Supplementary Materials 1
Biospecimen Collection and Laboratory Assays
Fecal Sample Collection and Multi-Omics Profiling
To enable comprehensive multi-omics characterization of the gut microbial ecosystem, each fecal sample will be aliquoted into three distinct fractions according to preservation requirements. One aliquot will be preserved in RNA stabilization buffer (e.g., RNAlater) for metatranscriptomic analysis, allowing assessment of the active functional expression of the gut microbiota at the mRNA level, which reflects the “functionally active” microbial community rather than merely the “present” community. A second aliquot will be preserved in DNA stabilization buffer for metagenomic shotgun sequencing, enabling species-level and strain-level taxonomic profiling, functional gene annotation, and metagenome-assembled genome (MAG) reconstruction[1]. The third aliquot will be preserved as raw stool without additive for targeted and untargeted metabolomic profiling, as well as for culturomics to enable isolation of viable bacterial strains for downstream functional validation[2]. 
Metatranscriptomics: For the RNA-preserved fecal aliquot, total microbial RNA will be extracted using a specialized fecal RNA extraction kit (e.g., Qiagen RNEasy PowerMicrobiome Kit). Ribosomal RNA will be depleted using Ribo-Zero or equivalent rRNA removal kits to enrich for mRNA transcripts. Strand-specific libraries will be constructed and sequenced on the Illumina NovaSeq platform (paired-end 150 bp) to a target depth of 10-20 million reads per sample. Bioinformatic processing will include quality trimming with Trimmomatic, removal of host-derived reads by alignment to the human reference genome (GRCh38) using Bowtie2, taxonomic classification using Kraken2/Bracken or MetaPhlAn 4, and functional annotation using HUMAnN 3 against KEGG, MetaCyc, and GO databases. Differential expression analysis of genes and pathways will be performed using DESeq2 or edgeR. 
Metagenomics: Metagenomic DNA will be extracted from the DNA-preserved fecal aliquot using a validated stool DNA extraction kit (e.g., Qiagen DNeasy PowerSoil Pro Kit or MagPure Soil DNA LQ Kit). Libraries will be constructed using Illumina DNA Prep Tagmentation kits and sequenced on the Illumina NovaSeq platform (paired-end 150 bp) to a target depth of 5–10 Gb per sample[1]. Taxonomic profiling will be performed using MetaPhlAn 4 with the mpa_vJun23_CHOCOPhlAnSGB_202403 database, enabling species-level and species-level genome bin (SGB) resolution. Strain-level tracking of donor strain engraftment will be performed using StrainPhlAn 4, applying species-specific phylogenetic distance thresholds to infer strain identity and calculate strain engraftment rates, strain-sharing rates, and donor strain fractions[3]. Functional profiling will be conducted using HUMAnN 3 to quantify KEGG orthologs, MetaCyc pathway abundances, and gene family abundances. Metagenome-assembled genomes (MAGs) will be reconstructed using MEGAHIT or metaSPAdes assembly followed by MetaBAT2 binning and CheckM quality assessment. This metagenomic pipeline enables high-resolution tracking of donor strain colonization, assessment of functional gene repertoire recovery, and identification of species-level genomic bins (SGBs) associated with clinical response[1].
Targeted and Untargeted Metabolomics: For the raw fecal aliquot, both targeted and untargeted metabolomic profiling were performed. Untargeted metabolomics will be performed using ultra-high-performance liquid chromatography coupled with high-resolution mass spectrometry (UHPLC-HRMS) in both positive and negative ion modes to enable global metabolite discovery[4]. Data processing will include peak detection and alignment using XCMS or Progenesis QI, batch effect correction using ComBat, and metabolite annotation against HMDB, METLIN, and in-house spectral libraries (MSI level 1 or 2). Differential metabolites were identified using limma (log₂ fold change > 0.5, adjusted P < 0.1), followed by pathway enrichment analysis using KEGG and MetaCyc databases. Targeted metabolomics will be conducted using liquid chromatography-tandem mass spectrometry (LC-MS/MS) to quantify: (i) short-chain fatty acids (SCFAs), including acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, hexanoate, and 2-methylbutyrate; (ii) a comprehensive bile acid profile (>20 species), encompassing primary bile acids (cholic acid, chenodeoxycholic acid, and their taurine/glycine conjugates) and secondary bile acids (deoxycholic acid, lithocholic acid, ursodeoxycholic acid, and their conjugates); and (iii) tryptophan pathway metabolites, including tryptophan, kynurenine, quinolinic acid, and indole derivatives[2, 4-6]. Approximately 50–100 mg of lyophilized or raw frozen stool was extracted with internal standards, and metabolite concentrations were reported as ng/mg stool. This integrated targeted and untargeted metabolomic approach enables both absolute quantification of key microbial metabolites and discovery of novel metabolic signatures associated with FMT response.
