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Fecal microbiota transplantation (FMT) has shown efficacy for the treatment
of ulcerative colitis but with variable response between patients and trials. The
mechanisms underlying FMT’s therapeutic effects remains poorly understood
but is generally assumed to involve engraftment of donor microbiota into the
recipient’s microbiome. Reports of microbial engraftment following FMT have
been inconsistent between studies. Here, we investigate microbial engraft-

ment in a previous randomized controlled trial (NCT01545908), in which FMT

was sourced from a single donor, using amplicon-based profiling, shotgun
metagenomics, and culture-enriched metagenomics. Placebo samples were
included to estimate engraftment noise, and a significant level of false-positive
engraftment was observed which confounds the prediction of true engraft-
ment. We show that analyzing engraftment across multiple patients from a
single donor enhances the accuracy of detection. We identified a unique set of
genes engrafted in responders to FMT which supports strain displacement as
the primary mechanism of engraftment in our cohort.

Ulcerative colitis (UC) is a type of inflammatory bowel disease (IBD) of
unknown etiology that is restricted to the colon'. UC is believed to arise
from a disruption in the balance between the immune system and
microbiota in a genetically susceptible individual**. Current standard
medical treatments have focused on suppressing the immune response
and are not always effective at controlling disease®. An alternative
approach is to alter the microbial environment responsible for driving
the immune response’. Fecal microbiota transplantation (FMT) has
emerged as an increasingly popular approach to alter the colonic
microbiota® and is a standard therapy for patients with recurrent Clos-
tridioides difficile infection (rCDI)"* and has also been evaluated in UC’ ™,

We reported the first randomized controlled trial (RCT) of FMT
for patients with active UC®. This RCT showed that the proportion of
patients with active UC in which remission was induced after FMT
(24%) was significantly higher than a placebo group (5%), with no dif-
ference in adverse events. This has been replicated by other
researchers and a systematic review of 12 RCTs suggests there is
moderate quality evidence that FMT can induce remission in active
UC". One of the donors involved in our trial was more successful at
inducing remission than other donors, with 7 of the 9 responders
receiving Donor B stool’. Our RCT did use single donors for each
participant with only a small pool of donors overall’. We were therefore
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positioned to study donor effects, and we are building on our previous
work by further investigating the microbial composition of patients
who received FMT from Donor B compared to those who received
placebo treatments to ask whether a specific group of microbes were
engrafted following FMT, and to determine whether microbial
engraftment is associated with remission after FMT.

Previous studies have reported microbial engraftment—the trans-
fer of microbes from donor to patients—following FMT in various dis-
ease contexts, particularly in rCDI"*"'°. However, there are inconsistent
results between studies. Even larger studies, which applied their
bioinformatic workflows to multiple publicly available datasets and
disease types’®?, reported disparate outcomes. To our knowledge,
none of these studies have applied their analytical pipelines to placebo
samples from RCTs sequenced with a metagenomic approach to assess
background noise or establish thresholds for engraftment detection.
However, placebo samples have been used to examine background
noise in a defined consortium to treat rCDI**?, and alternatively, sam-
ples from the same and different individuals have been used to estimate
potential noise in colonization”*. Moreover, culture-independent
approaches often lack the sensitivity to detect low-abundance bac-
teria. Culture-enriched sequencing methods provide a more compre-
hensive view of the human microbiome than culture-independent
sequencing, particularly for low-abundance bacteria, and past studies
have shown the utility of this approach in capturing the diversity of
intestinal’®?, lung?®*, skin®, and urine® human microbiota.

To answer the question of whether specific groups of microbes are
responsible for inducing remission in UC, we have therefore used three
high-throughput sequencing approaches; culture-independent (direct)
16S rRNA gene amplicon sequencing, culture-independent (direct)

A  Randomized Controlled Trial

Remission
0e® FVT @
Aadh =) M -24%)
n=36
[ ) ® @ Placebo g
) G n-2(5%)
n=34
atients on atients on
B Placebo FMT oncit
FRERF TR
Res=2 Res=8
non-Res=29 non-Res=12 34 samples
62 samples 40 samples

16S rRNA gene amplicon
sequencing

C atients on atients on
Placebo FMT e
FEar ey
Res=2 Res=6
non-Res=10 ||non-Res=6 5 samples
24 samples 24 samples,

Shotgun whole genome
sequencing

Fig. 1| Diagram of study design. A The double-blind randomized control trial of
FMT for UC patients’. B Direct 16S rRNA gene amplicon sequencing of stool was
conducted for all patients and Donor B samples. Note that no baseline sample was
available for one of the Donor B responders and this subject was excluded from our
analysis. C Shotgun metagenomic sequencing was carried out for a subset of
patients who received FMT from Donor B. 6 responders and 6 non-responders and

shotgun metagenomic sequencing (DMG), and culture-enriched shot-
gun metagenomic sequencing (CEMG). Further, we asked whether
observed engraftment truly reflected the donor microbiome’s influ-
ence, or if it was an artefact of low sampling resolution. To address this,
we used a unique dataset, containing stool samples from patients
receiving FMT from a single donor and those procured from patients
undergoing placebo treatments. This multifaceted approach enables us
to provide insights into the microbiome’s potential role in UC remission.

