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In brief

Chen et al. investigate subspecies-level
microbiome dynamics using species
genome bin in autism spectrum disorder
patients undergoing FMT. They discover
crucial roles for interactions between
subspecies-level entities from donors
and recipients on effective microbiota
transfer and clinical outcomes. These
ecodynamics are shared by FMT datasets
across multiple diseases.
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SUMMARY

Studies on fecal microbiota transplantation (FMT) have reported inconsistent connections between clinical
outcomes and donor strain engraftment. Analyses of subspecies-level crosstalk and its influences on lineage
transfer in metagenomic FMT datasets have proved challenging, as single-nucleotide polymorphisms (SNPs)
are generally not linked and are often absent. Here, we utilized species genome bin (SGB), which employs co-
abundance binning, to investigate subspecies-level microbiome dynamics in patients with autism spectrum
disorder (ASD) who had gastrointestinal comorbidities and underwent encapsulated FMT (Chinese Clinical
Trial: 2100043906). We found that interactions between donor and recipient microbes, which were over-
whelmingly phylogenetically divergent, were important for subspecies transfer and positive clinical out-
comes. Additionally, a donor-recipient SGB match was indicative of a high likelihood of strain transfer. Impor-
tantly, these ecodynamics were shared across FMT datasets encompassing multiple diseases. Collectively,
these findings provide detailed insight into specific microbial interactions and dynamics that determine FMT
success.

INTRODUCTION

A variety of diseases exhibit abnormalities in gut microbiota,’
which is in line with the emergence of donor material transfer
as a therapeutic option,® although the association between
strain engraftment and treatment efficacy remains uncertain
and varies among diseases.®® To date, clinical trials of fecal
microbiota transplantation (FMT) have been and are being con-
ducted for a growing list of medical conditions comprising
chronic infections, metabolic diseases, malignancies, and
neurological disorders, but clinically approved therapy is limited
to recurrent Clostridium difficile infection (rCDI), suggesting that
greater understanding on the deterministic factors of microbiota
transfer is needed to unlock the potential.

Given the intricate crosstalk between the central nerve system
and gastrointestinal (Gl) tract known as the brain-gut axis that

entails gut microbiome components,® several neurological disor-
ders hitherto lacking effective remedies, including autism
spectrum disorder (ASD), are being investigated as conditions
treatable with FMT.”® ASD comprises a range of childhood-
onset developmental conditions that share impaired social com-
munications and repetitive, purposeless behaviors and have
roots in neurological malfunctions.®™'" Its prevalence in children
is around 1% and exhibits a rising trend in industrialized and
emerging countries.’>'® Despite the heavy socioeconomic
cost, its etiology remains inadequately understood, accompa-
nying the generally moderate-to-poor treatment responses.’*'°
Although primarily a neuropsychiatric disorder, ASD features a
substantial comorbidity rate of Gl symptoms,’®'” consistent
with its associated gut microbiota alterations in humans'®2°
and the microbiota-coupled mechanistic underpinning of
autism-like behaviors in mice.?"+*?
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It has been reported that FMT confers beneficial outcomes to
ASD patients in both the core symptoms and Gl comorbidities,
which are pertinent to microbiota changes.*2° However, these
studies do not present subspecies- or strain-level characteriza-
tion and thus generate limited insights for potentially important
microbiome components and events. As a microbial species
often comprises functionally distinct lineages,?®?” examination
of subspecies-level microbiome dynamics is instrumental to
elucidate the clinically relevant features,**® which in metage-
nomic datasets can be surveyed mainly with two methods,
namely single-nucleotide polymorphism (SNP)-resolved differ-
entiation on top of reference-based species assignment®® and
co-abundance binning.>° Thus far, studies have shown that
engraftment of strains in recipients is influenced by multiple fac-
tors, including antibiotic pretreatment, FMT route, and donor and
recipient microbial compositions.” > From an ecological
perspective, colonization of incoming strains is also dependent
on their interactions with local community members,**" but
this question remains insufficiently investigated in FMT metage-
nomic datasets. This is in part because SNP-based haplotyping,
the commonly used approach for metagenomics-based strain
inference,*?%32%¢ delineates a strain from a panel of polymor-
phic sites affiliated with a consensus genome. In the context of
short-read sequencing that scans a complex community, it is
difficult to link distantly located individual SNPs on a reference
chromosome, which confuses computational separation of
conspecific members (that is, SNP-interpreted strains in a spe-
cies are generally not stand-alone entities with an abundance
metric). Nevertheless, the problem can be avoided by adopting
the co-abundance clustering-based reconstruction,***” such
as species genome bins (SGBs), as a subspecies-level proxy.
The latest findings based on SGB profiling identify a large group
of previously uncharacterized gut bacteria associated with cardi-
ometabolic health.*® Here, we perform an open-label clinical
study to investigate the efficacy of FMT for ASD children with
Gl symptoms, who are subjected to metagenomic and metabo-
lomic analyses, including SGB-based subspecies-level
profiling.® Our findings reveal that effective microbiota transfer
involves extensive interactions between donor and recipient mi-
crobes that in general are phylogenetically divergent and
comprise large proportions of unnamed microbes, and the prop-
erties are general across metagenomic datasets of FMT despite
tremendous cohort heterogeneity. Hence, interactions between
donor and recipient microbes are an ecodynamic force that is
crucial for FMT in multiple diseases manifesting gut microbiota
perturbations.

RESULTS

Therapeutic responses of ASD patients to FMT

In this open-label study of ASD, we recruited a cohort comprising
29 patients at 2-11 years old and 36 age/sex-matched healthy
controls (Figure 1A; Table S1). The patients were enlisted on
the basis of meeting the diagnostic standards described in the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5-
TR), the presence of Gl comorbidities, and the absence of
several brain, mental, Gl, and metabolic diseases (STAR
Methods). The ASD patients, who received no pretreatments
such as antibiotics or laxatives, underwent a 4-month FMT
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regimen of 4-session, oral administration of freeze-dried micro-
biota capsules. Each monthly session began with clinical as-
sessments, followed by 12-day oral administration commencing
on the same or next day that delivered bacterial cells equivalent
to that of 200 g fresh stool; ca. 2 weeks after the entire therapy, a
follow-up visit was paid to each patient to conduct final clinical
scoring®®? (Figure 1B). Our results revealed that the treatment
was accompanied by gradual improvements in cognitive defi-
ciency, evidenced by scores of Autistic Behavior Checklist
(ABC) scale and Childhood Autism Rating Scale (CARS), and
Gl symptoms, assessed by Bristol stool scale (BSFS) and
Gastrointestinal Symptom Rating Scale (GSRS) (p < 0.05, Wil-
coxon rank-sum test, Figure 1C). Further scrutinization in individ-
ual items of ABC and GSRS illustrated that the therapeutic ef-
fects were detected in all aspects of cognition but mainly
limited to stool consistency, bloating, heart burn, and belching
among Gl functions (Figure S1). A comparison of the clinical im-
provements between two age subgroups of 2-4 and 5-11 years
showed that the younger individuals exhibited overall better re-
sponses (Figures 1B and 1D), primarily in ABC, CARS, and
GSRS at 2 and 3 months post-FMT (p < 0.05, Wilcoxon rank-
sum test), which probably reflected differences in FMT efficacy
between the two age subgroups and coincided with gradual in-
crease of colonization resistance during early life.*" Overall, our
results corroborated the connection between gut microbiota
changes and ASD and substantiated the therapeutic potential
of FMT for the childhood neuropsychiatric condition.