Culturomics: From the raw fecal aliquot, high-throughput culturomics will be performed to enable isolation of viable bacterial strains for functional validation. Approximately 0.3 g of stool will be resuspended in sterile PBS, serially diluted, and plated onto Columbia blood agar under both aerobic and anaerobic conditions (anaerobic chamber: 5% H₂, 5% CO₂, 90% N₂) at 37°C for up to 72 hours. Enrichment cultures will be performed in parallel using BACTEC aerobic/anaerobic bottles and YCFAC broth supplemented with 5% sheep blood and 5% filtered rumen fluid, with serial subcultures at multiple timepoints (24 hours, 3, 7, 10, 15, 21, and 30 days). Isolated colonies will be purified and identified using MALDI-TOF mass spectrometry (Bruker Biotyper), with scores >1.9 considered reliable species-level identification. Isolates with lower scores will be subjected to whole-genome sequencing for taxonomic assignment. This culturomics approach enables direct comparison of species detected at baseline versus post-FMT, validation of metagenomics-derived species loss and engraftment patterns, and recovery of live strains for subsequent in vitro and in vivo functional studies.
Blood Sample Collection and Multi-Omics Profiling
From fasting venous blood collected in EDTA-anticoagulated tubes, plasma will be separated by centrifugation (3,000 rpm × 10 min or 4°°C, 2,500 × g, 10 min) and stored at −80°C. From fasting venous blood collected in serum-separating tubes, serum will be separated by centrifugation and stored at −80°C. Peripheral blood mononuclear cells (PBMCs) will be isolated from EDTA-anticoagulated blood using density gradient centrifugation (Lymphoprep) and cryopreserved in serum-free cell cryopreservation solution at −80°C for downstream analyses.
Inflammatory proteomics will be performed using the Olink® Inflammation panel (92-plex) or a validated Luminex multiplex assay to quantify circulating inflammatory proteins[4, 7]. The panel could include pro-inflammatory cytokines (IL-6, IL-17A, TNF-α, IFN-γ), chemokines (CCL19, CCL20, CXCL9, CXCL10), immunoregulatory factors (IL-10, TGF-β), and growth factors. Data will be reported as normalized protein expression (NPX) values. Targeted and untargeted metabolomics of plasma will be performed using LC-MS/MS and UHPLC-HRMS, respectively. Additionally, ELISA-based assays will be used to quantify specific proteins of interest, including brain-derived neurotrophic factor (BDNF), zonulin (intestinal barrier function marker), lipopolysaccharide-binding protein (LBP), S100B, neurofilament light chain (NfL), and cortisol. This integrated plasma profiling approach enables simultaneous assessment of systemic inflammation, metabolic reprogramming, and gut-barrier integrity.
Immunoglobulin profiling will be performed using ELISA or multiplex assays to quantify total IgG, IgA, IgM, IgG subclasses (IgG1, IgG2, IgG3, IgG4), and specific autoantibodies including antinuclear antibodies (ANA) and anti-dsDNA antibodies. Clinical biochemistry will be assessed using standard automated analyzers to measure liver function tests (ALT, AST, GGT, bilirubin), renal function (creatinine, urea nitrogen), glucose-lipid metabolism (fasting glucose, fasting insulin, total cholesterol, triglycerides, HDL, LDL), and high-sensitivity C-reactive protein (hs-CRP). Hormonal assays will be performed to quantify cortisol and melatonin as markers of hypothalamic-pituitary-adrenal (HPA) axis function. This serum panel enables assessment of FMT-mediated effects on systemic humoral immunity, metabolic safety (particularly antipsychotic-induced metabolic disturbances), and neuroendocrine pathways.
