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Introduction
Infection with Clostridioides difficile (formerly Clostridium difficile) is a significant cause of  diarrheal illness in 
both adults and children (1), particularly in patients with inflammatory bowel disease (IBD) (2). Fecal micro-
biota transplantation (FMT) is a life-saving therapeutic option for patients with recurrent C. difficile infection 
(rCDI), with successful treatment outcomes in more than 80% of  adult cases compared with traditional 
vancomycin treatment alone (~30%) (3–5). Similar success rates have also been reported in pediatric rCDI 
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cohorts, including a multicenter cohort of  335 children (6–16). Given its successes in rCDI, FMT is being 
increasingly explored as a therapeutic option for a number of  gastrointestinal disorders, as well as other 
conditions associated with microbial dysbiosis, with recent promising results in clinical trials in ulcerative 
colitis (UC) (17–19) and immune checkpoint inhibitor–associated colitis in cancer patients (20). Despite the 
promising potential of  FMT for these disease indications, the long-term consequences of  FMT are not well 
understood.

Growing evidence supports a role for specific microbes in the etiology of  a number of  disorders, 
including colorectal cancer (CRC). Enterotoxigenic Bacteroides fragilis (ETBF), Fusobacterium nucleatum, 
and Escherichia coli harboring the polyketide synthase island that synthesizes the genotoxin colibactin 
(clbB) are tumorigenic in murine models of  CRC and are more prevalent in CRC and IBD patients 
compared with healthy controls (21–28), suggesting a potential link between these organisms and pro-
carcinogenic/proinflammatory mechanisms. These bacteria are not presently included in current FMT 
donor screening protocols. Though large prospective cohort studies have yet to be performed to directly 
demonstrate causality versus association of  these bacteria with CRC, small cohort studies (<50 patients) 
have revealed that these organisms can be frequently detected even in healthy adult populations using 
sensitive culture-based techniques, with prevalences of  up to 67% for ETBF (26), 26.5% for F. nucleatum 
(28), and 21% for clbB+ E. coli (21) in healthy controls. The presence of  ETBF is associated with diarrhea 
in children aged 1–5 years, but is otherwise rare in stool samples from healthy children in the United 
States (culture-positive rates of  3%–6%) (29–31). Pediatric colonization rates for F. nucleatum and clbB+ 
E. coli are not established. We thus hypothesized that some otherwise healthy FMT donors might harbor 
these potential pathogens, and that transmission of  these organisms to recipients could be a hidden risk 
of  FMT in a pediatric rCDI cohort.

Results
A flow chart of  the study design is shown in Figure 1. Only stool samples from patients for whom we had 
donor stool, patient stool pre-FMT, and patient stool at least 2 time points after FMT were analyzed. We 
first examined levels of  the species-specific 16S rRNA–encoding genes in the donors and recipients by 
quantitative PCR (qPCR) on DNA extracted from stool samples. The pediatric rCDI patients prior to FMT 
tended to have lower levels of  B. fragilis 16S (P = 0.064) and higher levels of  both E. coli (P = 0.010) and F. 
nucleatum 16S (P = 0.053) in stool compared with their donors, levels that converged toward donor levels 
after FMT (Figure 2, A–C; paired-sample Wilcoxon’s test). These findings are consistent with previous data 
indicating that rCDI-associated dysbiosis is marked by high levels of  Proteobacteria and low levels of  com-
mensals/symbiotes from the Bacteroidetes phylum (6, 15). The trend toward lower levels of  B. fragilis 16S 
rDNA genes in the patients before FMT was largely driven by the IBD rCDI patients (Table 1), who had 
significantly lower levels of  this bacteria compared with their donors (Figure 2D, P = 0.031, paired-sample 
Wilcoxon’s test). In contrast, the significant elevation in E. coli 16S and the trend toward elevated F. nuclea-
tum 16S prior to FMT were similar in IBD and non-IBD patients (Figure 2, E and F).