Associations of post-FMT gut microbiome features with
clinical indicators of ASD

To examine the link between the FMT and gut microbiome re-
modeling or clinical outcomes in the ASD patients (Figures 1C
and 1D), we first profiled the fecal microbial composition using
SGB-based annotation®® with a minimal 50% completeness.
Multivariate Association with Linear Model (MaAsLin) analysis*?
revealed that there were considerable associations between
SGBs (Figure 2A) or microbial genes (Figure 2B) and the clinical
indicators (false discovery rate [FDR] < 0.1) and that unexpect-
edly, most were anticorrelations (rho < 0) with clinical improve-
ments. Among the associated taxa with related characterized
representatives, there was a predominance of members in
Collinsella (78 SGBs), an ASD-enriched genus based on previous
reports*>** that were supported by our data (Figure S2). The
synchronized patterns in their abundance dynamics (Figure S2A)
and associations with the clinical indicators (Figure 2A) sug-
gested that they constituted a taxonomic continuum exhibiting
concordant pertinence to ASD. As such, we examined their com-
bined relative abundance, which gradually reduced in the ASD
patients over the course of treatment (p < 0.05, Pearson correla-
tion test, Figure 2C), but the remaining 196 SGBs of the genus
without the CARS connection (Figure S2B) did not; the findings,
therefore, unraveled a clinically relevant effect of FMT in sup-
pressing a large group of Collinsella strains with a negative clin-
ical annotation. Among the remaining clinical outcome-coupled
entities, there were 7 SGBs with family-level labels, including 6
from Clostridiaceae and Clostridiales unclassified, and 4 unas-
signed SGBs, illustrating the clinical implications of gut microbial
members having barely been explored. Despite a level of
consensus in microbiome associations between the two core
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Figure 1. The study design and assessment of cognitive and gastrointestinal functions in ASD patients
(A) The study design of the recruited ASD patients undergoing FMT intervention. Due to reduced patient compliance at T4, there were only 4 stool samples and 1
serum sample at this time point, and the resulting metagenomic/metabolomic source data were not included in the analyses.

(B) FMT setup, clinical outcome, and sampling of the participants.

(C and D) Clinical assessment of the ASD patients (C) and the two age subgroups (D, change from baseline) during the course of FMT treatment (*p < 0.05,
*p < 0.01, **p <1 x 1073, Wilcoxon rank-sum test). Box edges correspond to lower and upper quartiles, whereas the center line denotes the median, and

whiskers extend to 1.5 times the interquartile range (IQR).

ASD indicators, the number of CARS connections was over
7-fold of that of ABC, indicating divergent sensitivity in capturing
relevant features that concurred with the superior accuracy of
CARS in diagnosing the disorder.*>“¢

We defined a donor-to-recipient transfer event as a newly
arisen feature in a post-FMT recipient matched to the donor
and found that transferable SGBs and KEGG orthologs (KOs),
or features displaying at least one transfer event, accounted
for 35.8% and 28.9% of total identified taxa and genes and
that the corresponding ratios showed noticeable gain (53.3%
and 46.5%) in the CARS/ABC/BSFS/GSRS-associated features
(Figure 2D). As exemplified by the Collinsella SGBs pertinent to
the ASD indicators, the microbiome features with donor-to-
recipient transfer events could be disease-associated but
displayed depletion over the course of treatment; the ratio of
transferable SGBs in Collinsella (28%) was on par with other

top genera including Clostridium, Streptococcus, and Prevotella
(38%—-68%), which conformed to relatively good transferability
of donor strains from high-proportion species.® The finding devi-
ated from a conventionally perceived working model of FMT (that
is, transfer of beneficial microbes to recipients) and implied inter-
microbial competition initiated by the introduction of donor mi-
crobiota. As the abundance values of these Collinsella SGBs in
the donors were mostly numerically below that in the corre-
sponding pre-FMT recipients, with 34 SGBs reaching statistical
significance (p < 0.01, donors vs. recipients at TO, Wilcoxon
rank-sum test, Figure S2), we wondered a possibility of dual
origins of many CARS-associated Collinsella SGBs in the
post-FMT recipients, with minor donor contribution. This was
supported by tracing of SNPs specific to donors and pre-FMT re-
cipients (Figure 2E). Interestingly, the SNP source disparity dissi-
pated in recipients at 3 months post-FMT, congruent with the
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Figure 2. Association of gut microbiome features with the clinical indicators of ASD

(A and B) Associations of gut microbiome SGBs (A) and KOs (B) with clinical improvements (negative values of ABC, CARS, and GSRS and positive value of BSFS)
of core ASD symptoms or Gl comorbidities based on Multivariate Association with Linear Model (MaAsLin) analysis (*FDR < 0.1). The Collinsella SGBs with SNPs
specific to donors or pre-FMT recipients are marked by symbols. These SNPs are not in marker genes employed by StrainPhlAn*’; SNPs in marker genes were
not detected for transferable Collinsella SGBs.

(C) Correlation of the combined relative abundance of Collinsella SGBs with the treatment time points in the 14 ASD patients with complete fecal shotgun data at
all four time points (Pearson correlation test); all 78 CARS-associated Collinsella SGBs or the 196 remaining Collinsella SGBs detected in the ASD cohort are
included. Lines connect time point samples from the same individual. The shaded area shows a 95% confidence interval. Box edges correspond to lower and
upper quartiles, whereas the center line denotes the median, and whiskers extend to 1.5 times the IQR.

(D) Proportions of the transferable SGBs and KOs to the total or clinical outcome-associated microbiome features in the stool samples of post-FMT ASD patients.

(legend continued on next page)
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SNPs not being in marker genes*’ and possibly underpinning lit-
tle functional differences. Overall, although carryover of low-level
disease-associated strains into recipients is hard to avoid in
practice, they may be suppressed over the course of FMT.

Most of the taxonomic and functional associations with the
clinical outcome were recorded for CARS and ABC (Figures 2A
and 2B), suggesting a considerable impact of FMT-induced mi-
crobiome restructuring on neuropsychiatric performance. We
reasoned that the microbial alterations might translate into meta-
bolic differences, including some implicated in cognition. The
mediation effects of serum metabolites, serum neurotransmit-
ters, and stool metabolites in between the microbes and ASD in-
dicators were examined, showing that dozens of compounds
bridged the associations (Figure 2F). Among these, serum me-
tabolites of biliverdin,*® acetylcarnitine (an intermediate of acetyl
coenzyme A [CoA]),*® and pyrimidine®® and stool metabolites of
falcarindiol,®' deoxycholic acid,*” and nandrolone®® have previ-
ously shown to associate with neurotransmission. Among the
minority of taxonomic entities tied to clinical improvements (Fig-
ure 2A), SGB15450_Bilophila and SGB8060_Streptococcus aus-
tralis exhibited connections to carnitine species, and carnitine
deficiency in the brain may play a role in autism.>* Moreover,
multiple molecules of phosphatidylcholine (PC) and lysoPC
were linked to BSFS, consistent with the regulatory roles of these
lipids on Gl functions.®>°® Importantly, over 85% of the SGBs
displaying mediation effects were transferable (Figure 2F),
corroborating the implications of donor strain engraftment in pa-
tients manifesting cognition impairment and gut microbiota
deviations.

