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Successful Bacterial Engraftment Identified by Next-
Generation Sequencing Predicts Success of Fecal
Microbiota Transplant for Clostridioides difficile
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Abstract

Background: The effectiveness of fecal microbiota transplantation
(FMT), a treatment for Clostridioides difficile infection (CDI), is de-
pendent on successful engraftment (incorporation) of donor stool. We
present a method for evaluating engraftment success based on next-
generation sequencing (NGS)-based profiling of bacterial strains pre-
sent in donor and recipient stool, and we suggest its potential to guide
treatment decisions.

Methods: Bacterial strains in stool samples from three patients from
the clinic and one donor were analyzed via NGS and metagenomic
sequencing, before and 1 month after FMT for CDI. The similar-
ity of strains present was assessed via relative abundance, principal
component analysis, Shannon and Simpson diversity indexes, and
Bray-Curtis dissimilarity matrix. A positive outcome was successful
engraftment, where the post-FMT sample closely resembled that of
the donor and CDI was cured.

Results: Patients (Pts.) 1 and 2, but not Pt. 3’s stool samples closely
resembled the donor specimen post-FMT. Noteworthy, Pt. 3 pre-FMT
sample was less similar to the donor than that of Pts. 1 and 2. All
methods of assessing similarity and dissimilarity used yielded virtu-
ally identical conclusions. Pts. 1 and 2 which closely resembled do-
nor specimen, eradicated CDI giving a surrogate objective measure
of engraftment.

Conclusions: Success of engraftment in FMT can be assessed using
NGS and metagenomic analysis and parallels success in curing CDI
of the microbiome. The statistical methods we present here are reli-
able and consistent for such purposes. The dissimilarity of Pt. 3 to the
donor combined with the failure of engraftment and failure to cure
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CDI in Pt. 3 suggests that FMT success may be predictable by com-
paring pre-FMT samples to donor. There is no clinical trial registry
listing this study.
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Introduction

The human intestine provides the host with a residence for tens
of thousands of types of bacterial species, and this symbiotic
relationship, along with the bacterial composition, is increas-
ingly being recognized as important for human health and de-
velopment [1]. It is well recognized that the gastrointestinal (GI)
microbiota is not inert, but plays an active role in maturation
of the gut, development of immune and mesenteric vasculature
systems, and in the function of the nervous system. Imbalances
in the microbiota have been reported in Clostridioides difficile
infection (CDI) [1], inflammatory bowel disease [2], diabetes
type II [2], obesity [2], and brain disorders [3]. Imbalances may
also arise from unhealthy lifestyle or antibiotic treatment.

Fecal microbiota transplantation (FMT) is a method for al-
tering the recipients gut microbiome, by implanting the micro-
biome of a healthy donor into the gut of an unhealthy recipient.
FMT is accepted as standard therapy for toxigenic CDI, one of
its most common indications [1]. FMT success depends main-
ly on successful engraftment [4], the process of acceptance and
growth of transplanted fecal bacteria.

Routes of transplantation for FMT include oral capsules,
enema or colonoscopy for lower GI tract, and upper endoscopy
or nasogastric tube infusion for upper GI tract [1]. Although
fecal enemas are relatively easy and inexpensive, they can
result in limited distribution of fecal matter. Colonoscopy, on
the other hand, can be effective at distributing stool through-
out the colon, and possibly terminal ileum [1]. Additionally,
colonoscopy may be less likely to require multiple attempts for
successful FMT. Thus, colonoscopy is generally the preferred
method of FMT, though there have not been controlled com-
parative studies [1].

While FMT is a standard method for CDI treatment, fac-
tors governing success remain unclear; and there is still at least
an 8% failure rate for CDI, and much higher failure rates for
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other diseases [4]. Host-donor matching is known to play a
role in engraftment success for CDI and other diseases [5, 6].
As reviewed by Wilson et al [4], success depends on the com-
position, and especially diversity, of the microbiome in the do-
nor, and as such certain donors could have particularly engraft-
able feces. In short, careful selection of a donor may impact
engraftment success and thus clinical efficacy.