Results

Study design

Our RCT involved 70 patients, with 36 undergoing FMT and 34
receiving a placebo’. At the trial’s conclusion, 9 patients in the FMT
group (7 from Donor B) and 2 in the placebo group had entered
remission (Fig. 1A). For an accurate assessment of microbial engraft-
ment from Donor B, we revisited the 16S rRNA gene amplicon
sequencing data with enhanced resolution by using amplicon
sequence variants (ASV)* instead of operational taxonomic units
(OTUs). This reanalysis involved paired pre- and post-treatment sam-
ples from 20 FMT recipients of Donor B’s stool, and 31 placebo reci-
pients (Fig. 1B). We selected all available responders and an equal
number of non-responders from the Donor B FMT group (6 per group)
and both responders and 10 non-responders (chosen at random) from
the placebo groups for shotgun metagenomics. Additionally, shotgun
metagenomic sequencing was applied to four longitudinal samples
from Donor B (Fig. 1C). We built a comprehensive sequence library of
Donor B’s samples via culture-enriched metagenomic sequencing,
assembly, and annotations previously described” (Fig. 1D, see Sup-
plementary Information, Supplementary Fig. 1).
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Fig. 2 | Comparison of rates of apparent engraftment of donor feature between
FMT and placebo groups. Detection of apparently engrafted ASVs from 16S rRNA
gene sequencing (A), species predicted from shotgun metagenomic sequencing (B)
and strain markers predicted from shotgun metagenomic sequencing (C). Top
panels: Comparison of the number of apparently engrafted features observed in
FMT vs. placebo samples. The x-axis shows the number of patients a feature is
apparently engrafted present in, and the y-axis shows the number of features
observed to be apparently engrafted in exactly that many patients within FMT
(green) or placebo (gray) samples. Middle panels: Counting the number of appar-
ently engrafted features that are unique to FMT samples (green), placebo samples

Increasing # of patients

Increasing # of patients

(gray), or present in both (orange). The x-axis shows the number of patients a
feature is apparently engrafted in, and the y-axis shows the number of features
observed apparently engrafted in exactly that many patients. Bottom panels: The
number of apparently engrafted features in FMT samples that are present in
patients who responded to FMT treatment (Res,blue lines) and did not respond
(NoRes, red lines). The differences between the points on the green and gray (left
panels) or blue and red (right panels) lines were used to compute test statistics,
with two-sided p values calculated using 1999 permutations by comparing the
observed test statistic to the null distribution.

Microbial engraftment is present after FMT against a back-
ground of false positives

We have previously shown that culture-independent methods often
underestimate microbial diversity in a stool sample compared to
culture-enriched approaches®. If a patient has a donor feature below
the detection limit at baseline but it is detected after FMT, this will
appear as engraftment but would be a false positive. We refer to this as
spurious engraftment. Here we compare measurements of engraft-
ment in FMT recipients from a single donor and placebo recipients to
estimate the extent of spurious engraftment at different sequencing
resolutions, including 16S rRNA gene amplicons (ASVs), short-read
metagenomics analysis at species (MetaPhlAn4®), and strain
(StrainPhlAn4*) levels.

Conceptually, there should be no engraftment in the placebo
group, and we hypothesized that spurious engraftment (false posi-
tives) would be minimal. Furthermore, we expect significant microbial
engraftment to correlate with clinical remission after FMT. To inves-
tigate this, we utilized samples from Donor B in both 16S rRNA and
shotgun metagenomics sequencing datasets, establishing a stringent
cut-off to define apparent microbial engraftment. A microbe was only
described as engrafted if its relative abundance was zero prior to FMT
and rose above our established cut-off after FMT (detailed in Methods,
Supplementary Fig. 2).

Initially, we investigated whether a clear difference exists
between rates of apparent engraftment in the FMT and placebo
groups. Our dataset, involving a single donor, allowed us to identify
features that were apparently engrafted in multiple patients. We
postulate that engraftments observed in multiple individuals are
more likely to be the result of true microbial colonization and less
reflective of individual-specific microbial changes during FMT. We
identified donor ASVs, species, and strain markers that appeared to
be engrafted in a given numbers of patients ranging from one, two,
three, etc. from both FMT and placebo groups (Fig. 2A-C, top panels).
We then computed the differences in numbers of each type of
engraftment event for each dataset (donor vs placebo) and used
permutation tests to determine whether the amount of apparent
engraftment observed in patients who received FMT was significantly
different from the amount observed in placebo (see Methods, Sup-
plementary Table 1). The results showed that the FMT group had a
significantly higher number of apparent engraftments than the pla-
cebo group (p-values presented in Fig. 2A-C, top panels), high-
lighting the likelihood that FMT leads to (at least some) true
engraftment. However, a high number of spurious engraftments were
also observed in the placebo group at ASV, species, and strain marker,
even with our stringent cut-off, suggesting considerable noise (false
positive) in microbial engraftment detection.
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Next, we identified apparently engrafted donor ASVs, species, and
strain markers that were unique to either the FMT or placebo groups,
or shared between them (“overlap”), as shown in Fig. 2A-C (middle
panels). The shotgun metagenomic dataset contained a stronger signal
than the 16S dataset, showing that a higher proportion of apparently
engrafted features are unique to the FMT group. Interestingly, the
number of apparent engraftments in the unique-to-placebo group that
were shared in more than one individual was reduced in species- and
strain-level analysis. This indicates that looking for features that appear
to engraft in multiple patients reduces the risk of detecting spurious
engraftment. The number of apparently engrafted features that were
observed in both FMT and placebo groups underscores the impor-
tance of including placebo sequencing in studies and reflects the fact
that common microbial changes in individuals over time can mimic an
engraftment signal.

Last, we explored whether microbial engraftment is associated
with the response to FMT treatment. We compared the number of
apparently engrafted features in responder and non-responder
patients in the FMT group across ASV, species, and strain marker
datasets (Fig. 2A—C, bottom panels). The 16S dataset included 14 non-
responders and 6 responders, while the shotgun metagenomic data-
sets included the same 6 responders and a sub-set of non-responders
(n=6). Similar to the placebo vs. FMT comparisons described above,
we calculated the differences in the number of engrafted features and
weighted engraftment statistics (see Methods) and used permutation
tests to compare the two groups. The results indicated no clear dif-
ference in the number of apparent engraftments between responders
and non-responders Supplementary Table 1). Numbers of apparently
engrafted features can be found in Supplementary Tables 2 and 3.