Influences of DR intermicrobial interactions on lineage
transfer
® We hypothesized that during FMT, intermingling between
incoming and indigenous strains plays a crucial role in
the engraftment and persistence of donor members, and
the conjecture was interrogated in a meta-analysis encom-
passing the in-house ASD cohort and 30 published
metagenomic datasets of FMT,*>28:32-36.5777  \yhich
covered gut microbiota dysbiosis, Gl diseases, malig-
nancies, metabolic diseases, and neuropsychiatric dis-
eases (Table S2). Intermicrobial interactions and their
impact on strain transfer are underlain by the inherent
manner between organisms’® that transcends different
host medical and demographic conditions. We identified
a total of 5,051 SGBs and 3,429 transferable members,
among which 2,972 exhibited engraftment in more than
one cohort (Figure 3A; Table S3). The SGB profiling (Fig-
ure S3A) validated large unclassified diversity within Collin-
sella,”® Prevotella,®® and Streptococcus®' reported previ-
ously, and SGBs with species labels constructed in this
study exhibited a median sequence similarity of 97.4% to
relevant reference genomes (Figure S3A). In addition,
2,434 SGBs were concentrated in 112 genus-level taxa

¢? CellPress

with >4 SGBs/taxon (Figures S3B and S3C), which ac-
counted for 70%-80% of total microbiota abundance in
each dataset and most hosted larger numbers of detected
SGBs than that of validly named species (Ipsn.dsmz.de),
suggesting that the SGB profiling captured subspecies-
level diversity. Notable outliers included: (1) genera of
considerable clinical or industrial interest that have been
historically subjected to intensive classification efforts
and contain many rare species (such as Pseudomonas);
(2) genera mainly associated with plants or the environ-
ment (such as Sphingomonas).

As a quality control for microbiota transfer, about 60% of
newly appeared SGBs in recipients at the first post-FMT
time point were matched to the corresponding donors
(Figure S3D). The traceability deficit might be caused by
limited sequencing depth for subspecies-level profiling,
many lineages with baseline abundance, and microbiota
composition fluctuation in donors (for example, stool
collection for FMT and for metagenomic sequencing might
occur on different days). The median sequence similarity
and SNP identity between matched donor and new post-
FMT recipient SGBs (that is, pairs consistent with an FMT
connection) were 99.10% and 99.99%, which were both
significantly above that between two assemblies of a
same label lacking an FMT connection (p <2.2 x 106, Wil-
coxon rank-sum test, Figure S3E), indicating that such a
match largely reflected genuine strain or ecotype transfer.
Engraftment rates, determined as the ratio of transferred
SGB numbers to total SGB numbers in post-FMT recipi-
ents, displayed apparent variations between datasets
(Figures 3A and 3B). Recipients of rCDI, currently the only
disease with clinically approved FMT therapy, exhibited
higher donor lineage transfer than patients of other dis-
eases (rCDI vs. non-rCDI, p < 2 x 1076, Wilcoxon rank-
sum test, Figure S4A) that was in line with previous obser-
vation.” This was accompanied by rCDI-coupled elevation
in the proportion of transferred SGBs displaying donor-
recipient (DR) subspecies-level quantitative-binary associ-
ations (FDR < 0.05, rho > 0.7 or < —0.7, Spearman associ-
ation analysis based on the relative abundance data of all
SGBs in pre-FMT recipients and binary presence-absence
data of a donor SGB in post-FMT recipients), defined as
correlative SGB numbers normalized by engrafted SGB
numbers in post-FMT patients (fCDI vs. non-rCDI, p <
2 x 1078, Wilcoxon rank-sum test; Figure S4A). Of note,
the DR connections were detected in 18 cohorts with
9-42 recipients (Table S2), including four medium-size co-
horts (8-12 recipients) with baseline results, but were ab-
sent in the remaining smaller cohorts (27 recipients), sug-
gesting that a minimal sample size of 10 recipients is
desirable for confidently assessing interactions between
microbes from donors and recipients. Indicative of the
clinical implications, quantitative-binary associations with

(E) SNP source (donor vs. pre-FMT recipient) comparison of Collinsella SGBs in post-FMT recipients at different time points (***p <1 x 1073, ***p < 1 x 1078,
Wilcoxon rank-sum test). Each symbol represents SNPs of a Collinsella SGB marked in (A). Box edges correspond to lower and upper quartiles, whereas the

center line denotes the median, and whiskers extend to 1.5 times the IQR.

(F) Parallel coordinates chart showing the mediation links of serum metabolites, stool metabolites, and serum neurotransmitters (FDR < 0.05, mediation analysis)
in-between SGBs and ASD indicators. The curved lines connecting the panels indicate the mediation effects, with colors tying to individual metabolites.
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recipient microbes were detected for three transferable
SGBs that were associated with ASD indicators (Figure 2A),
namely SGB15015_Clostridiales_unclassified, unassigned
SGB20063, and SGB4872_Blautia. Large genetic dis-
tances were found to straddle the incoming and resident
strains of both positively and negatively associated pairs
(Figure 3C). To put in perspective, 63.7% and 11.7% of

with a more stringent rho cutoff; FDR < 0.05, rho > 0.9
or < —0.9, Spearman correlation test) recipient entities
were consistently observed in all six cohorts with multiple
post-FMT time points and considerable levels of DR inter-
microbial associations (Figure 3F; Figure S5).

the interactive donor and recipient SGBs, if both having Coupling between DR intermicrobial interactions and
phylogenetic labels, shared the affiliations not until at the clinical outcome
kingdom and phylum levels, as opposed to only 5.70% ® We next examined the clinical relevance of DR subspe-

and 0.022% at the genus and species levels.

Substantial consensus was observed in the subspecies-
level associations among individual FMT datasets (Fig-
ure 3D), coincided with the ordination cluster that different
cohorts and disease types converged (Figure 3E), although
all 5 rCDI cohorts with at least 9 recipients exhibited
concordant departure, attested to disease-specific traits
of microbial crosstalk during FMT (Figure 3D). This was
paralleled by deviated gut microbiome structures of pre-
FMT rCDI patients (Figure S4B) that corroborated a recent
study® and illustrated severe dysbiosis associated with the
infection. Large proportions of the interactive entities
across datasets were found in Firmicutes and Bacteroides,
two dominant phyla in human gut microbiota, as well as in
Actinobacteria and unassigned SGBs, two relatively un-
der-appreciated groups. This was in line with the findings
that among the DR connections detected in at least 3 co-
horts, members of Collinsella, an actinobacterial genus,
were the top contributors to both donor- and recipient-
originated interactive SGBs, followed by lineages of
Faecalibacterium and Prevotella as well as unassigned
SGBs. We noted that pre-FMT rCDI patients exhibited
significantly lower taxonomic diversity than their non-
rCDI counterparts (p < 2 x 107'®, Wilcoxon rank-sum
test; Figure S4A), which was in agreement with previous
findings® and was reminiscent of gut microbiome dy-
namics in early childhood,*" given the concurrently low de-
grees of taxonomic complexity and colonization resis-
tance. Nevertheless, transfer and retention of a donor
SGB tied to the presence of its highly correlative (that is,

