ARTICLES

https://doi.org/10.1038/5s41591-022-01913-0

nature o o
medicine

W) Check for updates

Drivers and determinants of strain dynamics
following fecal microbiota transplantation

Thomas S. B. Schmidt©', Simone S. Li

1121316, Oleksandr M. Maistrenko

14 Wasiu Akanni®’,

Luis Pedro Coelho'’5, Sibasish Dolai?, Anthony Fullam', Anna M. Glazek', Rajna Hercog ©3,

Hilde Herrema?*, Ferris Jung?, Stefanie Kandels', Askarbek Orakov

1, Roman Thielemann®’,

Moritz von Stetten’, Thea Van Rossum’, Vladimir Benes©3, Thomas J. Borody ®?2, Willem M. de Vos®>%,
Cyriel Y. Ponsioen’, Max Nieuwdorp*® and Peer Bork © 910111

Fecal microbiota transplantation (FMT) is a therapeutic intervention for inflammatory diseases of the gastrointestinal tract,
but its clinical mode of action and subsequent microbiome dynamics remain poorly understood. Here we analyzed metage-
nomes from 316 FMTs, sampled pre and post intervention, for the treatment of ten different disease indications. We quan-
tified strain-level dynamics of 1,089 microbial species, complemented by 47,548 newly constructed metagenome-assembled
genomes. Donor strain colonization and recipient strain resilience were mostly independent of clinical outcomes, but accu-
rately predictable using LASSO-regularized regression models that accounted for host, microbiome and procedural variables.
Recipient factors and donor-recipient complementarity, encompassing entire microbial communities to individual strains, were
the main determinants of strain population dynamics, providing insights into the underlying processes that shape the post-FMT
gut microbiome. Applying an ecology-based framework to our findings indicated parameters that may inform the development
of more effective, targeted microbiome therapies in the future, and suggested how patient stratification can be used to enhance
donor microbiota colonization or the displacement of recipient microbes in clinical practice.

microbes, viruses and luminal content to modulate a recipi-

ent’s microbiome, for therapeutic purposes. While the effi-
cacy of FMT has been demonstrated for various diseases'~*, such
as recurrent Clostridioides difficile infection (rCDI)** or ulcerative
colitis (UC®’), it may also facilitate microbiome recovery following
disturbance® and can enhance microbiome-mediated responses to
other therapies™'®. Nevertheless, despite demonstrable efficacy in a
growing range of clinical applications, the mode of action of FMT
remains poorly understood’ and neither clinical success nor adverse
outcomes are currently predictable with accuracy.

Because FMT primarily targets the microbiome, the engraftment
of ‘beneficial’ and/or displacement of ‘detrimental’ microbes are
expected to cause clinical effects’, in conjunction with more specific
processes of host-microbiome interplay, such as the modulation of
immune responses'’, restored short-chain fatty acid (SCFA) metab-
olism'” or reinstated phage pressure'>'*. It has been argued that both
microbiome engraftment and clinical success are mainly deter-
mined by donor factors, and that rationally selected ‘super-donors’
may improve therapeutic efficacy''*. This donor-centric view has

Fecal microbiota transplantation involves the transfer of gut

since been questioned, at least for some indications", highlighting
the importance of recipient'**" or procedural®' factors instead.

Changes in microbial compositions following FMT have been
studied with regard to phages* or fungi***, yet the bulk of current
knowledge is focused on bacteria and archaea where colonization
by donor microbes and the persistence of indigenous recipient
microbes emerge at the strain level of microbial populations®.
Strain-level studies suggest that colonization levels following FMT
vary across indications: whereas donor and recipient strains coexist
long term in metabolic syndrome (MetS) patients”, donor takeover
is the most common outcome in rCDI****, with intermediate out-
comes in UC® or obesity’*’!. However, the factors shaping these dif-
ferential strain-level outcomes remain poorly understood. In small
pilot study cohorts, colonization success of donor strains leading to
short-term persistence was associated with species phylogeny, broad
microbial phenotypes and relative fecal abundances in rCDI**¥, but
with more adaptive metabolic phenotypes in UC*.

Here we conducted a meta-analysis of novel and published
metagenomes from fecal samples collected before and after FMT
to compare the fate of donor and recipient strain populations across
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multiple disease indications. We hypothesized that drivers of FMT
response are best studied from an ecological perspective:*~** FMTs
can be thought of as untargeted perturbation experiments on the
gut microbiome in natura, pitting donor communities against those
of the recipient, with outcomes that emerge from underlying eco-
logical processes. We therefore quantified strain-level patterns of
donor strain colonization, recipient strain resilience and turnover
following FMT, both at the broad level of entire communities and
specifically for individual species. We built cross-validated models
to predict FMT outcome—defined here as colonization of donor
strains and resilience of resident strains of the recipient—based on
either ex ante variables (that is, knowable before the intervention)
or post hoc readouts (measured after the intervention), further cat-
egorized by scope (procedural, donor related or recipient related)
and resolution (host, community and strain level), yielding testable
hypotheses. Linking informative variables and their predictive per-
formance to putative underlying ecological processes, we provide
a comprehensive view of host- and microbiome-level determinants
of strain dynamics following FMT with relevance to gut microbial
ecology in the clinical context and beyond.

Results

A meta-analysis of strain dynamics after FMT, across diseases.
We analyzed a total of 1,492 fecal metagenomes collected in 316 time
series of FMTs conducted for rCDI infection (n =62 FMTs?-2%32¢),
infection with extended-spectrum beta-lactamase-producing bac-
teria (ESBL, n=59 (refs. ¥=’)), MetS (n=>50 (refs. '>>')), UC
(n=42 (refs. **-**)), anti-PD1 therapy resistance in patients with
melanoma (n=37 (refs. ")), irritable bowel syndrome (IBS, n=30
(ref. **)), Crohn’s disease (n=18 (ref. **)), chemotherapy-induced
diarrhea in patients with renal carcinoma (n =10 (ref. *°)), Tourette’s
syndrome (n=>5 (ref. ¥)) and in healthy volunteers (n=3 (ref. *)).
Of these, 269samples (from four independent cohorts) were
metagenomically sequenced for this study (Supplementary Table 1).

Full sample triads (donor, recipient pre FMT as baseline and at
least one post-FMT sample) were available for 228 of the 283 allo-
genic FMT cases in our study; the remaining 33 FMTs in the data-
set were autologous transfers, of the recipients own stool; 3+3
post-FMT samples were available per time series, with a final
sampling time point on average 159.4days after the intervention
(Supplementary Tables 1-3 and Methods).

We profiled 1,089 microbial species, including 144 previously
undescribed, via pangenomes (the total set of identified genes
for a microbial species) constructed from 47,548newly built
metagenome-assembled genomes (MAGs) and 25,037 high-quality
reference genomes (Fig. la and Methods). We compared the
pre-FMT microbiome of recipients with their respective donors to
identify single-nucleotide variants (determinant SNVs, as defined
previously””) and differences in gene content, and used these
(meta)genomic markers to evaluate the fate of donor and recipient
strains in post-FMT samples (Fig. 1b,c). For each species we classi-
fied outcomes as: donor colonization (that is, the post-FMT strain
population was dominated by donor strains); recipient persistence
(dominated by recipient strains); coexistence of conspecific donor
and recipient strains; influx of ‘novel’ strains not detected in base-
line samples (representing the expansion of low-abundance strains,
or introduction of new strains post FMT); donor rejection (failure
to engraft at detectable concentrations); and loss of all recipient
strains (Fig. 1¢,d, Methods and Supplementary Table 5).

Donor strain colonization is independent of clinical outcome.
Summarized across all tracked species, the colonization and per-
sistence of donor and recipient strains, respectively, varied greatly
among allogenic FMT patients (Fig. 2a,b). We observed neither
complete recipient strain turnover (loss of all strains) nor complete
donor rejection (failure to colonize) in any analyzed FMT instance,
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although persistence of recipient strains or colonization by donor
strains was very low in some patients. Outcomes varied depend-
ing on the presence of the species before FMT: takeover by donor
strains (accounting for 18.0+16.0% species post FMT) and persis-
tence of recipient strains (11.3+9.1%) occurred more frequently
among species present in either donor or recipient, but not in both.
In contrast, in cases where species were present in both donor and
recipient before FMT, coexistence of donor and recipient strains
(19.0 + 11.8%) was the most frequent outcome compared with donor
colonization (4.5+4.0%) and recipient persistence (5.6+5.2%).
Among post-FMT strain populations, 41.5+21.0% were attribut-
able to novel strains or entirely novel species not present in either
donor or recipient pre FMT (or previously below detection limits).
Such major turnover towards novel strains was probably associated
with the intervention itself, because novel or previously undetected
strains accounted for 50 +10.1% in autologous FMTs.

