.2.9) and were used to assign microbial functions and taxonomy. MetaGeneMark (v3.26) was used to predict coding regions (CDS) of the assembled contigs, and CDS sequences of all samples were clustered using CD-HIT (v4.6.1) to obtain unigenes. DIAMOND (v0.9.14) performed a taxonomic assessment of the microbiota based on the NR database. LEfSe (Linear Discriminant Analysis Effect Size) was used to analyze inter-group differences across taxonomic levels, selecting features with LDA > 3 and P < 0.05. Visualization was performed using cladograms and bar charts generated via the R package ggplot2 (version 3.2.0). Differential abundance analysis between groups was conducted using the metagenomeSeq package (version 1.38.0), and Manhattan plots were created for visualization (ggplot2 version 3.2.0). The Wilcox test identified differentially abundant species, with significance declared at P<0.05 and |log2-fold change|>1. Microbial functions were assigned using the Kyoto Encyclopedia of Genes and Genomes (KEGG).
LC‒MS/MS
The samples were thawed on ice, and metabolites were extracted using 80% methanol buffer. For liquid samples, 100 µL was extracted with 400 µL of precooled methanol, while for solid samples, 50 mg was extracted with 500 µL of precooled methanol. The extraction mixtures were stored at -20°C for 30 minutes, then centrifuged at 20,000 g for 15 minutes. The resulting supernatants were vacuum dried and redissolved in 100 µL of 80% methanol, then stored at -80°C. QC samples were prepared by combining 10 µL from each extraction mixture. Samples were analyzed using an UltiMate 3000 UPLC System with an ACQUITY UPLC T3 column at 40°C. The mobile phase consisted of solvent A (5 mM ammonium acetate and 5 mM acetic acid) and solvent B (acetonitrile) at a flow rate of 0.3 ml/min under gradient elution conditions. Metabolites were detected with a Q-Exactive high-resolution tandem mass spectrometer in both positive and negative ion modes. Precursor spectra (70–1050 m/z) were collected at a resolution of 70,000, and fragment spectra at a resolution of 17,500 in DDA mode. QC samples were run after every 10 samples to ensure the stability of the LC-MS. The acquired MS data were pretreated using XCMS software, which included peak picking, peak grouping, retention time correction, second peak grouping, and annotation of isotopes and adducts. LC-MS raw data files were converted into mzXML format and processed with XCMS, CAMERA, and the metaX toolbox in R software. Each ion was identified by combining retention time (RT) and m/z data, generating a three-dimensional matrix of peak indices (RT-m/z pairs), sample names, and ion intensity. Metabolites were annotated using the KEGG and HMDB databases, matching molecular mass data (m/z) with a tolerance of less than 10 ppm. The molecular formulas were validated through isotopic distribution measurements and an in-house fragment spectrum library. Statistical analysis, including normalization, hierarchical clustering, PLS-DA, and correlation analysis, was performed in R (version 4.0.0). Significant metabolites were identified based on P value < 0.05, fold change > 1.2, and VIP scores from PLS-DA. Hypergeometric-based KEGG pathway enrichment analysis was used for protein annotation. Gene set enrichment analysis (GSEA) determined significant gene sets in KEGG pathways, with |NES| > 1, NOM p-val < 0.05, and FDR q-val < 0.25. Network maps were created based on the pathways of the metabolites.
Single-cell RNA sequencing
The piglet jejunum tissues were placed in a Petri dish on wet ice and pre-washed with 1×PBS (without RNase, Ca, and Mg ions) to remove contaminants. The tissues were then cut into 0.5 mm² pieces, washed again with PBS, and treated with a dissociation solution (0.35% collagenase IV, 2 mg/ml papain, 120 Units/ml DNase I) at 37°C for 20 minutes in a water bath shaker (100 rpm). The dissociation process was stopped with PBS containing 10% fetal bovine serum. The cell suspension was gently pipetted, filtered through a 70-30 µm cell sieve, and centrifuged at 300g for 5 minutes at 4°C. The cell pellet was resuspended in 100 µl of 1×PBS (0.04% BSA). Erythrocytes were lysed using 1 ml of 1X erythrocyte lysis solution for 2-10 minutes, followed by centrifugation at 300g for 5 minutes at 4°C. Dead cells were removed using Dead Cell Removal MicroBeads and MS Columns. The cell pellet was resuspended in 1×PBS (0.04% BSA) and centrifuged at 300g for 5 minutes at 4°C, repeating this step twice. The final cell suspension was adjusted to a concentration of 700-1200 cells/µL, with >85% cell viability confirmed by trypan blue staining. Cells were counted using a hemocytometer or Countess II Automated Cell Counter.