cies-level quantitative-binary associations and donor mi-
crobiota engraftment in a multitude of medical conditions
by focusing on the transferable features. As revealed by
principal-coordinate analysis (PCoA), pre-FMT patients
exhibited apparent deviations from the healthy donors
both taxonomically and functionally, which were attenu-
ated following the interventions (Figures 4A and 4B).
However, such global trajectories of gut microbiome did
not account for clinical outcome (responders vs. non-re-
sponders). To identify specific donor microbiome descrip-
tors, we analyzed the correlations of SGB or KO transfer
with the clinical endpoints and uncovered microbiome
entities distinguishing the two groups of recipients in
the pooled 19 datasets with responder/non-responder
information (Figures 4C and 4D; Table S4; p < 0.05, linear
discriminant analysis (LDA) > 2.0). There was apparent
co-occurrence between taxonomy and clinical relevance,
exemplified by uniform associations of all 24 and 71
SGBs in Fecalibacterium and Prevotellaceae, respectively,
but mixed ties were found in Clostridium and Bifidobacte-
rium. Of the most discriminating SGBs (p < 0.05,
LDA > 2.5), members of Fecalibacterium, Bifidobacterium,
Ruminococcus, and Coprococcus or Prevotella had a ma-
jor presence in responder- or non-responder-associated
features, respectively; some of the connections were in
line with health association of these genera,®”®* but
more importantly, the results highlighted specific, rarely
investigated lineages possibly important in FMT prognosis.
Coincided with the exclusively negative associations of
Collinsella SGBs with clinical improvements in ASD

Figure 3. SGB engraftment and DR subspecies-level quantitative-binary associations across FMT metagenomic datasets

(A) Phylogeny and transferability of representative genomes from each species-level genome bin (SGB) identified in 31 FMT metagenomic datasets. DNR, donor;
RCP, recipient; TO, before FMT; T1-3, different time points after FMT; the color scheme in the rings reflects the pre-FMT and post-FMT averages of donors or
recipients of each dataset; intervals vary from a week to a month in individual studies. kSGB, known SGB; uSGB, unknown SGB.

(B) SGB transfer rate and donor-recipient (DR) subspecies-level quantitative-binary associations in different datasets. In box plots, box edges correspond to
lower and upper quartiles, whereas the center line denotes the median, and whiskers extend to 1.5 times the IQR. The background color stripe of each dataset
indicates the country where the study was conducted. N. D., not detected.

(C) Percentage distribution of Mash-estimated genetic distances of quantitative-binary-associated donor-recipient SGB pairs. In the main peaks of 0.4-0.6
distance, 75.0% and 12.6% or 0.32% and 0.007 % of the interactive pairs, if both assigned with taxonomic labels, shared the affiliations not until at the kihngdom
and phylum levels or genus and species levels, respectively.

(D) UpSet plot showing the number (>5) of donor-recipient subspecies-level quantitative-binary associations shared by combinations of FMT datasets. Two
overlapping scales, colored red and black, are used to accommodate the vast differences in intersection sizes. Combinations shared only by rCDI datasets are
marked by purple, down-pointing triangles.

(E) Ordination of the donor-recipient quantitative-binary associations in different FMT metagenomic datasets. PCoA was generated using Bray-Curtis distance,
which was computed based on the binary data matrix of the DR intermicrobial associations in each dataset. Each symbol represents the subspecies-level
associations of a dataset. The ellipse of rCDI datasets depicts their consistent deviation from the cluster where multiple non-rCDI cohorts converge.

(F) Prevalence of unassigned SGB20583 and Lachnospiraceae SGB4751 in FMT donors and recipients of multiple datasets with or without the presence of its
highly associated (rho > 0.9 or < —0.9) recipient lineages. Among the seven datasets with multiple post-FMT time points and detectable DR intermicrobial as-
sociations, the MetS_Kootte dataset or the other six had 45 or at least 1,195 DR connections, respectively. The results were from the subset of recipients who
lacked SGB20583 (top row) or SGB4751 (bottom row) before FMT, as well as their corresponding donors.
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Figure 4. Influence of DR intermicrobial interactions on gut microbiome structure and clinical outcome across FMT metagenomic datasets
(A and B) Principal-coordinate analysis (PCoA) of transferable SGBs (A) and KOs (B) in pre-FMT recipients, post-FMT recipients, and donors across FMT
metagenomic datasets (p < 0.01, analysis of similarities (ANOSIM) test).

(legend continued on next page)
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(Figure 2A), there were 4 SGBs of the genus and one from
the parent family associated with treatment outcome
(Table S4, p < 0.05, LDA > 2.0), with all being enriched in
non-responders. Among the clinically relevant KOs, non-
responder-associated K12065 (traB) was coherent with
K12072 (traH) that was unfavorably tied to a core ASD indi-
cator (Figure 2B); the two conjugal transfer genes were de-
tected in plasmids hosted by Enterococcus faecium,
Enterococcus faecalis, and Enterobacter ludwigii, which
are being increasingly reported as multidrug resistant
nosocomial pathogens. On the other hand, K15896
(pseH) and K15897 (pseG) underscored the over-represen-
tation of O-antigen nucleotide sugar biosynthesis genes in
responders. Corroborating the clinical implications, an
SGB engraftment panel was able to predict treatment
response with good performance in the combined 19 data-
sets or the in-house ASD cohort (Figure 4D).

o Consistent with the overall DR intermicrobial responses re-
ported in this (Figure 3D) and a previous study, most of the
responder-associated donor SGBs displayed largely
negative interactions with recipient microbial communities,
including those connecting to SGB14952 that showed
extensive engraftment inhibition (Figure 3F), although
SGB2326_F. praunitzii, SGB1827_Bacteroidaceae, and
SGB20059 encountered little colonization resistance (Fig-
ure 4E). Despite the general landscape, around 30 recip-
ient SGBs exhibited facilitative responses to the incoming
beneficial strains, and most belonged to Bacteroides,
along with four close relatives in the parent family (Fig-
ure 4E). However, there was no association between the
abundance of Bacteroides in recipients and their clinical
responses, reinforcing the necessity of subspecies-level
characterization in FMT.

Identification of an unnamed, clinically relevant species
prevalent in FMT datasets

Our analyses showed that uncharacterized SGBs were common
among clinically relevant taxonomic entities in FMT datasets
(Figures 2A, 4C, and 4E). Among these, we found one member
in the family of Clostridiaceae, SGB4705, being prevalent (Fig-
ure 5A) and exhibiting broad interactions with recipient SGBs
(Figure 4E), which represented a distinct species we named Can-
didadus Tongjibacter transferonalis. Genetic distance-based
computation indicated that the SGB is a close relative of the
genus Clostridium but displays a large departure from Clos-
tridium species and strains (Figure S6A) such that it merits a
separate genus assignment. There were multiple uncharacter-
ized microbes with substantial cross-cohort prevalence in Clos-
tridiaceae (Figure 5B), including two responder-associated
SGBs, namely Ca. T. transferonalis and SGB4706 (Figure 4C).