However, whereas nearly all F. nucleatum strains harbor the fadA adhesin factor, only a subset of  B. fra-
gilis and E. coli strains harbor the putative CRC-associated toxin genes bft and clbB, respectively (32–38). We 
therefore examined levels of  the bacterial virulence factors in the FMT rCDI cohort. Transmission/expan-
sion events were defined as patients who were undetectable for a given virulence factor prior to FMT but rose 
to donor levels after FMT and remained detectable throughout the time course. Clearance/reduction events 
were defined as patients who were positive prior to FMT for a given virulence factor but had undetectable 
levels at all post-FMT time points by total stool qPCR following FMT from a donor negative for that partic-
ular virulence factor. Strikingly, we found several instances of  potential transmission events of  putative pro-
carcinogenic bacteria from donors to their respective FMT recipients. Two of  these cases involved bft (Figure 
3A, left panel, patients 2 and 7) and 2 involved clbB (Figure 3B, left panel, patients 9 and 11).

No F. nucleatum transmissions were observed, because all of  the recipients were positive for F. nuclea-
tum before FMT, with the exception of  patient 9, whose donor was also F. nucleatum negative. However, we 
did observe multiple cases of  F. nucleatum clearance/reduction following FMT (Figure 3C, middle panel, 
patients 8, 10, and 11). Reductions in patients 10 and 11 were confirmed by qPCR using an additional F. 
nucleatum–specific marker gene, nusG, though nusG analyses overall were less sensitive than the other mark-
ers examined (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.130848DS1). Notably, the donor in each of  the F. nucleatum clearance/reduction 
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cases was a nonfamilial, commercial stool bank donor. Indeed, while all 7 of  the familial donors had high 
levels of  F. nucleatum, none of  the 4 commercial stool bank donors were positive by qPCR. Two additional 
patients demonstrated loss of  other procarcinogenic bacteria to undetectable levels following FMT from a 
negative donor: one for bft (Figure 3A, middle panel, patient 5) and one for both bft and clbB (Figure 3, A 
and B, middle panels, patient 6).

All remaining patients either maintained their positive status for a given virulence factor following 
FMT from a positive donor or remained negative following FMT from a negative donor, with the excep-
tion of  2 patients who demonstrated abrupt changes: patient 9 had a temporary spike in bft at 2–10 weeks 
after FMT that disappeared by 10–20 weeks (Figure 3A, right panel), while patient 1 had a spontaneous 
clearance/reduction of  fadA at 10–20 weeks (Figure 3C, right panel) and remained undetectable at the 
6-month time point. Otherwise, changes in detection of  virulence factors in total stool by qPCR consis-
tently followed the trajectory of  the donor.

To confirm the transmission/clearance cases, we cultured all of  the donor and recipient samples on selective 
media and tested 5 colonies per plate for the presence of  procarcinogenic bacteria and their virulence factors.  

Figure 1. Flow diagram of study design. Screening/recruitment: pediatric patients (<18 years old) with at least 3 episodes of C. difficile infection were 
recruited (n = 30 donor/patient pairs). Each episode consisted of at least 3 episodes of diarrhea per day and was confirmed by laboratory test of C. difficile 
toxin by PCR or ELISA. Sample collection: stool samples were collected from donors and patients at the designated time points. Analysis: at the time of 
analysis, only patient/donor pairs with a complete set of stool samples collected through at least the 10–20 weeks post-FMT time point were included for 
further study (n = 11 donor/patient pairs).
 

https://doi.org/10.1172/jci.insight.130848


4insight.jci.org      https://doi.org/10.1172/jci.insight.130848

C L I N I C A L  M E D I C I N E

In general, detection rates by culture were similar to or higher than for the total stool qPCR (Supplemental 
Tables 2–4) but also displayed greater variability in patients at time points after FMT (Figure 4 and Supple-
mental Table 5). Only patients who were consistently positive (or negative) following FMT were considered to 
have validated transmission/clearance events. Overall, all 4 transmission cases originally identified by qPCR 
(2 bft, 2 clbB) were confirmed by stool culture, while only 2 of  the 5 clearance cases were confirmed by culture 
(1 clbB, 1 fadA) (Figure 4, patients 6 and 8). The remaining clearance cases originally identified by total stool 