Takeover by donor and novel strains was characteristic of patients
with rCDI or UC whereas MetS FMTs mostly resulted in conspe-
cific strain coexistence, with varied outcomes in the other tested
indications. Clinical response was not associated with strain-level
dynamics for any indication; in other words, patient remission was
not significantly linked to donor strain colonization or recipient
strain displacement—for individual species and across all tracked
species (Supplementary Fig. 1). In particular, our data did not sup-
port earlier hypotheses that reinstatement of SCFA production is a
hallmark of remission in UC and rCD], because an increased car-
riage of gut metabolic modules (GMMs; Methods) for acetogenesis,
propionigenesis and butyrogenesis following FMT did not correlate
with clinical outcome.

Recipient, not donor, factors drive post-FMT strain dynamics. To
identify factors associated with colonization outcome, we trained a
series of predictive machine learning models using cross-validated
LASSO-regularized linear regression (Methods). Among possible
predictors we distinguished ex ante variables (that is, knowable
before the FMT intervention; Fig. 3a) from post hoc variables (mea-
surable after FMT; Fig. 3b). Moreover, we categorized predictors
based on variable scope (procedural, donor related and recipient
related) and resolution (host, community and species level), totaling
>400variables as regularization inputs (Supplementary Table 6).
We then built cross-validated models for individual predictor
categories (for example, using procedural variables only), as well as
combined models to assess the overall predictability of outcomes.

Using regularized combinations of ex ante variables, the frac-
tions of species exhibiting post-FMT coexistence of donor and
recipient strains and post-FMT recipient strain persistence were
predictable with moderate accuracy (LASSO R?*=0.58 and 0.49,
respectively), with lower variation explained for colonization by
donor (R?=0.34) and pre-FMT recipient strain resilience (R*=0.35;
Fig. 3a). Interestingly, the fraction of donor strains that successfully
took over was not well predicted (R*=0.1309).

To identify the major determinants of strain outcomes, we com-
pared the accuracy of models that used restricted subsets of vari-
ables with those of full models (which chose from all variables).
Models that were restricted to community diversity indices (includ-
ing species richness) or species abundances in the recipient before
FMT achieved similar accuracies, reflecting the importance of these
two factors in predicting the fate of donor and recipient strains after
FMT. Moreover, across all models, variables capturing recipient fac-
tors or donor-recipient microbiome complementarity (for example,
community dissimilarity) were more predictive than donor factors.
The most important predictors of strain-level outcome included
recipient species richness and abundances of selected species in
the recipient before FMT, in particular Bacteroides uniformis,
Bacteroides vulgatus and one Oscillibacter species, which were
positively associated with overall recipient strain persistence and
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Fig. 1| Study design and workflow overview. a, We analyzed a dataset of 316 FMT time series across ten disease indications and 22 cohorts, totaling
1,492 fecal metagenomes. Species pangenomes were built from reference genomes and newly generated MAGs and profiled across samples for
taxonomic, functional and strain population composition, based on microbial SNVs and differential gene content. b, Each allogenic FMT was represented
as a triad of donor pre-FMT (blue hues), recipient pre-FMT (yellow) and post-FMT (purple) samples; each sample’s strain population is indicated as an
overlapping circle. ¢, FMT strain-level outcomes for each species were scored using patterns of determinant SNVs and gene content (Supplementary
Table 5). d, Ternary diagram of the strain population space for conspecific recipient strain persistence, donor strain colonization, donor-recipient

coexistence and influx of novel strains.

coexistence). In contrast, models based on procedural, metabolic or

donor species variables were less accurate (Fig. 3a, left). Notably,
donor carriage of GMMs related to SCFA synthesis was not asso-
ciated with increased strain colonization, contrary to previous
findings'>. However, high carriage of butyrogenesis genes in the
recipient before FMT was moderately associated with overall strain
persistence—that is, recipient communities with higher butyrogen-
esis potential were generally more resilient, further highlighting the
role of the recipient microbiome in post-FMT strain dynamics.

In the study population used here, rCDI state was associated
with a higher fraction of successfully colonizing donor strains in
the post-FMT microbiome. However, we note that while >90% of
patients with rCDI in our dataset received antibiotics before inter-
vention, most patients for other indications did not (or underwent
extended washout periods), hence rCDI and the effect of antibiot-
ics cannot be disentangled. Moreover, in full models choosing from

all variables, higher species richness in the recipient and individual
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species abundances were more robust predictors for the persistence
of recipient strains than rCDI state. This suggests that the high lev-
els of donor strain colonization observed in patients with rCDI may
be due in part to a more precarious microbial community (possi-
bly instigated or exacerbated by antibiotic use), rather than being a

disease-specific effect.
Models trained on post hoc variables were found to be highly

accurate, in particular when describing donor colonization (Fig. 3b).
As expected, the strength of community-wide compositional
shifts in the recipient (Bray-Curtis dissimilarity and metabolic dis-
similarity pre to post FMT) were associated with lower persistence
of recipient strains. Interestingly, no individual species’ abundance
post FMT was strongly associated with colonization outcome.
However, successful colonization of particular species (Fig. 3b, right)
was highly predictive of overall colonization of donor strains, in
particular B. uniformis, B. vulgatus, several Oscillospiraceae sp. and
Lachnospiraceae sp., including Anaerostipes hadrus. These might be
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recipient post FMT. b, Contextual data on indication, procedure and clinical outcome for each FMT time series in a.

considered indicator species, the successful engraftment of which is
associated with an overall higher influx of donor strains.

Post-FMT strain outcomes are species specific and predict-
able. Whereas the above analyses describe summarized outcomes
across all tracked species, we next investigated the strain popula-
tion dynamics within each species post FMT. For sufficient statisti-
cal power, we focused on the 307 species detected in >50allogenic
FMTs across our study dataset (Fig. 4 and Supplementary Figs. 1
and 2). Recipient persistence, donor colonization, coexistence and
influx of novel strains were observed for all species, with no notable
phylogenetic signal. We did not observe any species with consis-
tent patterns of colonization (‘super-colonizers’) or persistence
(‘super-persisters’) across all FMTs. However, we observed two
broadly distinct types of post-FMT strain dynamics in conspecific
FMT triads (that is, for species present in both donor and recipi-
ent before the intervention; Fig. 4a and Supplementary Fig. 2). Most
species showed a strong propensity towards donor-recipient strain
coexistence that was independent of initial strain abundances.
Notably, these included prevalent commensals like Bacteroides
sp., Blautia sp., Dorea sp., Ruminoccocus sp. and Faecalibacterium
sp. In contrast, for Veillonella parvula, several Streptococcus spp.,
Eggerthella lenta, Akkermansia muciniphila and Prevotella copri,
strain populations strongly tended towards dominance of either
donor, recipient or novel strains, with infrequent coexistence, indi-
cating that these species may be inherently less prone to conspecific
strain carriage within the same host.

Strain-level FMT outcomes varied within each major taxonomic
group, with no relevant differences between clades (Fig. 4b,c).
Strains of facultatively aerobic species colonized less successfully
(analysis of variance (ANOVA), R*=0.02, P=0.002), whereas car-
riage of butyrogenesis (R*=0.026, P=2x10"*) or propionigenesis
(R*=0.008, P=0.05) pathway genes or a generally saccharolytic
(R*=0.046, P=1.1x10"°) or proteolytic (R*=0.047, P=8.5x107)
metabolic setup was associated with higher colonization success.
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To disentangle the factors contributing to post-FMT strain out-
comes for each species, we built species-specific cross-validated
logistic LASSO regression models using ex ante and post hoc sets
of predictor variables, analogous to those discussed above (Fig. 4d).
For each species we categorized strain-level outcomes, defin-
ing recipient resilience as events where recipient strains persisted
(as dominant populations or coexisting with donor strains; yel-
low), donor colonization (donor strains successfully colonized as
dominant or coexisting populations; light blue), donor takeover
(donor strains become dominant; dark blue) and recipient turn-
over (dominance by donor strains and/or new or previously unde-
tectable strains; purple). When training models using all available
ex ante variables, recipient resilience (LASSO area under the curve
(AUC)=0.62+0.13), donor colonization (0.58+0.10) and donor
takeover (0.65+0.14) were predictable with moderate accuracy,
with some variation within and between taxonomic clades (Fig. 4d).
In contrast, recipient strain turnover (AUC=0.94+0.05) was pre-
dictable with high accuracy across almost all species, indicating that
the displacement of resident strain populations in the recipient (not
only by donor strain takeover, but by any means) may in general be
a more deterministic process.