¢? CellPress

This suggested that these microbes, albeit generally at low rela-
tive abundances (ca. 0.1% for Ca. T. transferonalis in donors and
pre-FMT patients), were members of a subtree with considerable
relevance in FMT. Given the versatile clinical ties of Clostridia-
ceae SGBs (that is, 8 SGBs with unfavorable correlations with
a core ASD indicator, Figure 2A; 5 responder-associated and
7 non-responder-associated SGBs, p < 0.05, LDA > 2, Figure 4C;
Table S4), a better understanding of clades in this family is
conducive for bridging the connection between donor micro-
biota engraftment and treatment outcome in multiple medical
conditions. Although there was no evident intra-SGB clustering
associated with diseases (Figure 5A), ordination based on ge-
netic distances among metagenome-assembled genomes
(MAGs) uncovered two lineages of Ca. T. transferonalis, which
were mainly found in individuals from China or North America
and Europe, corroborating the link between host geography or
lifestyle and gut microbe strain variations.*°

Despite the close phylogeny and similar cross-cohort associ-
ations with clinical outcome, however, Ca. T. transferonalis and
SGB4706 from donors manifested disparate quantitative-binary
associations with recipient SGBs (Figure 5D) that corresponded
to minimal colonization resistance encountered by SGB4706, as
the intermicrobial responses of both were overwhelmingly sup-
pressive. This was congruent with the differential engraftment ef-
ficiency between Ca. T. transferonalis and SGB4706, given that
SGB4706 had less than one-fifth of the donor relative abundance
compared with that of Ca. T. transferonalis, but the two SGBs
registered comparable counts of engraftment (Figure 5E; Fig-
ure S6B). Functional profiling revealed differences between Ca.
T. transferonalis and SGB4706 in fatty acid metabolism, styrene
degradation, and sphingolipid metabolism (p < 0.01, Wilcoxon
rank-sum test). Because some types of fatty acids and sphingo-
lipids are ingredients of the bacterial cell envelope and can
potentially influence microbe-microbe crosstalk, these concur-
rent differences in intermicrobial interactions and metabolic
functions between the two microbes may illuminate key compo-
nents conferring minimal engraftment resistance.

Connection between subspecies-level associations and
compositions of subspecies entities

In FMT metagenomic studies, dynamics of SNP-informed strain
composition within individual species has been employed to
monitor donor microbiota engraftment.****® We sought to
assess the relationship between subspecies-level interactions
and the composition dynamics of closely related entities. Among
multiple clinical and microbiome variables, subspecies-level
quantitative-binary associations displayed a prominent impact
on donor microbe engraftment (Figure 6A). Moreover, SGBs
with over 2-fold post-FMT enrichment or depletion in recipients
were tied to significantly greater numbers of associated indige-
nous lineages (FDR < 0.05, rho > 0.7 or < —0.7, Spearman

(C) LefSe analysis of the clinical response of SGB (left) and KO (right) transfer based on 19 FMT metagenomic datasets with available clinical response

information.

(D) The receiver operating characteristic (ROC) curve for predicting treatment response based on SGB engraftment generated by random forest.

(E) Significant quantitative-binary associations (FDR < 0.05, rho > 0.7, or < —0.7, Spearman correlation test) between the responder-associated donor SGBs (top
row) and recipient SGBs (lower rows). The associated recipient SGBs are grouped into phyla or unassigned SGBs, with those with the largest numbers of positive
associations (all recipient SGBs with at least 7 positive associations and no more than one negative association) or SGB14952 (showing cross-cohort engraftment
inhibition; see Figure 3F) being specified. kSGB, known SGB; uSGB, unknown SGB.
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correlation test), referred hereafter as association size, than that
of SGBs with relative flat abundance curves (p < 2.22 x 1076,
Wilcoxon rank-sum test, Figure 6B). A similar pattern was also
found in the large repertoire of over 300 members of Collinsella
(Figure 6C), pointing to the ecological factor potentially contrib-
uting to the differential post-FMT kinetics in the genus (Fig-
ure 2C). These findings implied that microbe-microbe interplay
might impart strain composition changes of a species, which
motivated us to examine the abundance dynamics and associa-
tion size of individual members in multi-SGB bacteria, defined as
species with at least two affiliating SGBs detected in this study.
Here, quantitative-quantitative association based on relative
abundance data of both SGBs (FDR < 0.1, Spearman correlation
test, Table S5) was used to assess the microbial interdepen-
dence pertinent to conspecific composition.

Intriguingly, although most surveyed SGBs exhibited consid-
erable interpersonal variations in intra-species proportion (Fig-
ure 6D; Table S5), integrated results from the donors (n = 178)
or recipients (n = 312) before and after FMT revealed that
regardless the differences in association size among closely
related members, the conspecific landscape of most multi-
SGB bacteria remained largely conserved at the population level
(Figure 6E), which was well exemplified by the multiple SGBs in
Actinomyces oris, Enterobacter cloacae, Streptococcus mitis, or
Streptococcus oralis. Exceptions with divergent post-FMT
abundance changes of SGBs included SGB17249 and
SGB17248 of Bifidobacterium lognum (post-FMT fold changes
of 0.45 and 1.29, FDR < 0.05) and SGB14630, SGB14504, and
SGB14500 of Collinsella aerofaciens (post-FMT fold changes
of 0.82, 1.52, and 1.87, FDR < 0.05), although the post-FMT
composition of either species approached that of donors. Our
results implied that for many gut bacteria, there is resilience in
strain composition coherent with the unique functional proper-
ties of individual members. In addition, there was a drastic
post-FMT species-level reduction in many disease-associated
bacteria that mostly approached the levels in healthy people,
as evidenced by Citrobacter freundii, Providencia rettgeri, Veillo-
nella dispar, and Klebsiella michiganensis (FDR < 0.05). Such
species-level trajectory is reminiscent of the progressive deple-
tion of the large group of CARS/GSRS-associated Collinsella
SGBs (Figure 2C), although their taxonomy remains to be fully
established. Overall, whereas strain-level interactions play a
pivotal role in dictating whether an incoming microbe may colo-
nize a recipient (qualitative change), their influence on the post-
FMT abundance of an introduced strain (quantitative change) is
constrained by the intra-species composition and species-level
dynamics.

¢? CellPress

DISCUSSION

This study on FMT treatment of ASD patients with GI symptoms
represents an early step in investigating the therapy, which
currently has highly limited applications, to treat a childhood
neuropsychiatric disorder. Our results indicate that the encapsu-
lated delivery yields clinical improvements, that the effect is linked
to the transfer of donor materials, and that as demonstrated in a
large-scale meta-analysis, subspecies-level interactions consti-
tute a critical determinant for engraftment. One complication in
metagenomics-based examination of these intermicrobial activ-
ities is the conflict between the biological events that often enlist
discrete subspecies entities and canonical strain annotation that
relies on marker gene polymorphism and correspondingly pro-
duces superposed computational elements. In light of this,
binning-based reconstruction, such as SGB, offers an alternative
for strain tracking in FMT metagenomics. Our observation reveals
that matching of donor and newly arisen post-FMT recipient SGBs
is accompanied by a median sequence similarity of 99% and a
median SNP identity of 99.99%, which contrast with 5% genetic
diversity in each SGB and imply a low likelihood of random micro-
bial dynamics being the cause.