High resolution mapping of patient reads to Donor B MAGs to
detect apparent genome engraftment

The results above indicate that detection of microbial engraftment may
require greater microbial resolution than amplicon-based or read-based
shotgun metagenomic sequencing. We hypothesized that co-
assembling sequences from direct and culture-enriched metagenomic
sequencing (CEMG) of the Donor B microbiota would improve gene and
metagenome assembled genome (MAG) recovery from this donor
compared to the commonly used direct metagenomic (DMG) approach.
To generate the highest possible resolution assembly of Donor B’s
microbiota, we built a comprehensive database using a co-assembly of
four longitudinal DMG samples as well as our single CEMG sample (see
Supplementary Information, Supplementary Fig. 1). We focused on 209
high quality MAGs out of a total of 447 bins in our databases. To track
the engraftment of these MAGs after FMT, we mapped raw shotgun
reads — subsampled to uniform sequencing depth — from the pre- and
post-treatment samples of 24 patients (12 FMT recipients and 12
placebo-treated individuals, 48 samples in total) to these 209 MAGs.

To define the thresholds for MAG engraftment, we mapped raw
sequence reads from our four Donor B samples to the Donor B MAG
database. In each sample, we observed bimodal distribution in MAG
coverage, with the modes at the extremities of the distribution. We
reasoned that MAGs that were present in that sample were the ones
that appeared in the upper mode, where at least 75% of the length of
the MAG was covered at least 1x, and the MAGS that were absent from
that sample were those that appeared in the lower mode, where no
more than 20% of the length of the MAG was covered at least 1x. We
therefore set these coverage values as our cutoffs for presence and
absence, respectively (Supplementary Fig. 2).

We assessed the number of apparently engrafted MAGs in FMT
recipients compared to placebo recipients, using methods like those in
the read-based metagenomic analyses described above. Our goal was
to determine if assembly-based assessments would reveal clear dif-
ferences between the FMT and placebo groups. Consistent with pre-
vious results, we found a significant increase in the number of MAGs

apparently engrafted in any given number of patients in the FMT group
compared to placebo (Fig. 3A top panel), permutation test p = 0.008).
We observed no significant differences in the numbers of engrafted
MAGS, or the numbers of patients per engrafted MAG, when com-
paring FMT responders to non-responders (Fig. 3A bottom panel),
permutation test p = 0.24).

Upon examining MAGs engrafted in one or more individuals, we
found that 57% of engrafted MAGs (42 out of 74) were unique to
patients who received and responded to FMT (Fig. 3A middle panel B),
and most of these events were observed in 3 recipients (patients 4, 10,
and 56). Lachnospiraceae, Ruminococcaceae, and Oscillospiraceae were
the most abundant families among these MAGs (Fig. 3C). These find-
ings suggest that microbial alterations in response to FMT are indi-
cating that even genome-resolved metagenomic approaches to detect
engraftment are also prone to false positives.

A signature of gene engraftment in patients who

responded to FMT

Although culture enrichment allowed us to refine 209 MAGs from a
single FMT donor, tracking MAGs omits information from the majority
of assembled reads, which remain in bins or contigs excluded from
MAGs. Since MAGs represent incomplete genomes™, a more com-
prehensive approach to investigating engraftment would focus on all
donor genes.

We aimed to identify genes linked with engraftment and response
to FMT. Using all Donor B contigs >2.5 kb long, we identified a total of
755,662 genes. We then used precise mapping of raw reads from all the
patient samples (n=48), to the Donor B gene database. We define
apparently engrafted genes as those with <Ix coverage over less than
25% of their length in the baseline sample, and >1x coverage over 90%
or more of their length after treatment.

We employed the same methodology used in Fig. 2 to assess
engraftment in the FMT and placebo groups. Our results revealed a
significant difference in the number of apparently engrafted genes
between patients treated with FMT and those receiving placebo
(Fig. 4A top panel), permutation test p=0.001). Consistent with all
previous analyses, the number of apparently engrafted genes unique
to the placebo group decreased as we restricted the count to genes
apparently engrafted in increasing numbers of patients (Fig. 4A middle
panel). Consistent with other datasets, we could not clearly see a dif-
ference in the number of engrafted genes between responders and
non-responders within the FMT group (Fig. 4A bottom panel, permu-
tation test p = 0.86).

To enrich for legitimate engraftment events, we focused on genes
engrafted in three or more patients. This provided a set of 45,419
genes. Among these, 56.9% (25,826) were engrafted in both FMT and
placebo recipients (Fig. 4B, orange). Notably, 37.9% (17,230) were
exclusive to FMT recipients (Fig. 4B, green), while only 5.2% (2363)
were unique to the placebo group (Fig. 4B, gray). This final category,
since it is known to be false positives, was not subject to further ana-
lysis. Genes unique to responders represented 3.3% (1488), compared
to only 0.6% (283) in non-responders (Fig. 4B). To trace the origins of
genes uniquely associated with FMT responders, we examined their
presence in contigs grouped in MAGs and non-MAG bins. We found
620 genes within 55 unique MAGs, 535 in contigs not assigned to any
bin (“UnBin”), and 333 in 32 non-MAG bins (Fig. 4C). These findings
highlight the importance of our gene-based approach. Relying solely
on genome detection strategies using MAGs would have prevented the
identification of most of these genes.

Taxonomic specificity of commonly engrafted genes and
distribution in an independent IBD patients

To further investigate the genes engrafted in at least 3 responders, we
searched for these genes in 33,167 RefSeq genomes from all bacterial
phyla, updated as of May 2023. Our objective was to ascertain whether
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by comparing the observed test statistic to the null distribution. B All donor MAGs
engrafted in at least one patient. Green represents MAGs exclusively engrafted in
FMT recipients, gray indicates MAGs spuriously detected as engrafted in the Pla-
cebo group, and orange signifies MAGs detected in both FMT and Placebo treat-
ment cohorts. MAGs are ordered on the x axis by which group(s) of patients they
were apparently engrafted in (C). The family-taxonomy of donor MAGs engrafted in
at least one patient.

these genes are widely distributed across various taxa or are specific to
certain strains.