Recipient microbiome drives species-specific strain dynamics.
We built LASSO models that were restricted to different subcat-
egories of predictor variables and compared their performance
with full models trained on the entire complements of ex ante or
post hoc variables (Fig. 5a). Models trained exclusively on recipient
pre-FMT species abundances, on abundance and strain population
characteristics of the focal species and, to a lesser degree, on micro-
biome community diversity variables achieved highest accuracies,
comparable to those of full models. Notably, predictive power of
individual recipient species was due almost entirely to exclusion
effects, meaning that the enrichment of certain species in the
recipient was associated with less donor takeover or recipient
strain turnover of others, while facilitation effects did not have a
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Fig. 3 | Drivers and determinants of FMT community-level outcomes. a, Ex ante predictability of microbial community-wide outcomes for individual FMTs
(summarized across all trackable strain populations in a triad of donor, recipient pre-FMT and recipient post-FMT samples; Fig. 2) using cross-validated
LASSO linear models with regularized subsets of different variable categories or a combination of all variables (‘full' model) knowable before the
intervention (Methods and Supplementary Table 6). Within each category, only the most relevant predictors are included. Predictive performance for each
outcome index is shown as R? on the left, and variable importance and directionality for the most predictive factors as cross-validated LASSO coefficients
on the right. b, Association of FMT outcomes with LASSO-regularized sets of post hoc variables (measured after the intervention).

contributing role. Models restricted to procedural factors (includ-
ing disease indication), pre-FMT metabolic state or donor species
abundances achieved much lower accuracies than full models, indi-
cating that these variable groups were less predictive of strain-level
outcomes. Overall, we observed similar trends for models trained
on post hoc variables (Fig. 5a, right).

For most species, we found that strain turnover could be accurately
predicted using only two community-level microbiome diversity
measures—species richness in the pre-FMT recipient and donor—
recipient community dissimilarity, the main factors selected in mod-
els restricted to community diversity variables (Fig. 5b). Low richness
and a strong compositional shift in the recipient microbiome relative
to healthy donors are hallmarks of disease-associated microbiome
states, and our data indicate that the strength of this diffuse imbalance,
correlated to disease (such as rCDI or UC in our dataset) or other
disturbances (for example, antibiotics pretreatment or bowel cleans-
ing), is directly linked with FMT outcome in most species. In con-
trast, donor richness or functional redundancy, previously proposed
to be relevant®, were only subordinately predictive, if at all. Metabolic
variables were likewise unreliable predictors. Community-wide
butyrogenesis potential was negatively associated with turnover
in the recipient (that is, strain populations were more resilient in
recipients carrying high loads of butyrate production genes), but
higher butyrogenesis levels in the donor did not correspondingly
promote colonization. However, in full models for recipient strain
turnover, these variables were superseded by indicator species in the
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recipient microbiome (see below) and focal species characteristics
(in particular, recipient strain population diversity; Fig. 5b).

The strongest predictor of takeover by donor strains was a high
donor/recipient abundance ratio of a species (as suggested previ-
ously for rCDI¥), indicating that the amount of incoming viable
donor microbes (also referred to as propagule pressure) may provide
a neutral baseline estimate for donor strain colonization success, in
particular for species not present in the recipient pre FMT (Fig. 5b,c).
In general, while the donor/recipient ratio was most predictive, the
underlying signal was driven by species abundance (or absence)
in the recipient microbiota, much less so in the donor microbiota.
Intraspecific strain population properties—donor/recipient strain
population dissimilarity and recipient (and, to a much lesser extent,
donor) strain population diversity—were also highly predictive but
effects were more nuanced: donor strain takeover was more likely in
species with complementary strain populations between donor and
recipient, while diverse recipient populations (not dominated by
individual strains) were more resilient than uneven ones. Moreover,
incoming species that were phylogenetically complementary to the
recipient community (that is, adding novelty—for example, by fill-
ing an unoccupied niche) were more likely to colonize or turn over
the resident population.

Resident ‘gatekeeper’ species inhibit donor strain engraftment.
Given that FMTs involve the pitting of the recipient’s residual
microbial community against incoming microbiota from the
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donor, we specifically explored the impact of individual species on
the engraftment of others by training models restricted to donor
or recipient pre-FMT species abundances (Fig. 5a) and explora-
tion of individual species’ relevance as predictors in full models
(Fig. 5b,c). We extracted networks of engraftment inhibition and
facilitation, associating the abundance of putative effector species
in the donor and recipient with donor takeover events in focal spe-
cies. The vast majority of interactions was inhibitive (Fig. 5a—c): for
most species, higher abundance in both donor and recipient corre-
lated negatively with engraftment of other species. These exclusion
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effects were stronger for the resident community of the recipient
(AUC=0.63+0.14) than the donor (AUC=0.53 +0.06).
Colonization inhibition was phylogenetically concentrated—
that is, inhibitive interactions were more common between related
species within the same clade than between clades (Fig. 5B).
Bacteroidales in the recipient microbiota, in particular B. uniformis,
B. vulgatus, Alistipes shahii and Parabacteroides distasonis, were
among the strongest colonization inhibitors, but also included two
of the most strongly inhibited species, Bacteroides xylanisolvens and
Bacteroides ovatus. In other words, the enrichment of gatekeeper
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species such as Bacteroidales in the recipient microbiota inhibited
colonization for a broad panel of species, and vice versa, in line
with previous findings that subgroups of Bacteroidales are gene-
rally highly persistent also in healthy individuals®. Lactococcus
lactis, Streptococcus salivarius and Dialister invisus in the recipient
were the foremost colonization facilitators. In contrast to coloni-
zation inhibition, facilitation typically affected phylogenetically
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distant species—for example, the facilitation of Paraprevotella
clara and Erysipelatoclostridium ramosum colonization by recipient
Pauljensenia sp. (an Actinobacterium) were among the strongest
interactions observed across all species.

We observed few prominent predictive species in the donor
microbiota, most notably B. vulgatus and Evtepia gabavorous.
Facilitation and inhibition effects of donor species were generally
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limited and overall less predictive of colonization success, indicat-
ing that the donor microbiota has limited impact on colonization
outcome beyond intraspecific strain dynamics.

Adaptive and neutral processes shape the post-FMT microbi-
ome. The accurate prediction of strain-level outcomes after FMT
is informative beyond mere descriptive associations when con-
strued through the lens of gut ecology: FMTs are community-level
perturbation experiments, interpretable in a framework of inva-
sion ecology and community assembly to identify processes and
mechanisms that shape the microbiome”°. We therefore linked
the various tested variables in our models to putative underlying
mechanisms (Fig. 6), categorized along a gradient from neutral/
stochastic factors (for example, donor propagule pressure: the
amount of incoming viable donor microbes) to adaptive/selec-
tive ones (for example, niche effects). We further distinguished
recipient-specific, donor-specific and donor-recipient complemen-
tarity effects and organized variables by granularity, from host-level
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factors (for example, clinical or procedural) to the level of micro-
biome communities (overall composition and possible species
interactions) and intraspecific (strain-level) effects.

Factors pertaining to the recipient or to donor-recipient com-
plementarity were far more relevant to FMT colonization outcome
than donor readouts across all tested variables, and consistently
across different species. In other words, as outlined above, the
donor microbiome did not specifically influence colonization or
turnover in its own right, but instead mattered only to the extent
of its complementarity with the recipient microbiota. Donor/
recipient abundance ratios were highly determinant of FMT out-
come, interpretable as the balance between propagule pressure of
incoming donor cells and native abundance of the residual recipi-
ent population, providing a baseline of how neutral mechanisms
shape post-FMT communities. In this, exclusion effects by resident
strains of the recipient were dominant—that is, depletion of the
recipient’s microbiota is more relevant for successful colonization
than a higher dosage of donor strains. In practice, this interplay may
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be modulated procedurally to some extent, for example, by the use
of fresh versus frozen stool (impacting the viability of donor cells),
FMT route (rectal or duodenal) or the purging of recipient commu-
nities via bowel preparations or antibiotic pretreatment, although
these procedural variables were not in themselves robust predictors
in our analysis, possibly because they were confounded with the
individual studies included in the dataset.

Microbiome composition of recipients (but not their respective
donors) was likewise relevant to FMT strain-level outcome: broad
community depletion (low richness) and pronounced composi-
tional differences in regard to healthy donors may indicate gener-
ally disturbed and precarious microbiomes that are less resistant
to takeover by donor strains. Conversely, the residual enrichment
of gatekeeper species, such as B. uniformis or B. vulgatus, was also
negatively associated with colonization by donor strains, possibly
indicating competitive exclusion processes and interspecific prior-
ity effects. While by design, causality cannot be inferred from our
data, these results tie in with existing ecological theories on micro-
biome stability and resilience—for example, on tipping elements and
critical transitions™>", community multistability leading to entero-
types™™, priority”™ or ‘Anna Karenina' effects. We found limited
evidence for colonization facilitation across species boundaries,
both in donor and recipient. Likewise, our data did not support a
strong role for community-wide metabolic states: neither general
metabolic setup nor specific metabolic modules such as SCFA pro-
duction in donor or recipient greatly impacted FMT outcomes.

The strongest effects toward donor strain colonization emerged
at species and strain level. Incoming species were more likely to
colonize if they were phylogenetically or metabolically complemen-
tary to the residual community, implying that they were able to take
over unoccupied niches. Colonization success was associated with
complementarity specifically to the local community. High conspe-
cific diversity in the donor and low diversity in the recipient were
also linked with engraftment success: recipient populations domi-
nated by single strains were less resilient, and donor strains from
more diverse panels were more likely to colonize, probably due to
strain-level-limiting similarity effects. Indeed, conspecific donor
strain populations colonized more successfully if they were dis-
similar to recipient strains, indicating strong inhibitive intraspecific
priority effects.