Despite the divergent approaches, our SGB-based analysis
aligns with a previous study,* which employs SNP-based strain
profiling to show that DR intermicrobial associations are mostly
negative. Thus, overcoming colonization resistance by resident
microbial communities represents a major avenue to assist
engraftment and clinical outcome. Nevertheless, there lies an
outstanding discrepancy, as majority of the interactive donor
and recipient members may be phylogenetically close” or
remote (Figure 3C). The conflicting findings infer different modes
of action’®; in the case of negative interactions, that between two
closely related, metabolically analogous microbes may be due to
competition for common nutrients, but that between two unre-
lated ones are possibly driven by metabolic cross-suppression
(that is, products by one microbe are detrimental to the other).
In addition, during FMT the chance of an incoming microbe get-
ting physically close contact with related kin cells is slim
compared with unrelated, diverse bacteria; thus, the two possi-
bilities imply vastly different levels of influence of DR intermicro-
bial interactions on engraftment. Lastly, the interpretation by
Schmidt et al.” suggests that strains with a large number of close
relatives may be subjected to greater impact than their counter-
parts from bacteria harboring low intra-species diversity. A bet-
ter understanding of the complex interplay during FMT is needed
to enhance the degree of causality or predictability in the transfer
that has long been regarded as a black-box process.?

Figure 5. Characterization of an unnamed microbe in the family of Clostridiaceae that is prevalent across FMT datasets

(A) Phylogeny of 219 MAGs in Ca. Tongjibacter transferonalis.

(B) The Ca. T. transferonalis-containing subtree encompassing all SGBs in Figure 3A with at least one high-quality (>60% completeness) MAG, with Faecali-
bacterium prausnitzii being included as a phylogenetic reference. A minimum of 1 and a maximum of 10 high-quality MAGs from each SGB are shown.
(C) Principal-coordinate analysis (PCoA) based on genetic distances among MAGs of Ca. T. transferonalis (p < 0.001, ANOSIM test).

(D) Significant quantitative-binary associations (FDR < 0.05, rho > 0.7 or < —0.7, Spearman correlation test) of donor Ca. T. transferonalis or donor SGB4706 with
recipient SGBs. The area of each circle is proportional of its relative abundance in donors (Ca. T. transferonalis and SGB4706, at the center) or recipients (all other
SGBs). In the network of Ca. T. transferonalis, only the 30 most abundant recipient SGBs are labeled.

(E) Numbers of engraftment events (STAR Methods) and donor relative abundances of Ca. T. transferonalis or SGB4706. Box edges correspond to lower and
upper quartiles, whereas the center line denotes the median, and whiskers extend to 1.5 times the IQR.

(F) KEGG functional profiling of Ca. T. transferonalis or SGB4706. The KEGG functions present in <80% and >20% of the samples. The three pathways
significantly different between Ca. T. transferonalis and SGB4706 (**p < 0.01, Wilcoxon rank-sum test) are marked.
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Another strength of SGB profiling, cemented by referencing to
known genomes, is its ability to identify uncharacterized bacteria
that potentially play a crucial role but are difficult to culture.*%*®
Here, we report that SGB4705_Ca. T. transferonalis, a microbe in
the family of Clostridiaceae, is prevalent across geographic re-
gions, and its engraftment is associated with treatment improve-
ments. Moreover, there is substantial clinical and functional het-
erogeneity among members in Clostridiaceae, which is depicted
by both similarity and incongruence in major clinical and intermi-
crobial associations between T. transferonalis and its close rela-
tive SGB4706. Hence, in-depth analyses of members in this sub-
tree, including those yet to be characterized, may uncover
microbial genes crucial for FMT, such as those conducive to
engraftment. In addition, given their extensive ties to ASD, fine-
tuning the methodology of SGB may also help classify the large
reservoir of Collinsella lineages, where the species-level taxon-
omy remains insufficiently settled.

Although subspecies-level interactions play a vital role in the
engraftment of donor microbes, their effect on subsequent
abundance dynamics of introduced members is restrained by
multi-strain composition that appears common and relatively
stable in gut bacteria. The conserved conspecific landscape
may reflect functional differentiation that is needed for a species,
or its members, to occupy different niches. The subspecies-level
activities over the course of FMT are accompanied by species-
level abundance trajectory that typically approaches healthy
people, reflecting attenuation of microbiota perturbation at
both strain-level (such as the introduction of donor strains) and
species-level (such as abundance changes).
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(A) Effect size of major clinical and microbiome factors on engraftment of donor SGBs.

(B) Comparison of quantitative-binary-associated SGB numbers between different TO-to-T1 fold change ranges of SGBs in recipients of the 31 datasets
(p < 0.05, ***p < 1 x 10 "%, Wilcoxon rank-sum test).

(C) Comparison of quantitative-binary-associated SGB numbers between different TO-to-T1 fold change ranges of Collinsella SGBs in recipients of the 31 da-
tasets. There are only 2 Collinsella SGBs in TO-to-T1 fold change ranges of <0.5, as opposed to 238 and 105 SGBs in fold change ranges of 0.5-2 and >2, thus the
“<0.5” and “>2” ranges are merged ("p < 0.05, Wilcoxon rank-sum test).

(D) Standard error normalized by the average relative abundance of constituent SGBs of various bacteria. The standard error results are based on non-zero
relative abundance values of each SGB in each participant. SGBs of a same species are in an identical color; bacteria are alternatively labeled at the bottom or top
and colored in 100% or 40% opacity, respectively, to avoid overcrowding.

(E) SGB compositions and association size (number of quantitative-quantitative-associated SGBs, FDR < 0.1, Wilcoxon rank-sum test based on relative
abundance) of various multi-SGB bacteria. The presented bacteria are representative of over 70 multi-SGB species. In each bacterium, the same SGB is rep-
resented by an identical color in donor, TO-recipient, and T1-recipient. Significant changes between TO-recipient and T1-recipient are marked (*FDR < 0.05,
**FDR < 0.01, Wilcoxon rank-sum test). The cutoff of average relative abundance in TO-recipient and T1-recipient of an SGB is 1 x 107", In each species, the
relative abundance values are normalized by the largest combined abundance value among donor, TO-recipient, and T1-recipient. The number of associated
lineages is marked for each intra-species SGB.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the lead contact, Qian Xu (uncgxu@gmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The serum and stool metabolomic raw data of the in-house ASD cohort are in Table S1. The metagenomic sequencing data of
the in-house ASD cohort are deposited in the National Center for Biotechnology Information Sequence Read Archive database
under accession number PRINA1010504. The included metagenomic datasets and their sequencing data statistics are sum-

marized in Table S2.
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® No new code was generated in this study.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Recruitment of the in-house ASD cohort

Between February 2019 and February 2021, 68 consecutive pediatric patients diagnosed with autism spectrum disorder (ASD), who
were 2-13 years old, were screened for eligibility to enter the prospective FMT-based study that was registered at the Chinese Clinical
Trial Registry. The inclusion criteria were the follows: i). meeting the diagnostic criteria of ASD in the Diagnostic and Statistical Manual
of Mental Disorders (DSM-5-TR) issued by the American Psychiatric Association; ii). having a gastrointestinal (GI) comorbidity of con-
stipation, diarrhea, bloating, abdominal pain or food allergy/intolerance for at least 6 months. The exclusion criteria were the follows:
i). Rett syndrome; ii). a history of brain conditions including traumatic brain injury, cerebral palsy or encephalitis; iii). a history of other
mental disorders; iv). a history of Gl diseases including Hirschsprung’s disease, intestinal obstruction or intussusception; v). a history
of pathological intestinal inflammatory conditions such as inflammatory bowel disease (IBD); vi). a history of severe obesity or severe
malnutrition; vii). administration of probiotics, antibiotics or other agents likely affecting gut microbes 3 months before, and during,
the 6-month study; viii). having received FMT 12 months before the recruitment; ix). difficulty in swallowing #3 FMT capsules. As a
consequence, 29 ASD patients, along with 36 age/sex-matched healthy controls, were recruited. Informed consent was obtained
from the guardians of all participants. Donor screening and preparation of FMT capsules were performed according to Chinese
Expert Consensus FMT guideline.®®'°° This study was performed in compliance of the Declaration of Helsinki. The research protocol
was approved by the Ethics Committee of the Tenth People’s Hospital, Tongji University School of Medicine.