Our analysis revealed that 66 out of the 33,167 genomes contained
the genes of interest, each with more than five genes per genome.
These genomes were distributed across six bacterial families (Fig. SA).
Notably, genes identified in the families Bacteroidaceae were present in
multiple species within their genera, suggesting these were widely
shared between strains within the Bacteroides genus. By contrast,
genes present in Lachnospiraceae and Ruminococcaceae, were more
strain-specific within a species. The remaining families contained 11%
of the detected genes. (Fig. 5B).

Among the responder specific genes, 1415 were annotated as
coding sequences (CDS) with a median length of 491 bp. Of these, 845
proteins were previously characterized or had predicted function by
homology, while the remaining were hypothetical proteins with no
predicted function. Among the characterized proteins, 593 were dis-
tributed across 19 diverse Clusters of Orthologous Groups (COG)
categories. The most prevalent categories included Transcription,
which accounted for 12.8% of these proteins, followed by Replication,
Recombination, and Repair (12.3%), and Carbohydrate Transport and
Metabolism (8%).

One notable observation (Supplementary Fig. 3) is that for any
individual only a small portion of the microbiome features are shared
between patient and donor. However, most of the donor’s microbiome
features are shared with at least one subject. This is also true of

engrafted features. This reflects the high individual variability in
human gut microbiomes.

Expanding our investigation, we utilized a larger dataset of pub-
licly available metagenomic samples (PRJNA40007229%), which
included healthy individuals (n = 56), UC patients (n =76), and patients
with Crohn’s disease (CD) (n=88). We mapped these reads to the
responder specific genes to determine their presence and relative
abundance in the samples. Intriguingly, we found a notable reduction
in both the number and relative abundance of these genes in IBD
patients compared to healthy individuals. (Tukey test, p-values in
Fig. 5C, D, overall ANOVA p<0.0001). These observations, derived
from an independent and more extensive dataset, further underscore
the potential significance of these genes in the context of IBD.

Discussion

FMT has emerged as a promising therapeutic option for UC, demon-
strating efficacy in RCTs when compared to placebo'*. However, the
variability in patient response remains a critical challenge, under-
scoring the need to understand the factors influencing the success of
FMT. Donor microbiota composition has been implicated in treatment
outcomes, with studies reporting both donor-dependent efficacy and
improved outcomes when pooling microbiomes from multiple
donors®®¥, In this study, we aimed to dissect the mechanisms
underlying successful FMT by examining microbial engraftment in UC
patients.
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apparently engrafted genes in FMT and placebo groups. A Top panel: Examination
of apparently engrafted genes in patients receiving FMT (n =12) or placebo (n=12)
treatment. The x-axis shows the number of patients in which each gene appears to
be engrafted, emphasizing common gene engraftment. A Middle panel: Dis-
criminating donor gene engraftment patterns across all patients (n =24) to dis-
tinguish unique engraftment in FMT (green), in Placebo (gray), and genes
engrafted in both FMT and Placebo (orange). A Bottom panel: Comparison of
apparently engrafted genes in FMT patients in responders (Res, n =6, blue) and
non-responders (NoRes, n= 6, red). The differences between the points on the
green and gray lines (A, top panel)) or blue and red lines (A, bottom panel) were

used to calculate the test statistics for the permutation tests, with two-sided p
values calculated using 1999 permutations by comparing the observed test statistic
to the null distribution. B Donor genes that engrafted in at least 3 patients are
categorized as follows: genes engrafted in FMT patients but also present in the
placebo group are shown in orange; genes unique to the placebo or FMT groups
are depicted in gray and green, respectively. Among genes apparently engrafted
only in FMT, those found in both responders and non-responders, as well as those
unique to each group, are separately grouped on the x-axis. C Distribution of the
genes apparently uniquely engrafted in 3 or more FMT responders in our Donor B
assemblies. Among these genes, 333 were found in 32 metagenomic bins, 620 were
present in 55 MAGs, and 535 genes were located on un-binned contigs (“UnBin”).

We examined the rates of apparent engraftment in both FMT and
placebo groups. We observe a high rate of spurious engraftment (false
positives) in the placebo group which confounds the prediction of true
engraftment. This demonstrates that it is not sufficient for a feature to
meet engraftment criteria of absence in a baseline and presence in
both donor and post-FMT samples. Additionally, our data suggest that
analyzing engraftment across multiple patients from a single donor
enhances the accuracy of detection. It is possible that placebo
engraftment represents the acquisition of strains from environmental
sources. However, the probability that environmental sources of
spurious engrafted features match donor is low.

Our analysis also underscores the necessity of integrating placebo
group sequencing in investigation of post-FMT engraftment. Our data
from the placebo controls demonstrated that a substantial amount of
false positives detection occurs, and caution must be taken when
interpreting results. These false positives arise because donor features
in a patient (e.g., species/strains/MAGs/genes) may be present at
baseline but below the level of detection. If these features increase and
are detected at a second timepoint, then they will appear to be
engrafted. By refining engraftment thresholds and employing rigorous
controls, we aim to provide a clearer and more reliable framework for
interpreting FMT outcomes in UC. This is not unexpected since even
deep sequencing does not capture the full complement of microbes
present. As we have shown previously?****’ and here (Supplementary

Fig. 1), comprehensive culture methods enrich the number of features
detected 3-4 fold.

The application of MAGs in studying microbial engraftment after
FMT presents significant challenges. The inherent difficulties in accu-
rately assembling MAGs from complex microbial communities result
in the exclusion of a substantial portion of sequencing data (>50%).
The non-MAG metagenomic data will include species present at lower
abundance, plasmids, mobile genetic elements, and when multiple
strains of a species are present - strain-specific genes. Using the define
thresholds for donor MAG presence and absence in subjects, we
observed 4 MAGs predicted to be engrafted in at least three FMT
recipients, but only one of these, a Lachnospiraceae, was shared
between 3 responders (Hominisplanchenecus faecis).