The ability to measure engraftment can be useful for guid-
ance in donor selection and in evaluating success of FMT ther-
apy. Engraftment could be measured as similarity of species
between stools of recipient and donor, post-FMT. Next-gener-
ation sequencing (NGS) represents an efficient high-through-
put method of sequencing deoxyribonucleic acid (DNA) [7],
including bacterial DNA in stool. Metagenomic shotgun anal-
ysis [8] allows this sequence information to be analyzed for
determining strains of bacteria present. We present a method
by which NGS was successfully used to sequence donor and
recipient stool microbial DNA, with bacterial species level res-
olution, and thereby distinguish successful from unsuccessful
transplant engraftments. We also observed lack of engraftment
and clinical success only in the patient most divergent in pre-
FMT diversity from the donor.

Materials and Methods

Fecal transplant methods

FMT transplant material (TM) was obtained from healthy do-
nor stool bank and stored in -80 °C freezer until the transplant
procedure. All three patients were scheduled for FMT based on
recurrence of CDI. After third recurrence, patients were given
vancomycin 500 mg orally three times a day for 10 days. On
day 11, prior to colonoscopy, they were given a standard bowel
preparation. Colonoscopy was performed with patients receiv-
ing propofol. The colonoscope was inserted to the cecum, and
300 mL of TM was infused directly into the cecum avoiding the
terminal ileum. Patients recovered in Trendelenburg position for
30 min to pool the TM in the proximal colon, followed by 2 mg
of Lomotil and 10 mg of Bentyl to hold solution longer. Post-
FMT, patients were told to avoid greens and dairy for 1 month.

NGS

First, NGS was performed (n = 7) on fecal samples from three
study participants and one donor sample from one donor in-
dividual, using the methods outlined previously [9]. Patient
stools were collected both prior to and 1 month after FMT.
From the stool specimens, DNA was extracted utilizing the
Qiagen PowerFecal DNA Kit from 200 mL of stool mate-
rial that was suspended in the DNA/ribonucleic acid (RNA)
Shield stabilization solution present in the Zymo collection
vials. Zymo’s DNA/RNA Shield is designed to preserve nu-
cleic acid genetic integrity and prevent degradation at ambient
temperature for > 1 month, or > -20 °C indefinitely purified
DNA was then quantified and normalized for downstream li-
brary fabrication utilizing shotgun methodology [8]. Prepared
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and indexed libraries were subsequently pooled and sequenced
with [llumina’s NextSeq 500/550 High-Output v2.5 300 cycle
kiton the Illumina NextSeq 550 System.

Next, DNA sequences were analyzed and compared, in
terms of species present, in recipients vs. donors using metagen-
omic sequencing analysis. Sample FASTQ files were analyzed
with downstream bioinformatics to profile the microbial com-
munities from metagenomic sequencing data. Specifically, se-
quencing acceptance criteria were a Q-score (AQ30) 75%, clus-
ter density between 120 and 240 K/mm?, and clusters passing
filter (PF%) 80%. Following successful NGS QC, sequences
were then mapped utilizing the sequencing alignment tool in
One Codex’s bioinformatics analysis pipeline. Diversity analy-
ses were performed to characterize the intestinal microbiota of
the study participants. The metagenomic analyses included the
principal component analysis (PCA), Bray-Curtis dissimilarity
matrix, and the Simpson and Shannon diversity indexes.

Ethics statements

All subjects provided informed consents. This study was ap-
proved by New England Institutional Review Board. This study
was conducted in compliance with common ethical standards
on human subjects and with the Helsinki Declaration.

Results

Seven samples were sequenced (the donor and three patients,
each before and after transplant), then species present were
compared between donor and recipient. Higher similarity of
recipient species population post-FMT to the donor is indica-
tive of a more successful engraftment.