However, we note once more that the colonization of individual
species was predictable with only moderate accuracy, irrespective of
the variable sets used—unlike residual strain population turnover,
which was highly predictable. This implies that colonization success
may be stochastic to a large extent.

Discussion

Fecal microbiota transplantations are clinical procedures that can
also be thought of as complex in natura perturbation experiments,
pitting gut microbial communities of the donor against those of
the recipient. An FMT is considered to be clinically successful if
it triggers patient remission or recovery, whereas success from an
ecological perspective is the extent to which the donor’s microbi-
ota can colonize in the recipient. Given that FMT targets the gut
microbiome, engraftment and clinical success are expected to cor-
relate, implying that successful microbiome modulation mediates
clinical effects. However, this hypothesis had not previously been
systematically tested and is indeed not supported by our data. In
our meta-study of 316 FMTs, clinical success was associated neither
with colonization by donor strains, displacement of recipient spe-
cies nor the reinstatement of specific functions (such as SCFA syn-
thesis) for any of the studied disease indications. To some extent,
this is in line with previous observations that autologous FMTs*"**
or even transfers of sterile-filtered fecal water™ can be efficacious.
Our data do not rule out more subtle links, in particular given our
limited sample size per indication and differences between FMT
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protocols across studies, but a clear role of donor microbiota coloni-
zation in shaping clinical responses did not emerge. We did observe
overall higher levels of donor strain colonization in patients suffer-
ing from rCDI or UC, coinciding with higher clinical response rates
in these diseases compared with others in our dataset. However, this
was arguably due to overall more perturbed microbiome states asso-
ciated with these diseases (possibly instigated by antibiotic treat-
ment regimes) that outweighed disease-specific effects: we found
no significant differences in strain-level outcomes between clinical
responders and nonresponders to FMT.

Understanding microbiome-level FMT outcomes is both clini-
cally relevant (for example, for informed donor selection or to avoid
possible adverse effects) and more generally informative of eco-
logical processes shaping the gut microbiome. All studied species
exhibited all FMT outcomes, depending on context; we did not find
strong evidence that any species was inherently more invasive or
resilient than others. Rather, fine-scale intraspecific strain popula-
tion structure and diversity, as well as donor-recipient strain popu-
lation complementarity, determined resilience, coexistence and
colonization, although we noted that while the majority of species
tended towards conspecific donor-recipient strain coexistence, a
smaller subset of species generally gravitated towards dominance by
either recipient or donor strains or those undetectable at baseline.
Interactions between species were less relevant, but clearly struc-
tured: several gatekeeper species in the recipient, in particular of the
genus Bacteroides, inhibited colonization by other, phylogenetically
unrelated species whereas colonization facilitation across species
boundaries was scarce.

We found that the turnover of recipient strains was very accu-
rately predictable for almost all studied species, using a consistent
and surprisingly small selection of ex ante microbiome variables. In
contrast, our models achieved only moderate predictive accuracies
when predicting takeover by donor strains, indicating that coloni-
zation is, to a large extent, stochastic or influenced by other factors
outside the scope of our study, such as viral or eukaryotic micro-
biome members, recipient immune state, medication or reduced
viability of anaerobic donor fecal cells following the intervention.

Recipient factors consistently outweighed donor factors in driv-
ing FMT strain-level outcomes. Thus, our data did not support the
super-donor hypothesis'® which states that certain donor micro-
biome properties are crucial to colonization and, by proxy, clini-
cal success. Rather, we found that complementarity of donor and
recipient microbiomes promoted donor colonization and recipient
turnover. This phenomenon was observed across microbial resolu-
tions, from community-level effects to conspecific strain population
dissimilarity. Indeed, strain-level diversity and complementarity
were the strongest determinants of FMT outcome, with relevance
to rational donor selection in clinical practice'®. Beyond screening
for donor health, matching of donors to recipients based on micro-
biome complementarity at community, species and, in particular,
strain levels may increase colonization success, make clinical out-
comes more predictable and reduce adverse effects.

Our data suggest that the gut microbiome is shaped by both
neutral and adaptive processes post FMT, reconciling previous
reports’*’. We found that limits to gut microbiome resilience at
community, species and strain level can be defined by a relatively
small set of measurable variables that point to distinct underlying
processes. The (complementary) interplay between propagule pres-
sure and residual species abundance provided a neutral baseline for
colonization although, again, recipient effects outweighed donor
effects. At the same time, our data also suggested niche effects, in
particular at the level of complementary intraspecific strain popula-
tions, although no consistently adaptive traits emerged in the analy-
sis. Previous hypotheses pertaining to the importance of metabolic
capabilities such as SCFA synthesis were not supported, although
we note that the inference of SCFA biosynthesis pathways from
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metagenomic data remains challenging and does not capture puta-
tively differential expression of SCFA synthesis genes.

By design, our study is predominantly descriptive and only
probes potential mechanisms underlying our observations to the
extent of interpreting them in an ecological context. Moreover,
our study focuses on the bacterial and archaeal microbiota (not
accounting for viruses and eukaryotes®’) and is limited by the rela-
tively small available sample size for some disease indications in our
dataset, by the technical, procedural and physiological heterogene-
ity between cohorts and by the inherent detection limits of metage-
nomic strain calls. Nevertheless, our core findings were robust in
spite of these sources of variation and may thus inform the clinical
use of FMT in several ways, in particular if microbiome modulation
is a desired endpoint beyond alleviation or remission of symptoms.
Patients may be stratified before the intervention based on surpris-
ingly crude, robust and easily obtainable microbiome readouts, such
as community richness and high-level composition, or with regard
to the presence of gatekeeper species associated with overall micro-
biome resilience. The relevance of donor selection, in contrast,
appears mostly limited to the extent of the donor’s (strain-level)
complementarity to the recipient. Tuning of procedural parameters
(antibiotic pretreatment, stool preparation, dosage, FMT route,
dietary intake of donors and so on) may mainly impact recipi-
ent microbiome resilience, and an overall more resilient response
(excluding, of course, target pathogens to be displaced) is often
desirable. Both inhibition and facilitation of colonization across
species boundaries were surprisingly sparse and mild, with few
exceptions, indicating that the targeted colonization or turnover of
individual species may be achievable mostly independent of resid-
ual and cotransferred communities, minimizing collateral effects on
the recipient’s microbiota.

Our results indicate that microbiome dynamics following FMT
are impacted by defined parameters that are tunable in clinical
practice, thus supporting the notion that predictable and efficacious
microbiome modulation using personalized probiotic mixtures,
rather than entire complex fecal samples, is possible and may profit
from an ecological perspective. In particular, our findings sug-
gest that the targeted depletion of selected microbes in the recipi-
ent, with concurrent introduction of diverse strain populations of
the same species rather than a single strain, presents a promising
approach to enhancing colonization and turnover in the recipient,
although links to clinical outcomes remain to be established. Thus,
levering of both neutral and relevant adaptive ecological processes
may pave the way towards targeted modulatory interventions on
the gut microbiome, personalized to patients, with predictable
microbiome-level outcomes.
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Methods

Data overview. The study dataset comprised 22 independent cohorts recruited

in centers in the United States, the Netherlands and Australia, with a total of

316 FMTs conducted in 311 patients suffering from rCDI (n =62 FMTs**-2*>%),
infection with ESBL (n=>59 (refs. 7-*%)), MetS (n=50 (refs. '**>'*)), UC (n=42
(refs. 2*'=*)), anti-PD1 therapy resistance in patients with melanoma (n =37
(refs. >'%)), IBS (n=30 (ref. **)), Crohn’s disease (n=18 (ref. *)), chemotherapy-
induced diarrhea in patients with renal carcinoma (n=10 (ref. *°)), Tourette’s
syndrome (n=5 (ref. ’) and in healthy volunteers (n=3 (ref. **)). On average,

4.11 recipient stool samples were available per FMT time series, including baseline
samples taken before the intervention (pre-FMT). Overall, 7.9 Terabases (Tb) of
sequencing data were analyzed across 1,492 fecal metagenomes, of which 269 (for
76 time series) were generated as part of the present study (for cohorts UC_NL,
ESBL_NL, MetS_NL_1 and div_AU).

Three cohorts (UC_NL, MetS_NL_1 and MetS_NL_Koopen) were randomized
controlled trials during which a subset of patients received autologous FMTs
(transplantation of the recipient’s own stool, n =33 FMTs). All other FMTs
(n=283) were allogenic, using stool donors. For 228 EMT time series, a full
complement of donor baseline, recipient baseline and at least one recipient
post-FMT sample were available after filtering.

A full description of all cohorts is provided in Supplementary Table 1, detailed
information per FMT time series in Supplementary Table 2 and per-sample
information in Supplementary Table 3.