The clearest signals of engraftment in our study came from the
gene dataset where specific sets of donor genes were predicted to be
engrafted and associated with response in multiple FMT recipients.
The gene-level analysis is consistent with most engraftment events
being associated with strain displacement where a donor strain
replaces a recipient strain of the same species. It is also possible that
some engrafted genes may represent horizontal gene transfer events.
Here we use strain in the context of the presence and absence of
accessory genes which focuses on functional differences between
strains. Approximately 60% of these genes were not found in MAGs
even though our culture-enriched metagenomic increased the number
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individuals (n=56) and patients with UC (n=76) and CD (n=CD). We utilized
metagenomic reads from a publicly available dataset (PRINA40007229%) that
includes samples from healthy donors and IBD patients to explore the association
of these genes with health status. Box plots show the median (center line), inter-
quartile range (IQR) (box bounds), and whiskers extending to the smallest and
largest values within 1.5 x IQR, with outliers excluded. Statistical significance was
assessed using one-way ANOVA followed by Tukey’s post-hoc test, both of which
were two-sided. D Comparison of the relative abundance of these commonly
engrafted genes within the same cohort as (C), using the same statistical analysis.

of MAGS 4-fold and increased the size of most MAGs compared
to standard metagenomics. Furthermore, MAGs containing these
genes (n=>55) were not predicted to be engrafted. This reflects the
incomplete nature of MAGs and the challenges of establishing the
thresholds set for presence and absence of features (Supplemen-
tary Fig. 2).

Strains can be defined by single nucleotide polymorphisms in
defined set of single core genes (e.g., StrainPhlAn). This is a powerful
approach for tracking lineages over time and other evolutionary stu-
dies as it avoids the confounding effects of horizontal gene transfer.
The strain-sharing inference pipeline within StrainPhlAn calculates
pairwise distances between samples without distinguishing unique
strain properties®. Applying this method to our data, we found a
strong signature of engraftment (Supplementary Fig. 7) and only a
small number of the total species-level bins passed the threshold to be
included 54 out of 252 (Supplementary Fig. 8). However, this is a dis-
tance matrix of the distribution of strain markers within a species and it
does not identify specific engrafted strains per se. While the results
suggest that engraftment is occurring within a species, we can not
identify a specific strain or marker associated with this approach.
Other limitations of the strain-sharing inference pipeline for our

specific question of identifying engrafted features are discussed in the
supplementary methods.

Using a gene-centric methodology we identified specific sets of
genes uniquely present in patients who responded to FMT treatment.
Many of these genes are involved in diverse microbial metabolic
pathways. However, a main challenge in interpreting these results
arises from the limited annotations available in existing databases, and
a significant proportion of the predicted genes (-25%) have no pre-
dicted function. Our study was limited by small number of subjects and
responders in our trial. Despite these limitations, when examining
these commonly engrafted genes with a larger cohort of IBD patients,
we found that they were consistently depleted, suggesting a possible
protective or beneficial role for these genes that is disrupted in this
disease state.

Our analysis revealed a notable pattern of strain specificity among
these genes, particularly in species within the Lachnospiraceae and
Ruminococcaceae families. Interestingly, the same taxa were among
the top engrafted bacteria in other feature types (Supplementary
Fig. 9). This specificity suggests that certain strains of these species
may be important for achieving the desired therapeutic outcomes of
FMT. Conversely, in the Bacteroides genus, we observed that these
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genes are not confined to strains of specific species but are rather
widespread across the genus (Fig. 5). As might be predicted from this
distribution, there is relatively low level of prediction for Bacteroides
MAG engraftment (Fig. 3). This distribution pattern could indicate a
broader functional role for these genes within the Bacteroides or may
be reflective of an accessory genome that is more widely shared across
the family.

Strain level engraftment may also reflect direct strain-strain com-
petition where donor strains that are more adept at outcompeting a
patient’s own strains and may be independent of response to FMT.
However, we do find donor genes specifically engrafted in multiple
responders, and also show these genes are depleted in stool metage-
nomic samples from ulcerative colitis and Crohn’s disease patients
compared to healthy controls (Fig. 5C, D). These observations provide
support for a role of these genes in response to FMT.

The objective of this study was to attempt to identify engrafted
features of the donor that were associated with clinical response in
patients. The high level of false positive engraftment in the placebo
group highlights one of the challenges in studying engraftment. This
was independent of the methodological approach applied and is an
inherent challenge amplicon of metagenomics studies of micro-
biomes. An interest in this field has been to replace FMT with defined
consortia of microorganisms. For reasons discussed above, defining
strains based on precise gene level engraftment may more accurately
reflect functional requirements for response. A consortium of strains
defined by gene-level engraftment might be more effective as a FMT
alternative than a consortium based only on species considerations. By
focusing on these key microbial players and their functional genes, and
investigating their roles in health and disease, we can begin to piece
together the intricate mechanisms through which the microbiota
exerts their beneficial effects, paving the way for refined FMT strate-
gies tailored to individual microbial compositions.

Methods

Study design and sample collection

The clinical study design and sample collection was as described
previously’. Briefly, 70 active UC patients (Mayo score >=4 with an
endoscopic Mayo score >=1) were randomly assigned to either 6 weeks
of FMT (once per week; 50 mL, via enema, from healthy anonymous
donor) or placebo (once per week; 50 mL water enema) in a double-
blind randomized controlled trial. Stool samples were collected at
baseline (before treatment), and during each week of the trial. Written
informed consent for microbiome analysis was obtained by all parti-
cipants. The clinical trial' (NCT01545908) was approved by the
Hamilton Health Sciences/McMaster University Research Ethics Board
(REB # 11-600).