Figure 1 shows relative abundance of bacteria in samples,
organized by phylum and family. Phylum Firmicutes was the
most abundant, with a relative abundance of 73% (donor),
and in pre-FMT samples, 51% (Patient 1 (Pt. 1)), 15% (Pt.
2), and 43% (Pt. 3) of bacteria. After transplant, these relative
abundances more closely resembled the donor at 53% for Pt.
1 and 60% for Pt. 2, but less closely at 16% for Pt. 3. Family
Lachnospiraceae was present at 15% for donor, and pre-FMT,
for Pts. 1, 2, and 3 at 34%, 1.7%, and 23%, respectively. Post-
FMT Lachnospiraceae was present, in Pts. 1, 2 and 3, at 19%,
27%, and 0.36%, respectively. Thus, for the two most abun-
dant families, after FMT, Pts. 1 and 2 more closely resembled
the donor, while Pt. 3 did not, suggesting Pts. 1 and 2, but not
Pt. 3, had successful engraftments.

Next, PCA was used to compare species present in the
seven samples. PCA is a method of grouping data based on
similarity. In this case, it was similarity of total species present
in the fecal samples. Data that appear closer together on PCA
graphs are more similar, while data further apart are less simi-
lar. Figure 2 shows such a PCA graph, with a square for donor,
circles for Pre-FMT patients, and color-matched triangles for
post-FMT patient samples. As highlighted, post-FMT, Pts. 1
and 2 are relatively similar to donor (closer on PCA graph),
while Pt. 3 is less similar. Thus, PCA also supports that Pts. 1
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Figure 1. Relative abundances (RAs, %) of bacteria in stool samples of donor, post-FMT and pre-FMT samples. Columns repre-
sent individual patients with colored bars capturing their respective RAs (%) at the phylum and family levels. The RAs of phylum
Firmicutes in the donor, patient (Pt.) 1, Pt. 2, and Pt. 3 post-FMT were 73%, 63%, 60%, and 16%, respectively; as compared to
the patients matched pre-FMT of 51%, 15%, and 43%. The relative abundance of family Lachnospiraceae in the donor, Pt. 1,
Pt. 2, and Pt. 3 post-FMT were 15%, 19%, 27%, and 0.36%, respectively; as compared to the patients matched pre-FMT RAs of

34%, 1.7%, and 23%, respectively.

and 2 are successful engraftments.

Diversity indices, which represent the amount and diver-
sity of species present in a sample, were also used to compare
the patients with the donor before and after FMT. Figure 3
shows two common indexes utilized in metagenomic analyses,
the Shannon and Simpson [10], for the samples. The Shannon
index of the donor, and Pt. 1, Pt. 2, and Pt. 3 following FMT
were 6.0, 6.0, 5.5, and 3.4, respectively. The Simpson index of
the donor, and Pt. 1, Pt. 2, and Pt. 3 post-FMT were 0.89, 0.89,
0.84, and 0.72, respectively. Collectively, this data illustrate
that for Pt. 1 (green) and Pt. 2 (blue), the diversity indices were
more similar to the donor (black) post-FMT than pre-FMT,
while for Pt. 3, the species diversity was less similar to the do-
nor post-FMT. Thus, these diversity indices also support that
Pts. 1 and 2, but not Pt. 3, are successful engraftments.
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Figure 4 depicts the Bray-Curtis distance matrix for the
seven samples, with dark blue indicative of similarity and
lighter blue of dissimilarity. Looking at the row labeled “Do-
nor”, the corresponding column of “Pt. 1 (post)” is dark blue,
consistent with high similarity and successful engraftment.
Conversely, the column of “Pt. 3 (post)” is light blue, indica-
tive of less similarity and consistent with poor engraftment.
This analysis demonstrates Pt. 1 as the most, and Pt. 3 least,
engraftment success.