The single-cell suspension was then added to the 10x Chromium chip according to the 10X Genomics Chromium Single-Cell 3' kit (V3) instructions, aiming to capture 10,000 cells. cDNA amplification and library construction followed standard protocols. Libraries were sequenced by LC-Bio Technology (Hangzhou, China) on an Illumina NovaSeq 6000 system (paired-end, 150 bp) with a minimum depth of 20,000 reads per cell. Sequencing results were demultiplexed and converted to FASTQ format using Illumina bcl2fastq (version 5.0.1). Sample demultiplexing, barcode processing, and single-cell 3' gene counting were performed with the Cell Ranger pipeline (version 6.1.1), aligning scRNA-seq data to the Sscrofa Ensemble 11.1 reference genome. The Cell Ranger output was loaded into Seurat (version 3.1.1) for dimensional reduction, clustering, and analysis. The scRNA-seq data was aligned to the Sscrofa Ensemble 11.1 reference genome. Quality control thresholds were applied: genes expressed in fewer than three cells were removed, as well as cells with fewer than 500 or more than 5000 genes, UMI counts below 500, and mitochondrial gene expression above 25%. The data was visualized using t-SNE for 2D projection.
Cytotoxicity Analysis of Fp.OMVs

Vero and IPEC-J2 cells were seeded into 96-well plates (100 µl/well) and cultured until they reached 80% confluence. The cells were then treated with various concentrations of OMVs (1, 5, and 10 µg/ml) for 24 hours. After this period, 10 µl of CCK8 solution was added to each well, and the plates were incubated for 2 hours. Absorbance at 450 nm was measured using a microplate reader to evaluate the cytotoxicity of OMVs.

Western Blot Analysis
Animal Samples: Following euthanasia, small intestine tissues from piglets were placed in ice-cold PBS. The intestines were cut into 1-2 cm segments and incubated in tubes containing 0.25% trypsin-EDTA solution (0.5 mM) in a 37°C water bath with gentle shaking for 20 minutes. After digestion, the supernatant was discarded, and the tissues were washed 2-3 times with ice-cold PBS. The tissues were then incubated in freshly prepared collagenase IV solution (1 mg/ml) and DNase I solution (1 mg/ml) at 37°C for 30-60 minutes, with gentle shaking every 10 minutes to promote digestion until the tissues dispersed into a single-cell suspension. The digestion mixture was filtered through a 40 μm cell strainer, and the filtrate was collected. The filtrate was then centrifuged at 300 g for 5 minutes at 4°C, and the supernatant was discarded.
Cell Line Samples: Vero and IPEC-J2 cells were cultured to 80% confluence in 6-well plates and then switched to maintenance medium. The cells were pretreated with varying concentrations of PC (1, 5, 10 μM) or Fp.OMVs (1, 5, 10 μg) for 24 hours, followed by infection with PEDV at a multiplicity of infection (MOI) of 0.1. After 24 hours of infection, the cells were washed twice with PBS, and 50 μl of RIPA lysis buffer was added to each well. The cells were incubated with the lysis buffer for 5 minutes, collected into centrifuge tubes, lysed on ice for 30 minutes, and then centrifuged at 12,000 g for 5 minutes. The supernatant was collected.
The protein concentration of the collected supernatant was measured using a BCA protein assay kit (Beyotime, China). Samples were mixed with SDS-PAGE loading buffer (Servicebio, China) and heated at 95°C for 5 minutes to denature the proteins. Protein samples were loaded onto an SDS-PAGE gel and run at 160V for 1 hour. The gel and a methanol-activated PVDF membrane were assembled in the transfer apparatus and transferred in ice-cold transfer buffer at 400 mA for 30 minutes. The PVDF membrane was incubated in blocking solution (Beyotime, China) on a room temperature shaker for 30 minutes. The membrane was then incubated overnight at 4°C with the following primary antibodies: PEDV-N (1:1000, Medgene Labs, USA), RIPK1 (1:1000, Proteintech, USA), P-RIPK1 (1:1000, Proteintech, USA), RIPK3 (1:1000, Proteintech, USA), P-RIPK3 (1:500, Nature Biosciences, China), MLKL (1:1000, Proteintech, USA), P-MLKL (1:500, ABclonal, USA), β-actin (1:5000, Proteintech, USA), GAPDH (1:5000, Proteintech, USA). The membrane was washed three times with TBST for 10 minutes each. The membrane was then incubated with HRP-conjugated Affinipure Goat Anti-Mouse/Rabbit IgG (H+L) (1:5000, Proteintech, USA) for 1 hour at room temperature. After three 10-minute washes with TBST, the membrane was incubated with ECL detection reagent (Proteintech, USA) and analyzed using the Amersham Imager 600 chemiluminescence imaging system.