DNA extraction and 16S rRNA gene sequencing

Genomic DNA extraction and PCR amplification of the V3 region of 16S
rRNA gene was conducted using previously described protocols™*°.
Briefly, 0.2g of fecal matter was mechanically homogenized using
ceramic beads in 800 pL of 200 mM NaPO 4 (pH 8) and 100 pL of
guanidine thiocyanate-EDTA-N-lauroyl sacosine. This was followed by
enzymatic lysis of the supernatant using 50 pL of 100 mg/mL lyso-
zyme, 50 pL of 10 U/pL mutanolysin, and 10 pL of 10 mg/mL RNase A
for one hour at 37 °C. Then, 25 pL of 25% sodium dodecyl sulfate (SDS),
25 pL of 20 mg/mL proteinase K, and 75 pL of 5 M NaCl was added, and
incubated for one hour at 65°C. Supernatants were collected and
purified through the addition of phenolchloroform-isoamyl alcohol
(25:24:1; Sigma, St. Louis, MO, USA). DNA was recovered using the DNA
Clean & Concentrator TM -25 columns, as per manufacturer’s
instructions (Zymo, Irvine, CA, USA) and quantified using the Nano-
Drop (Thermofisher, Burlington, ON). After genomic DNA extraction,
the V3 region of the 16S rRNA gene was amplified via PCR using these
conditions per reaction well: Total polymerase chain reaction volume

of 50 uL (5 pL of 10X buffer, 1.5 pL of 50 mM MgCI 2, 1 pL of 10 mM
dNTPs, 2 uL of 10 mg/mL BSA, 5 pL of 1 uM of each primer, 0.25 pL of
Taq polymerase (1.25 U/pL), and 30.25 pL of dH 2 O. Each reaction was
divided into triplicate for greater efficiency. The primers used in this
study were developed by Bartram et al.**. PCR conditions used inclu-
ded an initial denaturation at 94 °C for 2 min, followed by 30 cycles of
94 °C for 30s, 50°C for 30s, 72°C for 30, followed by a final elon-
gation at 72 °C for 10 min. All samples were sequenced using an Illu-
mina MiSeq platform at the McMaster Genomics Facility (Hamilton,
Ontario, Canada). Samples were processed in batches, meaning not all
samples were extracted and sequenced at the same time.

16S rRNA gene sequencing processing pipeline
Cutadapt*® v1.14 was used to filter and trim adapter sequences and PCR
primers from the raw reads, using a quality score cut-off of 30 and a
minimum read length of 100 bp. We used DADA2*? v1.14.0 to resolve
the sequence variants from the trimmed raw reads as follow. DNA
sequences were trimmed and filtered based on the quality of the reads
for each Illumina run separately. The Illumina sequencing error rates
were detected, and sequences were denoised to produce ASV count
table. The sequence variant tables from the different Illumina runs
were merged to produce a single ASV table. Chimeras were removed
and taxonomy was assigned using the DADA2 implementation of the
RDP classifier against the SILVA database* v1.3.2, at 50% bootstrap
confidence.

The ASV, taxonomy, and clinical tables were all merged into one
data object in R v4.2.0 using Phyloseq v1.40.0 package**.

Library preparation for shotgun metagenomic sequencing

We conducted direct shotgun metagenomic sequencing on 48 sam-
ples collected from 24 patients (12 patients who received FMT (6
responders and 6 non-responders) and 12 who received placebo (both
responders and 10 non-responders)), at 2 time points each (baseline
and 6 weeks after treatment), as well as 4 samples from Donor B.
Genomic DNA was standardized to 5 ng/pL and sonicated to 500 bp.
Using the NEBNext Multiplex Oligos for Illumina kit (New England
Biolabs), DNA ends were blunted, adapter ligated, PCR amplified, and
cleaned as per manufacturer’s instructions. Library preparations were
sent to the McMaster Genome Facility and sequenced using the Illu-
mina HiSeq platform, with a mean depth of approximately 18 million
paired-end reads per sample.

Culture-enriched and independent metagenomics on Donor B
samples

A fresh, anaerobic fecal sample was collected from Donor B. The col-
lected sample was cultured using 33 different media, and incubation of
plates anaerobically and aerobically resulted in 66 culture conditions
for culture-enriched molecular profiling using a previously described
protocol®. The list of media and culture conditions are described
therein. 16S rRNA gene amplicon sequencing was conducted on plate
pools of all 66 culture conditions. To determine a subset of plates that
adequately represent the sample, the distribution of ASVs in the direct
sequencing was compared to the culture-enriched sequencing using
the PLCA algorithm?. Shotgun metagenomics was conducted on the
13 plate pools identified by the PLCA algorithm as representing the
community. Genomic DNA was isolated from the all 13 selected plate
pools and shotgun metagenomics conducted as previously described,
with a mean depth of approximately 14 million paired-end reads per
plate pool. Direct shotgun metagenomics was also conducted on the
same fecal sample directly.

Comparison of the culture-enriched metagenomics with direct
metagenomics data

To build a culture-enriched metagenomic library, raw shotgun
sequences from the selected plate pools and the original fecal sample
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collected from Donor B for culturing were co-assembled as follows:
Low-quality reads and sequencing primers were removed using
Trimmomatic® v0.38 with ‘LEADING:3  TRAILING:3  SLI-
DINGWINDOW:4:15 MINLEN:36" option. The reads were decontami-
nated for any human DNA using DeconSeq** v0.4.3. These cleaned
reads were then co-assembled using metaSPAde* v3.10.1. Filtered raw
reads were mapped to contigs (minimum length of 2.5 kb) using BWA-
mem*® v0.7.17, and then binned with Metabat2*’ v2021. This was done
for both the CEMG assembly and direct metagenomic sequencing
(DMG) reads from the fecal sample, using identical methods. These
datasets are referred to as CEMG and DMG, respectively.

The microbial compositions of DMG and CEMG datasets were
then comprehensively evaluated using the following procedure: The
single-copy core genes were identified within each bin using CheckM*®
v1.1.2, any bin with minimum 70% completion and maximum 10%
contamination was defined as a metagenome assembled genome
(MAG). The shotgun reads were mapped to the assembled contigs to
estimate sequence coverage for all contigs, Bins, and MAGs. We used
BWA-mem* to map reads to assembled contigs and the anvio
pipeline*’ to normalize the coverage to depth of sequencing. Detec-
tion values were calculated for each bin using anvio*. A detection
value is defined as the proportion of a given MAG that is covered by at
least one read; in other words, it estimates the proportion of MAG that
recruited reads to it.