Spectral flow cytometry immunophenotyping will be performed using a high-dimensional panel (≥40 markers) on a spectral flow cytometer (e.g., Cytek Aurora)[4]. Key cell populations assessed included: T cell subsets (CD4⁺ helper T, CD8⁺ cytotoxic T, Treg [CD4⁺CD25⁺FoxP3⁺], and memory T cell subsets: naïve, central memory, effector memory); activation markers (CD38, HLA-DR, ICOS, PD-1); NK cells (CD56⁺CD16⁻ and CD56⁺CD16⁺ subsets, with functional marker DNAM-1); monocyte subsets (classical CD14⁺⁺CD16⁻, intermediate CD14⁺⁺CD16⁺, non-classical CD14⁺CD16⁺⁺); and B cell subsets. Data analysis could combine conventional gating with dimensionality reduction algorithms (UMAP/t-SNE) and automated clustering (FlowSOM) for unbiased cell population discovery. Single-cell RNA sequencing (scRNA-seq) will be performed using the 10x Genomics Chromium platform, targeting 5,000–10,000 cells per sample. Libraries will be sequenced on the Illumina NovaSeq platform (target depth: 50,000–100,000 reads per cell). Bioinformatic analysis will include Cell Ranger alignment, quality filtering, dimensionality reduction (PCA, UMAP), clustering (Leiden), cell type annotation (SingleR, Azimuth), differential expression analysis (MAST), and trajectory inference (Monocle 3). This approach enables unbiased discovery of novel cell states and cell-type-specific transcriptional responses to FMT. Bulk RNA sequencing of PBMCs will be performed to assess global gene expression changes. Total RNA will be extracted, libraries will be constructed using Illumina Stranded Total RNA Prep with Ribo-Zero Plus, and sequenced on the Illumina NovaSeq platform (paired-end 150 bp, 30–50 million reads per sample). Differential expression analysis will be performed using DESeq2, followed by Gene Ontology and KEGG pathway enrichment analysis (clusterProfiler), with particular focus on immune-related pathways and mitochondrial function pathways. PBMC functional assays will be performed in parallel to assess T-cell cytokine secretion capacity. PBMCs will be stimulated with PMA/ionomycin or anti-CD3/CD28, and intracellular cytokine production (IFN-γ, TNF-α, IL-2, IL-17A) will be quantified by flow cytometry or ELISpot.
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Microbiome Engraftment and Strain‑Level Dynamics
To evaluate donor microbiota colonization efficiency post‑FMT, strain‑level profiling will be performed using StrainPhlAn 4, which infers strain identity through phylogenetic analysis of species‑specific marker genes. Species‑level metagenomic profiling will be conducted using MetaPhlAn 4[7]. The phylogenetic distance threshold for strain assignment will be determined using Youden’s index[1, 3]. We will explore donor-related (e.g., α-diversity, specific taxa abundance), recipient-related (e.g., baseline diversity, immune status), and procedural (e.g., bowel preparation) factors influencing engraftment using generalized linear models, adjusted for potential confounders. Candidate predictors for the engraftment determinants model will include: (1) Donor-related: donor alpha diversity, Bifidobacterium abundance, proportion of high-engraftment phyla (Bacteroidetes, Actinobacteria); (2) Recipient-related: pre-FMT alpha diversity (Shannon), pre-FMT beta distance to donor, antibiotic-free interval, antipsychotic duration; (3) Capsule fidelity: capsule–stool Aitchison distance; (4) Procedural: cumulative FMT dose, administration frequency. The modeling strategy will proceed in three stages: (1) linear regression with all candidate predictors; (2) Random Forest for feature importance ranking; (3) LASSO regression for a parsimonious final model.
The Bray-Curtis (BC) dissimilarity index is the most widely used β-diversity metric for quantifying compositional differences between microbial communities, accounting for both species presence/absence and relative abundances. Bray-Curtis similarity is calculated as 1 minus the Bray-Curtis dissimilarity, with values approaching 1 indicating near-identical community composition. This index is applied to (i) donor–post-FMT recipient pairs to assess compositional convergence, (ii) pre-FMT–post-FMT recipient pairs to evaluate community shift magnitude, and (iii) donor–pre-FMT recipient pairs to establish baseline dissimilarity.
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[image: ] and [image: ] are the relative abundances of species [image: ] in samples [image: ] and
[image: ], and [image: ] is the total number of species.