METHOD DETAILS

Donor screening and FMT treatment for the ASD patients

Donors were enrolled after two rounds of screening, referred as Donor Evaluation (comprising lifestyle and medical history question-
naires and basic medical examinations) and Donor Selection (comprising medical risk questionnaires and laboratory tests on stool,
blood, and urine samples) to minimize health risks.* This included extensive stool, blood and urine tests to screen for the presence of
bacterial, viral, fungal, and protozoan pathogens before or after stool processing, which involved plate culture, serology, polymerase
chain reaction, and microscopy.®*'%° As a consequence, seven donors aged between 24 and 28 were selected (Figure 1). The stool
samples from healthy donors were percolated, centrifuged and lyophilized, before the resulting powder was transferred into acid-
resistant hydroxypropyl methylcellulose capsules, which were refrigerated at -80°C. As a quality control, live bacteria per capsule
had a minimal concentration of 5.0 x 10° bacteria/g and accounted for more than 70% of total bacterial cells, assessed using
flow cytometry after staining capsule content with LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific).

All patients received a 4-month FMT regimen of 4-session, oral administration of microbiota capsules (Figure 1), which involved no
antibiotic pretreatment or bowel cleansing before the intervention. In each monthly session, a patient first received clinical assess-
ments of autism and gastrointestinal symptoms on indicators listed below, followed by FMT therapy beginning on the same or next
day, which involved two oral administrations daily, each with 2 FMT capsules, for 12 consecutive days; the aggregated monthly
administration of 48 capsules contained bacteria equivalent to that of 200 g fresh stool. 1 h before and after taking capsules, food
and drink were not permitted. Approximately two weeks after the entire therapy, a follow-up visit was paid to each patient for final
evaluation. The clinical assessments were based on Autism Behavior Checklist (ABC), Childhood Autism Rating Scale (CARS), Bristol
Stool Form Scale (BSFS), and Childhood Autism Rating Scale (GSRS).

Serum metabolomic analyses for the ASD patients
Metabolomic analyses were performed with the assistance from Shanghai Biotree Biotech. Blood samples were drawn from partic-
ipants in the morning after overnight fasting and at least 24 h of alcoholic abstinence, which were centrifuged at 3,000 rpm for 5 min to
generate sera. Aliquots in 3 x 1.5 ml parafilm-sealed microcentrifuge tubes were stored in a -80 °C freezer. For untargeted metab-
olomic analyses, 50 pL sample was transferred to an Eppendorf tube and was supplemented with 200 pL extract solution (acetoni-
trile: methanol = 1: 1, containing isotopically labeled internal standard mixture). The mixture was vortexed for 30 s, sonicated for
10 min in ice-water bath, and incubated for 1 h at -40°C to facilitate protein precipitation. The samples were centrifuged at
12,000 rpm (RCF = 13,800 g, R = 8.6 cm) and at 4°C for 15 min, and the resulting supernatant was transferred to a fresh glass
vial for analysis. The quality control (QC) sample was prepared by mixing an equal volume of the supernatants from all of the samples.
LC-MS/MS analyses were performed by using an UHPLC system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH Amide col-
umn (2.1 mm x 100 mm, 1.7 um) coupled to Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scientific). The mobile
phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The
auto-sampler temperature was 4°C, and the injection volume was 3 pulL.

The QE HFX mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA)
mode in the control of the acquisition software (Xcalibur, Thermo Fisher Scientific). In this mode, the acquisition software
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continuously evaluates the full scan MS spectrum. The ESI source conditions were set as follows: sheath gas flow rate of 30 Arb, Aux
gas flow rate of 25 Arb, capillary temperature of 350°C, full MS resolution of 60000, MS/MS resolution of 7500, collision energy of 10/
30/60 in NCE mode, and spray Voltage of 3.6 kV or -3.2 kV, respectively. The raw data were converted to the mzXML format using
ProteoWizard and were processed with an in-house XCMS-based algorithm in R scripts for peak detection, extraction, alignment,
and integration. A custom MS2 database (BiotreeDB) was referenced for metabolite annotation, with an annotation cutoff at 0.3.

For targeted analysis of serum neurotransmitters, 20 uL of each sample was transferred to an Eppendorf tube and was supple-
mented with 80 uL extraction solvent (acetonitrile with 0.1% (v/v) formic acid, precooled at -20°C). The samples were vortexed
for 30 s and sonicated for 15 min in ice-water bath, followed by incubation at -40°C overnight and centrifugation at 12,000 rpm
and at 4°C for 15 min. 80 uL supernatant was transferred to an Eppendorf tube, supplemented with 40 uL. 100 mM sodium carbonate
and 40 pL 2% benzoyl chloride acetonitrile, and was incubated at room temperature for 30 min. The samples were supplemented
with 10 pL internal standard and centrifuged at 12000 rpm and at 4°C for 15 min. 40 pL supernatant was mixed with 20 uL H,O
and transferred to an auto-sampler vial for UHPLC-MS/MS analysis. The UHPLC separation was carried out using an ExionLC
System, equipped with a Waters ACQUITY UPLC HSS T3 (100 x 2.1 mm, 1.8 um). The mobile phase A comprised 0.1% formic
acid and 1mM ammonium formate in water, and the mobile phase B was acetonitrile. The column temperature was set at 40°C;
the auto-sampler temperature was set at 4°C; the injection volume was 1 L. AB Sciex QTrap 6500+ mass spectrometer was applied
for assay development. Typical ion source parameters were: lonSpray Voltage: +5000V, Curtain Gas: 35 psi, Temperature: 400°C,
lon Source Gas 1: 60 psi, lon Source Gas 2: 60 psi. Skyline Software was employed for MRM data processing.

Stool metabolomic analyses for the ASD patients

Stool samples were air dried and supplemented with extract buffer (methanol: acetonitrile: water = 2:2:1 (v/v/v), containing isotope
labeled internal standard mixture) at a ratio of 25 mg dry sample per 500 L extract buffer. The mixtures were subjected to 3 cycles of
4-min homogenization and 5-min sonication in ice-water bath and were incubated for 1 h at -40°C and centrifuged at 12,000 rpm for
15 min at 4°C. The resulting supernatant was transferred to a fresh glass vial for analysis. The quality control (QC) sample was pre-
pared by mixing an equal aliquot of the supernatants from all of the samples. LC-MS/MS analyses were performed using an UHPLC
system (Vanquish, Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm x 100 mm, 1.7 um) coupled to Q Exactive HFX
mass spectrometer (Orbitrap MS, Thermo Fisher Scientific). The mobile phase consisted of 25 mmol/L ammonium acetate and
25 ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). The auto-sampler temperature was 4°C, and the injection volume
was 3 uL. The QE HFX mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition
(IDA) mode in the control of the acquisition software (Xcalibur, Thermo Fisher Scientific). In this mode, the acquisition software contin-
uously evaluates the full scan MS spectrum. The ESI source conditions were set as following: sheath gas flow rate as 30 Arb, Aux gas
flow rate as 25 Arb, capillary temperature 350°C, full MS resolution as 60,000, MS/MS resolution as 7,500, collision energy as 10/30/
60 in NCE mode, spray Voltage as 3.6 kV or -3.2 kV, respectively.