Sample collection, processing and metagenomic sequencing. Study design
and fecal sample collection for cohorts MetS_NL_1 (refs. '***), UC_NL"' and
ESBL_NL*" were described previously. rtCDI_AU and UC_AU samples were
obtained from a single-center, proof-of-concept, parallel and controlled study in
collaboration with the Centre for Digestive Diseases (Sydney, Australia), which
aimed to assess donor microbiota implantation in two patients with CDI and three
with UC up to 28 days following a 2-day fecal microbiota transplantation infusion
via transcolonoscopy and rectal enema. The study is registered with the Australian
New Zealand Clinical Trials Registry under ACTRN12614000503628 (Universal
Trial no, U1111-1156-5909). Written, informed participant consent and ethical
approval were obtained via the Centre for Digestive Diseases Human Research
Ethics Committee. Deidentified participant data relevant to the study are provided
in Supplementary Tables 2 and 3.

For cohorts MetS_NL_1 and UC_NL, fecal DNA extraction was described
in the original studies. DNA from ESBL_NL samples was extracted using
the GNOME DNA Isolation Kit (MP Biomedicals) with the following minor
modifications: cell lysis/denaturation was performed (30 min, 55 °C) before
protease digestion was carried out overnight (55°C), and RNAse digestion (50 pl,
30min, 55°C) was performed after mechanical lysis. After final precipitation, DNA
was resuspended in TE buffer and stored at —20 °C for further analysis.

Metagenomic sequencing libraries for MetS_NL_1, UC_NL, ESBL_NL
and div_AU samples were prepared to a target insert size of 350-400 base pairs
(bp) on a Biomek FXp Dual Hybrid with high-density layout adapters, orbital
shaker, static peltier and shaking peltier (Beckman Coulter) and a robotic PCR
cycler (Biometra), using SPRIworks HT kits (Beckman Coulter) according to the
supplier’s recommendation, with the following modifications: 500 ng of DNA
initially, adapter dilution 1:25, kit chemical dilution 1:1 in process. For samples
with low-input DNA concentrations, libraries were instead prepared manually
using NEBNext UltraIl DNA Library Prep kits with NEBNext Singleplex primers.
Libraries were sequenced on an Illumina HiSeq 4000 platform with 2x 150-bp
paired-end reads.

Public datasets. Based on a literature search, 18 datasets on FMT cohorts that
met the following criteria were included in the study: (1) public availability of
metagenomic sequencing data in January 2022; (2) sufficient available description
to unambiguously match donors and recipients per FMT time series; and (3) no
restrictions on data reuse. They were included in this study as RCDI_US_Smillie
(n=22 FMT time series**), RCDI_US_Aggarwala (n =14 (ref. **)), RCDI_US_
Watson (n=10 (ref. **)), RCDI_US_Podlesny (1 =8 (ref. ’)), RCDI_US_Moss
(n=6 (ref. **)), MetS_NL_Koopen (n=24 (ref. **)), UC_US_Damman (n=6
(ref.”)), UC_US_Nusbaum (n=4 (ref. **)), UC_US_Lee (n=2 (ref. *)), CD_US_
Vaughn (n=18 (ref. **)), ABXR_div_Leo (n=26 (ref. ")), ABXR_IS_BarYoseph
(n=14 (ref. **)), IBS_NO_Goll (n=30 (ref. **)), MEL_US_Davar (n=27 (ref. ')),
MEL_US_Baruch (n=10°), REN_IT_Ianiro (n=10 (ref. *°)), TOU_CN_Zhao
(n=>5 (ref. *’)) and CTR_RU_Goloshchapov (n=3 (ref. **)). Contextual data,
including donor-recipient matchings and information about clinical response,
were curated from the study publications and, in some cases, kindly amended by
the studies’ original authors on request (Supplementary Tables 1-3).

Metagenomic data processing and taxonomic and functional profiling.
Metagenomic reads were quality trimmed to remove base calls with a Phred

score of <25. Reads were then discarded if they were <45 nucleotides or if they
mapped to the human genome (GRCh38.p10) with at least 90% identity over
45nucleotides. This processing was performed using NGLess®. Taxonomic profiles
per sample were obtained using mOTUs v.2 (ref. ©*). For functional profiling, reads
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were mapped against the Global Microbial Gene Catalog v.1 gut subcatalogue
(gmgc.embl.de®) with a minimum match length of 45 nucleotides with at least
97% identity, and summarized based on antimicrobial resistance gene (ARG)
annotations and Kyoto Encyclopedia of Genes and Genomes orthologs (KOs)
via eggNOG annotations®. Based on the resulting KO profiles, GMMs" were
quantified in each sample using omixer-rpmR (v.0.3.2)*". Taxonomic and GMM
profiles per sample, normalized by read depth, are available in Supplementary
Tables 7 and 8.

MAGs. We demarcated MAGs from samples of studies MetS_NL_1, UC_NL,
ABXR_NL, div_AU, RCDI_US_Smillie, RCDI_US_Moss, UC_US_Damman, UC_
US_Nusbaum, UC_US_Lee and CD_US_Vaughn using several complementary
strategies to obtain both high resolution from sample-specific assemblies and deep
coverage of lowly abundant species from coassemblies of multiple samples. Unless
otherwise indicated, all tools in the following were run with default parameters.

To generate single-sample MAGs, fecal metagenomes were assembled
individually using metaSPAdes v.3.12.0 (ref. *), reads were mapped back to
contigs using bwa-mem v.0.7.17 (ref. ) and contigs were binned using metaBAT
v.2.12.1 (ref. ). Multisample MAGs were built for each cohort separately. Reads
were first coassembled using megahit v.1.1.3 (ref. ”*) and mapped back to contigs
using bwa-mem v.0.7.17. Coassembled contigs were then binned using both
CONCOCT v.0.5.0 (ref. ) and metaBAT v.2.12.1. The resulting coassembled
MAG sets were further refined using DAS TOOL” and metaWRAP™. In total,
47,548 MAGs were demarcated using these five approaches (single-sample MAGs,
multisample coassembled CONCOCT, metaBAT2, DAS TOOL and metaWRAP
MAG:s). In addition, we included 25,037 high-quality reference genomes from the
proGenomes database’’ in downstream analyses.

Genome quality was estimated using CheckM’” and GUNC v.0.1 (ref. ), and
all genomes were taxonomically classified using GTDB-tk”. Open reading frames
(ORFs) were predicted using prodigal® and annotated via prokka workflow v.1.14.6
(ref. *). Orthologs to known gene families were detected using eggNOG-mapper
v.1 (ref. ©). ARGs were annotated using a workflow combining information from
databases CARD v.3.0.0 (via rgi v.4.2.4 (ref. *°) and ResFams v.1.2.2 (ref. **), as
described previously™. The ‘specI’ set of 40 near-universal single-copy marker
genes were detected in each genome using fetchMG®.

The full set of generated MAGs and contextual data are available via Zenodo
(DOI 10.5281/zenod0.5534163 (ref. %)).

Genome clustering, species metapangenomes and phylogeny. Genomes were
clustered into species-level groups using an ‘open-reference’ approach in multiple
steps. Initial prefiltering using lenient quality criteria (CheckM-estimated
completeness >70%, contamination <25%; additional criteria were applied
downstream) removed 57.7% of MAGs. The remaining 20,093 MAGs were mapped
to the clustered proGenomes v.1 (ref. ”°) and mOTUs v.2 (ref. *) taxonomic
marker gene databases using MAPseq v.1.2.3 (ref. /). A total of 17,720 MAGs were
confidently assigned to a ref-mOTU (specI cluster) or meta-mOTU based on the
following criteria: (1) detection of at least 20% of the screened taxonomic marker
genes and (2) a majority of markers assigning to the same mOTU at a conservative
MAPseq confidence threshold of >0.9.

In an independent approach, quality-filtered MAGs and reference genomes
were also clustered by average nucleotide identity (ANI) using a modified and
scalable reimplementation of the dRep workflow™. Using pairwise distances
computed with mash v.2.1 (ref. ), sequences were first preclustered to 90%
mash-ANI using the single-linkage algorithm, asserting that all genome pairs
sharing >90% mash-ANI were grouped together. Each mash precluster was then
resolved to 95 and 99% average linkage ANI clusters using fastANI v.1.1 (ref. *°).
For each cluster, a representative genome was picked as either the corresponding
reference specl cluster representative in the proGenomes database or the MAG
with the highest dRep score (calculated based on estimated completeness and
contamination). Genome partitions based on 95% average linkage ANI clustering
and specl marker gene mappings matched almost perfectly, at an adjusted
Rand index of >0.99. We therefore defined a total of 1,089 species-level clusters
(‘species’) from our dataset (Supplementary Table 4), primarily based on marker
gene mappings to precomputed ref-mOTUs (or specl clusters, n=295) and
meta-mOTUs (n=>528), and as 95% average linkage ANI clusters for genomes that
did not map to either of these databases (n=233).

Species pangenomes were generated by clustering all genes within each
species-level cluster at 95% amino acid identity, using Roary 3.12.0 (ref. *).
Spurious and putatively contaminant gene clusters (as introduced by misbinned
contigs in MAGs) were removed by asserting that the underlying gene sequences
originated (1) from a reference genome in the proGenomes database or (2) from
at least two independent MAGs, assembled from distinct samples or studies.