Figure 2. Longitudinal dynamics of bacterial species by 16S qPCR. (A–C) Detection of species-specific 16S rRNA–encoding genes in stool DNA by qPCR 
for FMT donors, patients prior to FMT, and patients at various time points after FMT (2–10 weeks, 10–20 weeks, and >27 weeks) (n = 11 patient/donor 
pairs). Colors denote the source of the FMT donor stool, with familial donors in shades of blue/purple (P1–P7) and commercial stool bank donors shown in 
shades of green (P8–P11). The paired-sample Wilcoxon’s test P value shown refers to the levels of the donors compared with the patients prior to FMT. eq., 
equivalents. (D–F) 16S rRNA–encoding gene levels are divided according to whether the rCDI patient had IBD (red, left panels, n = 6 patient/donor pairs) or 
not (gray, right panels, n = 5 patient/donor pairs). The final time point available for each patient is presented as the patient’s final post-FMT value, corre-
sponding to either the 10–20 Wks or the 27+ Wks time point. Error bars represent medians with interquartile ranges. For all data, undetectable data points 
were assigned a value of 1 for display purposes on the log10 scale; statistical analyses (paired-sample Wilcoxon’s test) were performed on the raw data.
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qPCR were subsequently found to harbor viable bft+ B. fragilis or F. nucleatum strains by culture for at least one 
time point after FMT (Figure 4, patients 5, 10, and 11).

Finally, to determine whether the putative strain transmission events observed in the patients were in 
fact from the donor and not from environmental sources or from low-abundance strains in the patients 
themselves, we recultured the stool samples from a clbB+ E. coli transmission case from a commercial stool 
bank donor (donor/patient pair 9) and amplified individual MacConkey isolates in LB to generate suffi-
cient DNA for single-colony whole genome sequencing (WGS). qPCR analyses on these additional col-
onies confirmed our earlier findings of  transmission (Supplemental Table 5), with all of  the additional 
colonies from the recipient prior to FMT being clbB– (0 of  5), and the donor (5 of  5) and recipient after FMT 
(3 of  5) consistently harboring clbB+ colonies. We then performed WGS on DNA extracted from these iso-
lates, using a cutoff  of  10 SNPs as our threshold for identifying transmitted strains based on prior literature 
(39). WGS on these colony isolates revealed that one of  the donor strains (colony 5D) was closely related 
to 2 of  the patient’s strains after FMT (4P and 5P), with 0 SNPs detected between these isolates using the 
core genome alignment tool Parsnp (Figure 5). Donor strain 3D and patient strain 2P were also similar 
to 5D, harboring only 49 and 32 SNP differences, respectively, likely reflecting the presence of  additional 
clbB+ strains in the donor that were transmitted to the recipient. These related strains (5D, 4P, 5P, 3D, and 
2P) were all clbB+ by qPCR. In contrast, all of  the patient’s pre-FMT strains from MacConkey agar were 
clbB– by qPCR and were classified as Klebsiella or Morganella species by sequencing (data not shown; these 
reads were too divergent to be analyzed alongside the other strains in Parsnp). These data confirmed that 
the strain transmission likely occurred directly from the donor and not from an environmental source.