Discussion

We present preliminary results of a method for quantifying
success of FMT engraftment using NGS and metagenomic

www.gastrores.org
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Figure 2. Principal component analysis (PCA) of the microbiota from the donor, pre-FMT patients, and post-FMT patients. Axes are
labeled with the percent of variance they explain. Triangles represent pre-FMT, circles represent post-FMT, and the square repre-
sents FMT donor. PC1 captures 52.25% of the variation and elucidates the shift of the two successful FMTs compared to their mi-
crobiota prior to engraftment. Samples circled in red highlight the patient similarity following successful FMTs with that of donor stool.
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Figure 3. Alpha diversity of the microbiota from the donor, pre-FMT and post-FMT samples for the Shannon and Simpson in-
dexes. Both indexes for patients (Pts.) 1 and 2 match their donor’s, whereas Pt. 3 does not, indicative of an unsuccessful engraft-
ment. The Shannon index of the donor, Pt. 1, Pt. 2, and Pt. 3 following FMT were 6.0, 6.0, 5.5, and 3.4, respectively. The patients
matched pre-FMTs Shannon indexes were 4.1, 2.9, and 4.3, respectively. The Simpson index of the donor, Pt. 1, Pt. 2, and Pt. 3
post-FMT were 0.89, 0.89, 0.84, and 0.72, respectively. The patients matched pre-FMTs Simpson indexes were 0.91, 0.82, and
0.92. FMT: fecal microbiota transplantation.
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Figure 4. Bray-Curtis distance matrix of the microbiota from donor, pre-FMT and post-FMT samples. The ordination plots are
based on the bacterial profiles for each. The Bray-Curtis matrix identifies the similarity of patients (Pts.) 1 and 2 after fecal mi-
crobiota transplantation (FMT) with that of the donor (dark blue squares), clustering in distinct coordinates of the matrix. It also
identifies that Pt. 3’s ordination is the most dissimilar of the three post-FMT samples. This provides insight that Pt. 3 may have
had an unsuccessful FMT, whereas Pts. 1 and 2 are more likely to have had successful engraftments.

analysis, which we applied at a time period of 1 month. NGS
is considered the best available quantitative approach for pro-
filing microbiomes [7]. Given the ease and speed of NGS (a
bacterial genome can be sequenced in 1 day [7]), as well as the
automation possible for such standard statistical analysis, this
method can be extremely valuable as a rapid tool for quantify-
ing FMT success and profiling donor and recipients in order
to guide treatment decisions. Of course the initial costs of new
technologies are high when utilized at a low rate (our machine
reads 20 samples simultaneously). However, as technologies
of any kind become more popular, their economic practicality
also increases.

We present a thorough confirmation of engraftment suc-
cess by five different established analytical methods: 1) relative
abundance; 2) PCA; 3) Shannon’s index; 4) Simpson’s index
and 5) Bray-Curtis matrix. Regardless of the method utilized,
we obtain the same result; Pts. 1 and 2 engrafted successfully,
and Pt. 3 did not. Thus, NGS combined with metagenomic shot-
gun analysis is a reliable method for comparing species present
in fecal samples to support successful engraftment. In light of
the consistency seen, these may be some of the most appropriate
analytical methods for predicting engraftment success.

Why did Pt. 3 not graft successfully, when given the same
donor sample as the other two patients? The pre-FMT data (es-
pecially Figs. 1, 2, and 4) showed Pt. 3 bacterial strain composi-
tion was the most dissimilar from donor. Donor-recipient match-
ing is often considered to be helpful for FMT success. However,
until now there was no technology to tell us that Pt.3 would not
be successfully cured of CDI by FMT using the present donor. If
one were to profile, by methods we suggest here, the bacteria in
the pre-FMT samples and donors, one could search for matching
donors to increase likelihood of FMT success.

This study was limited by the small sample size, and in-
formation from more subjects would be informative. With a
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larger sample size, one could come up with a cut-off for the
similarity measures used (e.g., Shannon and Simpson indices,
Bray-Curtis distance matrix) predicting whether a certain level
of similarity will or will not lead to clinical success.

In conclusion, the treatment of CDI and possibly other
diseases via FMT can be made more effective by profiling the
strains present prior to performing the transplant. Ideally, one
can screen patients and donors prior to the FMT procedure and
select the best donor sample. Additionally, one can profile the
post-FMT stool samples, to evaluate treatment success, and al-
ter future treatment methods if needed. For a rapidly spreading
and life-threatening disease like CDI, this analysis of compat-
ibility can be critical for timely patient treatment.
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