To account for incomplete genomes, ‘extended core genes’ were defined as gene
clusters present in >80% of genomes in a species-level cluster. If too few gene
clusters satisfied this criterion, as was the case for some pangenomes containing
many incomplete MAGs, the 50 most prevalent gene clusters were used instead.
Representative sequences for each gene cluster were picked as ORFs originating
from specl representative genomes (that is, high-quality reference genomes), or
otherwise as the longest ORF in the cluster.
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A phylogenetic tree of species-level cluster representatives was inferred based
on the ‘mOTU’ set of ten near-universal marker genes®. Marker genes were aligned
in amino acid sequence space across all species using Muscle v.3.8.31 (ref. %),
concatenated and then used to construct a species tree with FastTree2 (v.2.1.11)*
with default parameters.

Inference of microbial strain populations. Metagenomic reads for each sample
were mapped against gene cluster representative sequences for all species
pangenomes using bwa-mem v.0.7.17 (ref. ®°). Mapped reads were filtered for
matches of >45bp and >97% sequence identity, sorted and filtered against multiple
mappings using samtools v.1.7 (ref. °*). Horizontal (‘breadtl’) and vertical (‘depth’)
coverage of each gene cluster in each sample were calculated using bedtools
v.2.27.1 (ref. ).

A species was considered present in a sample if at least three mOTU taxonomic
marker genes were confidently detected either via the mOTU v.2 profiler (for specl
clusters and meta-mOTUs) or based on pangenome-wide read mappings (for
non-mOTU species-level clusters). Gene clusters within each pangenome were
considered present in a sample if (1) the species was detectable (see above),

(2) horizontal coverage exceeded 100 bp and 20% of the representative gene’s length
and (3) average vertical coverage exceeded 0.5. Gene clusters were considered
confidently absent if they did not attract any mappings in samples where the
species’ set of extended core genes (see above) was covered at >1 median vertical
coverage (that is, present with high confidence). Using these criteria, strain
population-specific gene content profiles were computed for each species in

each sample.

Raw microbial SNVs were called from uniquely mapping reads using metaSNV
v.1.0.3 (ref. *°) with permissive parameters (-c 10 -t 2 -p 0.001 -d 1000000).
Candidate SNV were retained if they were supported by two or more reads each
in two or more samples in which the focal gene cluster was confidently detected
(see above), before differential downstream filtering. At multiallelic positions the
frequency of each observed allele (A, C, G, T) was normalized by the total read
depth for all alleles.

Based on these data, strain populations were represented based on both their
specific gene content profile and SNV profile in each sample.

Each species’ local strain population diversity (SPD) and allele distances
(AD) between strain populations across samples were estimated as follows. SPD
was calculated based on the inverse Simpson index of allele frequencies p(,cqr) at
each variant position i in the extended core genome (n,,,), normalized by total
horizontal coverage (number of covered positions) cov,,,:

ar —1
S (ph +pe+pe+pr) -1
COVhor

SPD =

Thus defined, SPD can be interpreted as the average effective number of
nondominant alleles in a strain population. SPD ranges between 0 (only one
dominant strain detected—that is, no multiallelic positions) and 3 (all four possible
alleles present at equal proportions at each variant position). Normalization
by total horizontal coverage, cov,,, of the extended core genome ensures that
values are comparable between samples even if a species’ coverage in a sample is
incomplete.

Intraspecific ADs between strain populations across samples were calculated
as the average Euclidean distance between observed allele frequencies at variant
positions in the species” extended core genome, requiring at least 20 variant
positions with shared coverage between samples. If a species was not observed in a
sample, ADs to that sample were set to 1.

Quantification of strain-level outcomes. Colonization by donor strains,
persistence of recipient strains and influx of novel strains (environmental or
previously below detection limit) in the recipient microbiome following FMT
were quantified for every species based on determinant microbial SNVs and gene
content profiles using an approach extending previous work®”. In total, 261 FMT
time series (228 allogenic and 33 autologous transfers) for which a donor baseline
(in allogenic FMTs; ‘D’), a recipient pre-FMT baseline (‘R’) and at least one
recipient post-FMT (‘P’) sample were available were taken into account, and each
FMT was represented as a D-R-P sample triad. If available, multiple time points
post FMT were scored independently. By definition, because no donor samples
were available for autologous FMTs, recipient pre-FMT samples were used instead.
An overview of potential strain-level FMT outcomes is provided in Fig. 1c,d.

For each D-R-P sample triad, conspecific strain dynamics were calculated if a
species was observed in all three samples (see above) with at least 100 informative
(determinant) variant positions either covered with two or more reads or
confidently absent (see below). Donor determinant alleles were defined as variants
unique to the donor (D) relative to the recipient pre-FMT (R) sample, and vice
versa. Post-FMT determinant alleles were defined as variants unique in P relative
to both D and R. Given that intraspecific fecal strain populations are often
heterogeneous—that is, consist of more than one strain per species—multiple
observed alleles at the same variant position were taken into account. In addition,
if a gene containing a putative variant position was absent from a sample although
the species’ extended core genome was detected, the variant was considered

‘confidently absent’ and treated as informative (and potentially determinant) as
well, thereby taking into account differential gene content between strains.

The fractions of donor and recipient strains post FMT were quantified
based on the detection of donor- and recipient-determinant variants across all
informative positions in the P sample. The fraction of novel strains (environmental
or previously below detection limit in donor and recipient) was quantified as
the fraction of post-FMT determinant variants. Based on these three readouts
(fraction of donor, recipient and novel strains) and cutoffs previously established
by Li et al.”*, FMT outcomes were scored categorically as ‘donor colonization,
‘recipient persistence, ‘donor-recipient coexistence’ or ‘influx of novel (previously
undetected) strains’ for every species (Supplementary Table 5).

In addition to conspecific strain dynamics (that is, where a species was present
in D, R and P), we also quantified FMT outcomes that involved the acquisition
or loss of entire strain populations. For example, if a species was present in the
recipient at baseline but not post FMT, this was considered a ‘species loss’ event.
See Fig. 1c and Supplementary Table 5 for a full overview of how different FMT
outcome scenarios were scored.

To assert the accuracy of our approach, we simulated FMT time series by
shuffling (1) the donor sample, (2) the recipient pre-FMT sample or (3) both.
Randomizations were stratified by subject (accounting for the fact that some
donors were used in multiple FMTs and that some recipients received repeated
treatments) and geography. For each observed D-R-P sample triad, we simulated
ten triads per each of the above setups.

Outcomes were further summarized across species by calculating a series of
strain population-level metrics for each FMT, defined as follows.

Persistence index: average fraction of persistent recipient strains among all
species observed post FMT (that is, fraction of post-FMT strain populations
attributable to recipient baseline strains).

Colonization index: average fraction of donor strains among all species post FMT.

Modeling and prediction of FMT outcomes. We explored a large set of covariates
as putative predictor variables for FMT outcomes, grouped into the following
categories: (1) host clinical and procedural variables (for example, FMT indication,
pre-FMT bowel preparation, FMT route and so on); (2) community-level
taxonomic diversity (species richness, community composition and so on);

(3) community-level metabolic profiles (abundance of specific pathways); (4)
abundance profiles of individual species; (5) strain-level outcomes for other species
in the system; and (6) focal species characteristics, including strain-level diversity;
see Supplementary Table 6 for a full list of covariates and their definitions. We
further classified covariates as either predictive ex ante variables (that is, knowable
before the FMT is conducted) or post hoc variables (that is, pertaining to the
post-FMT state, or the relation between pre- and post-FMT states).

We built two types of model to predict FMT strain-level outcomes based on
these covariates: (1) FMT-wide models, using summary outcome metrics across
all species in a time series (persistence index, colonization index; see above)
as response variables; and (2) per-species models for 307 species observed in
>50 FMTs, using each species’ strain-level outcome in every scored time series
as response variable. Unless otherwise indicated, the last available time point for
each FMT time series was used. Models were built for each covariate category
separately, as well as for combinations of all ex ante and all post hoc variables,
respectively.

Given that the number of covariates greatly exceeded the number of available
FMT time series, and that several covariates were correlated with each other
(Supplementary Fig. 3), FMT outcomes were modeled using ten times fivefold
cross-validated LASSO-regularized regression, as implemented in the R package
glmnet (v.4.1.3)*". Regression coefficients were chosen at one standard error from
the cross-validated minimum lambda value and averaged across validation folds.

Linear LASSO regression was used to model outcomes with continuous
response variables, both for FMT-wide outcomes (persistence index and soon)
and for the fraction of colonizing, persisting and coexisting strains per species
across FMTs. For linear models, R? of predictions on test sets was averaged across
validation folds. Moreover, logistic LASSO regression was used to additionally
model binarized FMT outcomes per species, defined as recipient strain resilience,
recipient strain turnover and donor strain takeover, based on further summarizing
outcome categories in Supplementary Table 5. For logistic models, accuracy was
assessed as area under the receiver operating characteristic curve (AUROC)
averaged across validation folds.