External metagenomic datasets of FMT

Our literature search uncovered 30 public metagenomic datasets of FMT that met the following criteria: i). public availability in
September 2022; ii). sufficiently detailed description to allow unambiguous match between donors and recipients per FMT time se-
ries; iii). no restrictions on data reuse. They were included in the meta-analysis and labeled as MetS_NL_Li (n=5), MetS_NL_Kootte
(n=11), UC_NL_Rossen (n=13), ABXR_NL_Singh (n=9), rCDI_AU_Schmidt (n=2), UC_AU_Schmidt (n=3), MetS_NL_Koopen (n=12),
ABXR_div_Leo (n=16), ABXR_IS_BarYoseph (n=12), rCDI_US_Smillie (n=19), rCDI_US_Aggarwala (n=13), rCDI_US_Watson (n=5),
rCDI_US_Podlesny (n=8), rCDI_US_Moss (n=2), UC_US_Damman (n=6), UC_US_Nusbaum (n=4), UC_US_Lee (n=2),
CD_US_Vaughn (n=15), IBS_NO_Goll (n=27), MEL_US_Davar (n=15), MEL_IS_Baruch (n=10), REN_IT_laniro (n=7), TOU_CN_Zhao
(n=5), CTR_RU_Goloshchapov (n=3), rCDI_US_Hourigan (n=9), rCDI_US_Verma (n=22), rCDI_IT_laniro (n=17), IBD_IT_laniro (n=2),
ABXR_IT_laniro (n=5), and Obe_AU_Wilson (n=42) (Table S2).

Building an expanded SGB database

® For the in-house ASD cohort, the shotgun sequencing of total DNA from 174 fecal samples generated a total of 1,103.3 Gb
quality-filtered data, which along with 1,968 public samples were included in the analyses.

® Sequencing data of the 2,142 samples were processed with the standard quality control using fastp (version 0.23.2; default
parameters) and subjected to de-novo metagenomic assembly with metaSPAdes (version 3.10.1; default parameters), during
which contigs shorter than 500 nt were discarded. This resulted in 1.40 x 108 different contigs with a total length of 3.00 x 10"
nt. Reads were mapped back to contigs using Bowtie2 (version 2.2.5; option ‘—very-sensitive-local’) and the mapping output
was used for contigs binning into metagenome-assembled genomes (MAGs) with MetaBAT2 (version 2.12.1; option ‘-m 1500’).
The quality of MAGs was assessed using CheckM (version 1.0.7; default parameters), and MAGs with completeness below
50% or contamination above 5% were removed. Next, MAG redundancy was minimized by computing Mash distances on
the quality-controlled assembilies, which allowed dereplication at 99.99% sequence identity and generated a total of 42,811
microbial genomes. This resource allowed us to expand the species-level genome bin (SGB) database proposed previously.*°
First, we used the “phylophlan_metagenomic”, which is a subroutine of PhyloPhlAn 3 that applies Mash to estimate the whole-
genome average nucleotide identity among genomes, to assign the 42,811 new MAGSs to SGBs in the Pasolli database.* The
genomes not assigned to any existing SGB (5% average genetic distance), in addition to the 64,997 reference genomes, were
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organized into new SGBs spanning 5% genetic diversity using Mash (version 2.0; option “-s 1e4” for sketching) followed by
hierarchical clustering with average linkage (using the fastcluster Python library). Finally, we defined 5,051 SGBs, with 1,222
of them containing at least one reference genome (kSGBs) and 3,829 containing only MAGs (uUSGBs). Taxonomic assignment
of SGBs profiled in this study can be found in Table S2.

o We used Prokka (version 1.12, with default parameters) for functionally annotating SGBs. The annotated genomes were then
processed with Roary (version 3.8, with ‘*-e -z -g 1000000’ params) for the pangenome analysis and to identify the set of core
genes. The core genes (at 95% gene family clustering identity threshold) were then used as a database in PhyloPhIAn for phylo-
genetic analyses. Functional annotation was performed using EggNOG mapper (version 1.0.3, default parameters) based on
EggNOG orthology data,'®" and the sequence searches were performed using HMM. Functional profiles were generated with
the Brite Hierarchy from KEGG, which screens metabolic-related pathways and KOs among all the KOs annotated by EQgNOG.
We employed the same EggNOG pipeline to functionally annotate all the 5,051 representatives of the SGBs. All the 42,811 re-
constructed genomes were functionally annotated by mapping against Uniref90 and Uniref50 using Diamond (version
v0.9.9.110).

QUANTIFICATION AND STATISTICAL ANALYSIS

SGB profiling of metagenomic samples

To calculate the relative abundance of SGBs, raw reads were first aligned to the representative genomes (performed using Bowtie2
as reported above). SGB relative abundance in each sample was defined as the number of reads aligning to each contig of the
genome normalized by the total number of reads. Alignments were used for subsequent analyses if meeting two criteria: the align-
ment length was >50 nt; the edit distance between the read and the contig of genome was <2nt.

Analysis of the association between gut microbiome features and clinical indicators or outcome

Associations of gut microbiome SGBs and KOs with clinical improvements in core ASD symptoms or Gl comorbidities (negative
values of ABC, CARS, and GSRS and positive value of BSFS) in the in-house ASD cohort were analyzed with Multivariate Association
with Linear Model (MaAsLin) analysis, followed by Benjamini-Hochberg correction for multiple hypothesis tests. The association of
clinical outcomes (responders versus non-responders) with SGB or KO transfer in 19 datasets with available outcome data was
tested using LefSe analysis.

Analysis of DR intermicrobial associations

To examine the impact of donor-recipient intermicrobial interactions on engraftment, we first defined a transferred feature based on a
match of SGB or KO label between a newly appeared post-FMT feature in a recipient to the same feature found in the donor (that is,
present in the donor, absent in the pre-FMT recipient, and present in the post-FMT recipient). Associations between a donor SGB
with pre-FMT recipient SGBs were analyzed with Spearman correlation analysis using the relative abundance data of SGBs in
pre-FMT recipients and the binary presence-absence data of the donor SGB in post-FMT recipients. The effect size of major clinical
and microbiome factors related to the engraftment of donor SGBs was analyzed with the adonis2 package in R software.

Analysis of mediation effects of metabolic features in-between associated SGBs and ASD indicators

To investigate the mediation effects of serum or stool metabolites in-between correlated SGBs and ASD indicators, an SGB concur-
rently associated with both a metabolite (MaAsLin2, FDR < 0.1) and an ASD indicator (MaAsLin2, FDR < 0.1) was identified. Next, we
carried out bi-directional mediation analysis (y = x+m +x X m, where y is an ASD indicator, x stands for the SGB, and m represents
the mediator), in which we used the mediate function in R software (version 4.0.5) to infer the mediation effect of metabolites in-be-
tween SGBs and ASD indicators (FDR < 0.05). FDR values were calculated based on the Benjamini-Hochberg procedure using the
p.adjust function in R software.

ADDITIONAL RESOURCES

The clinical trial was preregistered at Chinese Clinical Trial Registry with study ID: ChiCTR2100043906 (https://www.chictr.org.cn/
showprojEN.htmI?proj=122782).
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