The Donor Similarity Index (DSI) is a normalized measure that sets the baseline (pre-FMT) similarity to the donor to zero and scales post-transplant similarities relative to this baseline. This index enables longitudinal tracking of how each patient’s microbiome shifts toward the donor profile, independent of inter-individual baseline variation.
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[image: ] is the recipient’s baseline microbiota, [image: ] is the recipient’s microbiota at post-FMT timepoint [image: ], [image: ] is the donor’s microbiota, and [image: ] is any chosen similarity metric (e.g., Bray-Curtis Similarity). This index normalizes the shift toward the donor relative to the recipient’s baseline.
The Jaccard index is a presence/absence based similarity metric that measures the overlap in microbial membership between two communities, irrespective of relative abundances. This index is particularly useful for assessing donor strain engraftment at the species level, as it captures the acquisition of novel taxa regardless of their abundance[1].
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[image: ] and [image: ] are the sets of species (or strains) detected in two samples (e.g., donor and post-FMT recipient). This index ranges from 0 (no overlap) to 1 (complete overlap).
For functional profiling of metagenomic data, the Aitchison distance (AD) applies a centered log-ratio (CLR) transformation to compositional data, enabling assessment of convergence or divergence in functional potential (e.g., Enzyme Commission profiles) between donors and recipients over time. This metric is essential for evaluating whether functional engraftment parallels taxonomic engraftment.
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[image: ] and [image: ] are composition vectors (e.g., functional profiles), and [image: ] is the geometric mean of the composition. This metric applies a centered log-ratio (CLR) transformation to assess functional convergence.
The Microbiota Compatibility Index (MCI) is a quantitative measure (scaled 0–100) that assesses the degree of adaptation between donor microbiota and the recipient’s intestinal microenvironment. Scores ≥80 indicate high compatibility, 60–79 moderate compatibility, and <60 low compatibility. The concept of donor-recipient compatibility has been increasingly recognized as a key determinant of FMT outcomes across multiple disease contexts[8, 9]. Recent meta-analytic evidence supports that higher donor strain engraftment correlates with clinical success[1, 10], though the specific compositional and functional features that define optimal compatibility remain disease-specific and require further investigation[11]. This index integrates multi-dimensional data including phylogenetic overlap, functional gene repertoire similarity, and metabolic pathway complementarity.
[image: ]
[image: ] represents phylogenetic overlap between donor and recipient, [image: ] represents functional gene repertoire similarity, and [image: ] represents metabolic pathway complementarity. The weights [image: ] are empirically determined, with [image: ]. 
Defined as the number of donor-derived strains detected in the post-FMT recipient divided by the number of strains present in the donor that could potentially engraft (i.e., strains for which strain-level profiling is feasible). Strain engraftment rates (SER) have been shown to correlate with larger microbiota compositional shifts toward the donor and better clinical outcomes[1]. For comparison with published literature, we will additionally calculate the species-level engraftment rate, which reports donor strain detection without subtracting recipient-baseline strains, facilitating benchmarking against prior FMT studies[10].
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[image: ] is the total number of donor strains for which strain-level profiling is feasible, and [image: ] is the number of these donor strains successfully identified in the recipient after transplantation.
Defined as the number of shared strains between two samples divided by the number of species profiled by StrainPhlAn in common between the two samples. Strain-sharing rate (SSR) will be applied to (i) donor‑post‑FMT recipient pairs (reflecting engraftment), (ii) pre‑FMT‑post‑FMT recipient pairs (reflecting retention), and (iii) donor‑pre‑FMT recipient pairs (reflecting baseline overlap, to be corrected for in engraftment calculations).
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[image: ] is the number of strains detected in both samples [image: ] and [image: ], and [image: ] is the number of species for which StrainPhlAn provided strain-level information in both samples.
The fraction of donor strains (FDS) is the proportion of post-FMT strains that are donor-derived, calculated as shared strains between post-FMT and donor divided by the number of strains profiled at post-FMT. The fraction of retained strains (FRS) is the proportion of post-FMT strains that are recipient-baseline-derived, calculated as shared strains between post-FMT and pre-FMT divided by the number of strains profiled at post-FMT.
[image: ]
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[image: ] represents the proportion of the post-FMT recipient’s strain pool that originated from the donor, and [image: ] represents the proportion of the post-FMT strain pool that persisted from the recipient’s baseline.
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