Statistical analyses. Association of clinical outcomes (excluding a subset of
cohorts for which clinical success was not reported; Supplementary Table 3) with
FMT strain-level outcomes was tested using Wilcoxon tests (responders versus
nonresponders), and also by sequential ANOVA on linear regression models
(accounting for additional variables), in each case followed by Benjamini-
Hochberg correction for multiple hypothesis tests. Differences in strain-level
outcomes between species across taxonomic clades and inferred species
phenotypes were tested using ANOVA on linear regression models.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.
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Data availability

Raw metagenomic sequencing data have been uploaded to the European
Nucleotide Archive under accession nos. PRJEB46777, PRJEB46778, PRJEB46779
and PRJEB46780. The full list of included publicly available datasets, including
accession numbers and associated PMIDs, is available in Supplementary Table 1.
Contextual data are available in Supplementary Tables 2 and 3. MAGs (https://doi.
org/10.5281/zenodo.5534163)* and source data (https://doi.org/10.5281/zenodo.
6611040)” are available for download via Zenodo.

Code availability
Analysis code is available via github (https://github.com/grp-bork/fmt_metastudy).

References

61. Fuentes, S. et al. Microbial shifts and signatures of long-term remission
in ulcerative colitis after fecal microbiota transplantation. ISME J. 11,
1877-1889 (2017).

62. Coelho, L. P. et al. NG-meta-profiler: fast processing of metagenomes using
NGLess, a domain-specific language. Microbiome 7, 84 (2019).

63. Milanese, A. et al. Microbial abundance, activity and population genomic
profiling with mOTUs2. Nat. Commun. 10, 1014 (2019).

64. Coelho, L. P. et al. Towards the biogeography of prokaryotic genes. Nature
601, 252-256 (2022).

65. Huerta-Cepas, J. et al. EggNOG 5.0: a hierarchical, functionally and
phylogenetically annotated orthology resource based on 5090 organisms and
2502 viruses. Nucleic Acids Res. 47, D309-D314 (2019).

66. Vieira-Silva, S. et al. Species-function relationships shape ecological
properties of the human gut microbiome. Nat. Microbiol. 1, 16088 (2016).

67. Darzi, Y., Falony, G., Vieira-Silva, S. & Raes, J. Towards biome-specific
analysis of meta-omics data. ISME J. 10, 1025-1028 (2016).

68. Nurk, S., Meleshko, D., Korobeynikov, A. & Pevzner, P. A. MetaSPAdes: a new
versatile metagenomic assembler. Genome Res. 27, 824-834 (2017).

69. Li, H. Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. Preprint at https://doi.org/10.48550/arXiv.1303.3997 (2013).

70. Kang, D. D. et al. MetaBAT 2: an adaptive binning algorithm for robust
and efficient genome reconstruction from metagenome assemblies. Peer]. 7,
€7359 (2019).

71. Li, D., Liu, C.-M.,, Luo, R., Sadakane, K. & Lam, T.-W. MEGAHIT: an
ultra-fast single-node solution for large and complex metagenomics assembly
via succinct de Bruijn graph. Bioinformatics 31, 1674-1676 (2015).

72. Alneberg, J. et al. Binning metagenomic contigs by coverage and composition.
Nat. Methods 11, 1144-1146 (2014).

73. Sieber, C. M. K. et al. Recovery of genomes from metagenomes via a
dereplication, aggregation and scoring strategy. Nat. Microbiol. 3, 836-843
(2018).

74. Uritskiy, G. V., DiRuggiero, J. & Taylor, ]. MetaWRAP—a flexible pipeline for
genome-resolved metagenomic data analysis. Microbiome 6, 158 (2018).

75. Mende, D. R. et al. ProGenomes: a resource for consistent functional and
taxonomic annotations of prokaryotic genomes. Nucleic Acids Res. 45,
D529-D534 (2017).

76. Mende, D. R. et al. ProGenomes2: an improved database for accurate and
consistent habitat, taxonomic and functional annotations of prokaryotic
genomes. Nucleic Acids Res. 48, D621-D625 (2020).

77. Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P. & Tyson, G. W.
CheckM: assessing the quality of microbial genomes recovered from isolates,
single cells, and metagenomes. Genome Res. 25, 1043-1055 (2015).

78. Orakov, A. et al. GUNC: detection of chimerism and contamination in
prokaryotic genomes. Genome Biol. 22, 178 (2021).

79. Chaumeil, P-A., Mussig, A. J., Hugenholtz, P. & Parks, D. H. GTDB-Tk: a
toolkit to classify genomes with the Genome Taxonomy Database. Bioinformatics
36, 1925-1927 (2019).

80. Hyatt, D. et al. Prodigal: prokaryotic gene recognition and translation

initiation site identification. BMC Bioinformatics 11, 119 (2010).
. Seemann, T. Prokka: rapid prokaryotic genome annotation. Bioinformatics 30,
2068-2069 (2014).

82. Huerta-Cepas, J. et al. Fast genome-wide functional annotation through
orthology assignment by eggNOG-Mapper. Mol. Biol. Evol. 34, 2115-2122
(2017).

83. Alcock, B. P. et al. CARD 2020: antibiotic resistome surveillance with the
comprehensive antibiotic resistance database. Nucleic Acids Res. 48,
D517-D525 (2020).

84. Gibson, M. K., Forsberg, K. J. & Dantas, G. Improved annotation of antibiotic
resistance determinants reveals microbial resistomes cluster by ecology.
ISME J. 9, 207-216 (2015).

85. Mende, D. R., Sunagawa, S., Zeller, G. & Bork, P. Accurate and universal
delineation of prokaryotic species. Nat. Publ. Group 10, 881-884 (2013).

86. Schmidt, T. S. B. et al. Drivers and determinants of strain dynamics following
fecal microbiota transplantation. Zenodo https://doi.org/10.5281/
ZENODO.5534163 (2021).

8

—_

NATURE MEDICINE | www.nature.com/naturemedicine

87. Rodrigues, J. E. M., Schmidt, S. B. T., Tackmann, J. & von Mering, C.
MAPseq;: highly efficient k-mer search with confidence estimates, for rRNA
sequence analysis. Bioinformatics 33, 3808-3810 (2017).

88. Olm, M. R,, Brown, C. T., Brooks, B. & Banfield, J. E DRep: a tool for fast
and accurate genomic comparisons that enables improved genome recovery
from metagenomes through de-replication. ISME J. 11, 2864-2868 (2017).

89. Ondov, B. D. et al. Mash: fast genome and metagenome distance estimation
using MinHash. Genome Biol. 17, 132 (2016).

90. Jain, C., Rodriguez-R, L. M., Phillippy, A. M., Konstantinidis, K. T. & Aluru,
S. High throughput ANT analysis of 90K prokaryotic genomes reveals clear
species boundaries. Nat. Commun. 9, 5114 (2018).

91. Page, A. J. et al. Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics 31, 3691-3693 (2015).

92. Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced
time and space complexity. BMC Bioinformatics 5, 113 (2004).

93. Price, M. N,, Dehal, P. S. & Arkin, A. P. FastTree 2—approximately
maximum-likelihood trees for large alignments. PLoS ONE 5, €9490 (2010).

94. Li, H. et al. The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25, 2078-2079 (2009).

95. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841-842 (2010).

96. Costea, P. . et al. MetaSNV: a tool for metagenomic strain level analysis.
PLoS ONE 12, 0182392 (2017).

97. Schmidt, T. S. B. et al. Extensive transmission of microbes along the
gastrointestinal tract. eLife 8, 42693 (2019).

98. Friedman, J., Hastie, T. & Tibshirani, R. Regularization paths for generalized
linear models via coordinate descent. J. Stat. Softw. 33, 1-22 (2010).

99. Schmidt, T. S. B. et al. Analysis data, “Drivers and Determinants of Strain
Dynamics Following Fecal Microbiota Transplantation”. Zenodo https://doi.org/
10.5281/ZENODO.5534163 (2021).

Acknowledgements

We thank A. Moss (Harvard University, USA), C. Morrow (University of Alabama at
Birmingham, USA), S. Leo (University of Geneva, Switzerland), R. Goll (University of
Tromse, Norway) and D. Podlesny (University of Hohenheim, Germany) for providing
additional information on the cohorts used in this study. We further thank R. J. Alves,

A. Schwartz, M. Kuhn, P. Ferretti, S. K. Forslund and members of the Bork laboratory

at EMBL for support and constructive discussions. This work was supported by the
European Research Council under the European Union’s Horizon2020 research and
innovation program (nos. ERC-AdG-669830 to T.S.B.S., S.S.L., O.M.M., R H,, EJ. and
PB.; and ERC-AdG-686070 to L.P.C. and T.V.R.), by the German Federal Ministry of
Education and Research (LAMarCK, no. 031L0181A to A.O.) and by the European
Molecular Biology Laboratory (to W.A., A.E, AM.G., SK, R.T, M.v.S,, V.B. and P.B.).
S.S.L. acknowledges support from the European Molecular Biology Organisation (no.
ALTF 137-2018) and the National Health and Medical Research Council of Australia (no.
APP1166180). H.H. is supported by a Senior Fellowship of the Dutch Diabetes Research
Foundation (no. 2019.82.004). W.M.d.V. is supported by the Spinoza 2008 award and a
SIAM Gravitation grant from the Netherlands Organization for Scientific Research (no.
024.002.002). M.N. is supported by a ZONMW VICI grant 2020 (no. 09150182010020).
The funders had no role in study design, data collection and analysis, decision to publish
or preparation of the manuscript.