For taxonomic assignment of the metagenome-assembled gen-
omes (MAGs), we utilized GTDB-Tk*° v202.0. We built a maximum-
likelihood phylogenetic tree using the aligned protein sequences from
GTDB with FastTree®. To compare the lengths of MAGs in DMG and
CEMG, we selected MAGs based on their proximity in the phylogenetic
tree. The total assembly length was determined by summing contig
lengths, calculated with metaSPADE, in R. All figures were created and
visualized using R version 4.0.3.

Shotgun metagenomic sequencing processing pipeline

Raw reads were filtered to remove low-quality sequences and decon-
taminate human-derived reads using KneadData. These filtered reads
were then analyzed to identify species- and strain-level markers with
MetaPhlAn4 and StrainPhlAn4, respectively. To profile the relative
abundance of species, MetaPhlAn4** v4.0.4 was employed with the ‘-t
rel_ab’ option. MetaPhlAn4 introduces the ability to perform strain-
level profiling using non-aggregate marker information from the
StrainPhlAn4 pipeline®. This method enables strain tracking and
comparison across multiple samples. For strain tracking in this study,
we used the -t marker_ab_table’ option alongside the “--nreads’ para-
meter to specify the number of metagenomic reads. A default mini-
mum Reads Per Kilobase (RPK) of 1 was applied to identify a marker as
present.

We estimated strain-sharing inferences using a previously pub-
lished workflow (Valles-Colomer et al.®®) based on StrainPhlAn4
v4.0.4%. Species-level markers, previously generated during the
MetaPhlAn4 step, were extracted from all samples using the ‘sam-
ple2markers.py’ script. These markers, referred to as Species-level
Genome Bins (SGBs), were used to infer strain-level variation.

For every species (SGB) detected in Donor B samples (n=4), a
database containing the marker genes was built using the ‘extra-
ct_markers.py’ script. Single Nucleotide Variant (SNV) profiling was
performed for each Donor B species to generate phylogenetic trees
using StrainPhlAn4. To enhance sensitivity for strain engraftment
detection, we applied a set of predefined parameters (‘--sample_
with_n_markers 20, “--marker_in_n_samples 50°) to retain more samples
and markers during SNV alignment. Pairwise phylogenetic distances
for SGBs passing the SNV profiling step were calculated using the
‘tree_pairwisedists.py’ script.

We utilized pre-computed species-specific strain identity thresh-
olds from Valles-Colomer et al.” which were based on comparisons of

inter- and intra-individual phylogenetic distances. These thresholds,
publicly available on the MetaPhlAn GitHub repository, were used to
identify strain engraftment events.

Filtered metagenomic reads from donor samples (n=4) and
culture-enriched plate pools (n=13) were co-assembled using
metaSPAdes® v3.10.1 to create a comprehensive Donor B database.
Contigs of at least 2.5 kb were annotated with Bakta® v1.5.0 to identify
genes. These annotated contigs were then binned with Metabat2*
v2021, leveraging mapping data from all plate pools and Donor B
samples. The quality of the resulting bins was evaluated using
CheckM* v1.1.2; bins with a completion rate of at least 70% and con-
tamination of 10% or less were designated as metagenome-assembled
genomes (MAGs). Taxonomic classification of MAGs was performed
using GTDB-Tk*° v202.0.

All patient metagenomic samples (n = 48) were normalized to the
lowest sequencing depth observed in the dataset (5.5 million paired-
end reads) using seqtk™ v1.1.0 for random subsampling. These rarefied
reads were mapped to the genes and contigs assembled from Donor B
using BWA-mem*® v0.7.17, applying perfect match filtering options -O
60 -E 10 -L 100'. Coverage information at 1x was calculated using
samtools®* ‘coverage’.

A database of 33,167 RefSeq bacterial genomes, categorized as
‘assembly-level complete’ and downloaded as of May 2023, was com-
piled using a custom Python script. We identified a unique set of genes
present exclusively in responder patients and used these as query
sequences for BLAST searches against this database, employing
BLAST> v2.13.0 +. Hits were selected based on stringent criteria: per-
cent identity of at least 90%, query coverage of at least 90%, and gene
lengths of 100 base pairs or more. Genomes containing at least five
such genes were visualized. The taxonomy of these genomes was
determined using GTDB-Tk*® v202.0. To functionally annotate these
genes, they were clustered at 90% protein identity using MMseqs2°>®
v13.45111 and then profiled against KEGG, COG, and PFAM databases
using eggNOG-mapper®’ v 2.1.7 and database version of 5.0.2.

Additionally, a publicly available metagenomic dataset
(PRJNA40007229%), comprising samples from 56 healthy subjects, 76
patients with ulcerative colitis (UC), and 88 patients with Crohn’s dis-
ease (CD), was downloaded from the Sequence Read Archive (SRA).
These samples were mapped to the identified gene set using BWA-
mem*® v0.7.17, applying strict matching filters (O 60 -E 10 -L 100’).
samtools® ‘coverage’ was then used to quantify the presence of these
genes in each sample and to calculate the percentage of reads mapped
to these genes per sample.

Feature types

As described above, we used the 16S and shotgun metagenomic reads
from our samples to generate five datasets, each consisting of a single
feature type: 16S rRNA gene amplicon ASVs, species, strains, MAGs,
and genes. The 16S ASVs are the only feature type that was generated
using amplicon-based methods. The rest were based on the shotgun
metagenomic reads. Within these remaining four, species and strains
were read-based methods because they did not require assembly,
while MAGs and genes were assembly-based, since they used contigs
of assembled reads. We analyzed all five feature types to determine
which method allowed us to minimize the spurious appearance of
engraftment, while still having the sensitivity to detect true engraft-
ment that may be happening.