Author contributions

T.S.B.S., S.S.L, WM.d.V,, C.Y.P, M.N. and P.B. conceived and designed the study. S.D.,
H.H., T.J.B., C.Y.P. and M.N. managed the clinical studies and collection of stool samples
and clinical data. WM.d.V,, M.N,, S.K., R.H,, E]. and V.B. conducted and oversaw sample
processing and metagenomic sequencing. W.A., A.E, AM.G,, A.O,, LPC,R.T, M.VS.
and T.V.R. provided data processing and bioinformatic support. T.S.B.S., S.S.L., O.M.M.
and P.B. processed and analyzed the data. T.S.B.S., S.S.L. and P.B. wrote the manuscript,
with input from all authors.

Competing interests

TJ.B. has a pecuniary interest in the Centre for Digestive Diseases in Australia and holds
patents in the use of FMT for gastrointestinal diseases. C.Y.P. received funding grants from
Gilead and Perspectum, speaker’s fees from Tillotts and consultancy fees from Shire and
Pliant. M.N. and W.M.d.V. are founders and members of the Scientific Advisory Board of
Caelus Health (the Netherlands). M.N. is a Scientific Advisory Board member of Kaleido
Biosciences (USA). W.M.d.V. is founder and Scientific Advisory Board member of A-mansia
Biotech (Belgium). These conflicts bear no relevance to the content of this manuscript.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41591-022-01913-0.

Correspondence and requests for materials should be addressed to Peer Bork.

Peer review information Nature Medicine thanks the anonymous reviewers for their
contribution to the peer review of this work. Primary Handling editor: Alison Farrell, in
collaboration with the Nature Medicine team.

Reprints and permissions information is available at www.nature.com/reprints.


https://www.ebi.ac.uk/ena/data/view/PRJEB46777
https://www.ebi.ac.uk/ena/data/view/PRJEB46778
https://www.ebi.ac.uk/ena/data/view/PRJEB46779
https://www.ebi.ac.uk/ena/data/view/PRJEB46780
https://doi.org/10.5281/zenodo.5534163
https://doi.org/10.5281/zenodo.5534163
https://doi.org/10.5281/zenodo.6611040
https://doi.org/10.5281/zenodo.6611040
https://github.com/grp-bork/fmt_metastudy
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.5281/ZENODO.5534163
https://doi.org/10.5281/ZENODO.5534163
https://doi.org/10.5281/ZENODO.5534163
https://doi.org/10.5281/ZENODO.5534163
https://doi.org/10.1038/s41591-022-01913-0
http://www.nature.com/reprints
http://www.nature.com/naturemedicine

nature portfolio

Corresponding author(s):  Peer Bork

Last updated by author(s): Jun 17, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

)
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
wv
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No software was used for data collection (see section 'Data’ below).

Data analysis Metagenomic read processing, profiling, assembly and calling of Single Nucleotide Variants was performed using established pipelines and
tools. Data was analysed using the statistical computing framework R (v4.0.4), based on previously published algorithms with some
adaptations, as outlined in the Methods. Analysis code is available via github (https://github.com/grp-bork/fmt_metastudy); pre-processed
source data via Zenodo (DOI 10.5281/zenodo.6611040).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw metagenomic sequencing data have been uploaded to the European Nucleotide Archive under the accession numbers PRIEB46777, PRIEB46778, PRIEB46779
and PRJEB46780. Publicly available datasets used in this study were identified and downloaded manually; the full list, including accession codes and PMIDs, is
available as supplementary table. Contextual data for participants was manually curated by several expert curators and is available as online supplementary
material. Metagenome-assembled genomes are available for download via Zenodo (DOI 10.5281/zenodo.5534163).
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Sample size A literature search for publicly available metagenomic datasets was conducted and all that met quality criteria were included, in addition to
the newly generated data first described by our study. No pre-calculations of sample size were conducted. Most of our reported findings rely
on LASSO models that were built in 80:20 cross-validation; only species with sufficient observations (250 FMTs) were therefore chosen for
LASSO modeling.
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Data exclusions  Few (£10) metagenomic samples were excluded prior to analysing the data as they either had suspiciously low sequencing depths after quality
filtering or had unclear/conflicting annotated metadata.

Replication LASSO models were built using cross-validation setups and reported results were averaged over validation folds. Moreover, our entire dataset
more than doubled in size during the revision (from 142 FMTs to 316 FMTs studied), but results were qualitatively and quantitatively

reproduced on this larger set.

Randomization | No randomization was conducted in the ‘div_AU’ study due to the small cohort size (n=5). Randomization information for other cohorts used
in this study can be found in the respective original publications.

Blinding Blinding information for cohorts used in this study can be found in the respective original publications. All new metagenomic sequencing was
performed by 'blinded' technicians at the European Molecular Biology Laboratory (Heidelberg, Germany).
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|:| Antibodies g |:| ChiIP-seq
|:| Eukaryotic cell lines g |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
Human research participants
Clinical data

|:| Dual use research of concern
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Human research participants

Policy information about studies involving human research participants

Population characteristics Study population were patients (males and females aged 7-90 years) undergoing a fecal microbiota transplantation
procedure for the treatment of: recurrent Clostridioides difficile infection (n=62), infection with extended-spectrum beta-
lactamase producing bacteria (n=59), metabolic syndrome (n=50), ulcerative colitis (n=42), anti-PD1 therapy resistance in
melanoma patients (n=37), irritable bowel syndrome (n=30), Crohn’s disease (n=18), chemotherapy-induced diarrhea in renal
carcinoma patients (n=10), Tourette’s syndrome (n=5) and healthy volunteers (n=3). Detailed per-subject demographic and
clinical information on all participants, to the extent available/curatable from public studies, are reported in the
supplementary material.
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Inclusion criteria for ‘div_AU’ study: (1) males and females aged 18-75 years; (2) > 6 month history of active moderate
ulcerative colitis (Mayo score of 4-10) OR diarrhoea (> 3 motions/day) in association with a confirmed diagnosis of
Clostridioides difficile infection (toxin positive); (3) never had FMT treatment for any reason.

Recruitment Participants in the ‘div_AU’ study were consecutively-enrolled patients who were referred to the Centre for Digestive
Diseases (CDD, Australia) for treatment of either toxin-positive Clostridioides difficile infection or ulcerative colitis (Mayo
score = 4-10) from November 2014 to July 2015 inclusive, met inclusion criteria for the study and were willing to participate.
Participants were required to provide stool samples from home once a week after treatment, for one month. Each sample




had to be delivered in person to the CDD within 24 hours of collection for proper storage, thereby restricting the study
population to participants residing within short travel distance to the CDD and could manage the logistics involved in sample
collection and delivery. However, this potential bias did not impact on the standard of therapy received. Moreover, limiting
the time from sample collection to frozen storage minimized variations in the microbial community of the fecal sample
arising from environmental changes, thus improving the accuracy of our findings.

Ethics oversight Centre for Digestive Diseases Human Research Ethics Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Australian New Zealand Clinical Trials Registry under ACTRN12614000503628 (Universal Trial number: U1111-1156-5909)

Study protocol Detailed information is deposited on the ANZCTR website (https://www.anzctr.org.au) under the trial number

)
Q
—
(e
(D
1®)
(@)
=
S
c
-
(D
©
O
=
>
(@)
wv
[
3
=
Q
<

Data collection Participants in the ‘div_AU’ study were consecutively-enrolled patients who were referred to the Centre for Digestive Diseases (CDD,
Australia) for treatment of either toxin-positive Clostridioides difficile infection or ulcerative colitis (Mayo score = 4-10), met inclusion
criteria for the study and provided written informed consent.

A total of 3 patients with ulcerative colitis and 2 with Clostridioides difficile infection participated in and completed the study. Fecal
samples were collected from November 2014 to July 2015 inclusive. These were sent to the European Molecular Biology Laboratory
(Heidelberg, Germany) for metagenomic sequencing.

Further details about the study cohort can be found in the Supplementary Material.

Qutcomes This was a small-scale pilot study to explore microbiome-level outcomes (successful colonisation by donor microbes); standard
protocols were used to clinically assess remission for patients (who suffered from rCDI or ulcerative colitis).

Primary outcome: Donor microbiota implantation (defined as 50% similarity to the donor) as measured by high-throughput DNA
sequencing of bacteria in stool.

Secondary outcome: Relationship between donor microbiota implantation and clinical improvement as defined by a 3 point or
greater improvement in Mayo score for ulcerative colitis patients or eradication of Clostridium difficile infection (CDI) and
improvement in bowel frequency to 1-2 stools per day in CDI patients.