Assessing engraftment
In order for us to call a feature “apparently engrafted”, it needed to
meet three criteria: 1. It must be observed in the Donor B samples. 2. It
must be absent from the patient’s pre-treatment sample. 3. It must be
present in the patient’s post-treatment sample.

For all feature types, criterion 1 was met if the feature was
observed at least once in any Donor B sample. The definitions of
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criteria 2 and 3 (absence and presence) depended on feature type. Our
aim was to be quite strict with these criteria in order to minimize
spurious identification of engraftment.

For the 16S ASVs, and strain and species marker feature types, a
feature was deemed to be absent at baseline (criterion 2) if the
patient’s pre-treatment sample contained that feature exactly O times.
Even a single read assigned to a given feature in a baseline sample
would remove it from consideration for engraftment in that patient.
Criterion 3 (presence after treatment) was met if the feature’s relative
abundance in the post-treatment sample surpassed a given threshold.
The threshold varied between the three feature types, and in each case
was chosen such that, when it was applied to Donor B’s own samples, it
eliminated the bottom 20% of features from the merged datasets. The
cutoffs were 1.3e04 relative abundance for 16S ASVs and strain mar-
kers, and 0.0072 for species markers. Supplementary Fig. 2 shows the
presence vs. relative abundance histograms used to determine these
cutoffs.

We additionally used the StrainPhlAn strain-sharing workflow” to
assess engraftment of strains. In this case, a strain was considered
absent from a sample if its species-level genomic bin (SGB) pairwise
distance was not below the pre-computed similarity threshold*’ with
any Donor B sample, and was considered present if its SGB pairwise
distance was below the threshold. The results of this analysis can be
found in the supplemental material.

For assembly-based feature types (genes and MAGs), presence
and absence were determined by the proportion of the sequence
with at least 1x coverage, rather than abundance. In order to identify
reasonable cutoffs for MAGs, we mapped Donor B’s reads back to the
database of Donor B assemblies, and then created a histogram
showing the frequencies with which MAGs were covered at least 1x
over different proportions of their length. We observed a u-shape in
this histogram, where approximately 50% of the MAGs in each sam-
ple were covered 1x over at least 75% of their length, most inter-
mediate values of coverage were present at very low frequency, and
there was another peak of varying height when there was at least 1x
coverage over less than 20% of the MAG’s length. We reason that
MAGs that were present in a given sample are represented by the
peak above 75% coverage, while MAGs that are absent from that
sample can be seen in the lower peak. This threshold aligns with the
theoretical minimum detectable genome overlap proposed by
Lander and Waterman (1988)*%. We called a MAG absent in a baseline
sample if it was covered at least 1x over less than 20% of its length,
and present in a post-treatment sample if it was covered at least 1x
over at least 75% of its length. For genes, we used a 25% coverage
criterion to define a gene as absent, and required its 1x coverage to
be over at least 90% of its length in order to call it present after
treatment. Both cutoffs were raised relative to the MAG cutoffs to
allow for the fact that different genes which happen to share similar
motifs can have quite similar DNA sequences over a substantial
proportion of their lengths. Because we did not have empirical
support for the gene cutoffs, we conducted a sensitivity analysis to
ensure that our results were robust to changes in the absence and
presence cutoffs (see Supplemental Information, Supplemen-
tary Fig. 4-6).

Within each patient, any features that failed to meet even one of
the three criteria were removed from consideration for engraftment.

Statistical analysis of engraftment

Once apparently engrafted features were identified in all samples
across all feature types, we sought to test whether patients who
received FMT had higher levels of apparent engraftment than those
who received placebo treatment. We constructed three test statistics,
all of which we tested using the same permutation test. These three
test statistics were the differences between FMT and placebo groups
in: 1. the number of features engrafted at least once in the given

treatment group (Ty), 2. the number of engraftment events in that
occurred in each treatment group (i.e., the count of engrafted features,
weighted by the number of patients each feature was engrafted in)
(T,), and 3. the number of engraftment events weighted by the number
of patients each event occurred in (.e. the count of engrafted features,
weighted by the square of the number of patients each feature was
engrafted in) (T3). The reason for this third test statistic was that we
reasoned that a feature that appears engrafted in multiple patients is
less likely to have been a spurious signal of engraftment, and so we
wanted to up-weight those features based on the number of indivi-
duals they were engrafted in. Looking at the graphs in Figs. 2A-C,
3A and 4A (top panels), the test statistics can be calculated as follows,
where x is the number of patients a feature is engrafted in, and f(x) is
the number of features engrafted in exactly that many patients:

Tl = Z(fFMT(x) _fplacebo(x)) (1)
T2 = Zx(fFMT(x) _fp[acebn(x)) (2)
T3= sz (fFMT(x) _fplacebo(x)> 3

Permutation tests were conducted by permuting the group
membership of each patient 1999 times, and for each permutation
calculating the number of engrafted features, engraftment events, and
weighted engraftment events in each group, and taking their differ-
ence. The 2000th value in each permuted null distribution was the
observed value. Two-tailed p-values were calculated by finding the
quantile of the observed test statistic in the null distribution, taking its
distance from O or 1, whichever was smaller, and doubling that value.
This same method was used to compare the amounts of apparent
engraftment in responder- vs. non-responder-patients within the FMT
treatment group (Figs. 2A-C, 3A and 4A, bottom panels).

Once count tables or coverage values had been calculated for a
given feature type, all data organization and analysis code were written
in R v4.2.0 using the tidyverse*® collection of packages. Figures were
generated in R using ggplot2 and tidytext and refined in Inkscape. R
scripts are available at https://github.com/SShekarriz/UCFMTI.

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

Data availability

Shotgun metagenomic sequences used in this study are available via
the SRA under BioProject number PRJNA1220173. These samples
include fecal samples from the donor and patients with ulcerative
colitis including both FMT and placebo groups, as well as plate pool
metagenomes from the donor.

Code availability
All code used for figure generation and statistical analyses is available
at https://github.com/SShekarriz/UCFMTI.
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