Discussion
Overall, our data suggest that FMT in pediatric rCDI results in a remarkable degree of  gut microbiome 
reconstitution in patients that closely matches donor microbiomes at a quantitative level for E. coli, B. fragilis, 
F. nucleatum, and their associated virulence factors. These changes were stable by qPCR through the 6-month 
time point, the latest time point that our study captured. Four of  the 11 patients in our study demonstrated 
potential engraftment after FMT of donor strains harboring virulence factors (2 ETBF, 2 clbB+ E. coli) by 
qPCR analysis. All 4 of  these transmission cases were confirmed by culture, with one clbB+ E. coli transmission 
from a commercial stool bank donor definitively proven by WGS. Our strain data therefore represent a proof  
of  concept that transmission of  putative procarcinogenic organisms can occur, although additional WGS 
studies would be needed to similarly prove transmission in the other 3 cases. Our strain data are also in line 
with recent publications on strain tracking in FMT using stool whole genome shotgun sequencing, in which 
strains were transmitted in 85% of adult rCDI FMT cases in one study (40) and approximately 38% of donor 
strains remained in metabolic syndrome FMT recipients at 3 months after FMT in another study (41). Addi-
tional clinical studies using 16S rRNA amplicon sequencing have similarly demonstrated that the microbiota 
of  recipients consistently shifts toward that of  the donor after FMT in rCDI, even in pediatric cohorts (6, 7). 
Thus, sustained donor strain engraftment is not unexpected during FMT and indeed is quite frequent.

Table 1. Patient demographics

Patient Age at FMT (yr) Sex Underlying IBD 
illness

No. episodes  
of CDI

Donor 
source

First visit after 
FMT (2–10 wk)

Second visit after 
FMT (10–20 wk)

Third visit after 
FMT (27+ wk)

1 10 F Crohn’s disease 10 Familial 5.7 wk 13.7 wk 30.4 wk
2 15 M Crohn’s disease >2 Familial Not specified Not specified n/a
3 16 F Crohn’s disease 5 Familial 5.7 wk 14.7 wk 35.4 wk
4 17 M UC 3 Familial 4.7 wk 18.4 wk n/a
5 13 M Crohn’s disease 6 Familial 7.7 wk 16.7 wk 30.7 wk
6 16 F None 3 Familial 10.7 wk 19.7 wk 24.7 wk
7 6 F None 4 Familial 6.7 wk 13.7 wk 24.7 wk
8 2 F None 2 Stool bank 5.6 wk 12.7 wk 26.0 wk
9 16 M UC 3 Stool bank 1 wk 4.9 wk n/a
10 12 M None 4 Stool bank 6.6 wk 12.6 wk 22.6 weeks
11 5 M None >2 Stool bank 3.7 wk 14.7 wk n/a
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Conversely, we also observed several cases of  clearance/reduction of  putative procarcinogenic 
organisms, particularly for F. nucleatum, for which 3 patients demonstrated a loss of  detection by qPCR 
following FMT from F. nucleatum–negative donors, all of  whom were commercial stool bank donors. 
Two additional patients exhibited loss of  other pathogenic bacteria (one ETBF, one ETBF and clbB+ 
E. coli). However, of  the 5 total potential clearance cases observed by total stool qPCR, samples from 
only 2 patients were also consistently negative by culture (patient 8 for F. nucleatum, patient 6 for clbB+ 
E. coli). In general, the culture-based and total stool qPCR–based analyses were complementary but 
only approximately 75% concordant overall. Culture was more sensitive but also more inconsistent 

Figure 3. Longitudinal transmission and remission of bacteria expressing CRC-associated virulence factors. Detection of virulence factors in stool DNA 
by qPCR are shown for FMT donors, patients prior to FMT, and patients at various time points after FMT (2–10 weeks, 10–20 weeks, and >27 weeks) (n = 
11 patient/donor pairs). Virulence factors B. fragilis bft (A), E. coli clbB (B), and F. nucleatum fadA (C). Left panels indicate whether there was evidence for 
transmission/expansion; middle panels, clearance/reduction; right panels, neutral/other changes in the levels of bacterial virulence factors. Colors denote 
the source of the FMT donor stool, with familial donors in shades of blue/purple (P1–P7) and commercial stool bank donors shown in shades of green (P8–
P11). Undetectable data points were assigned a value of 1 for display purposes on the log10 scale.
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longitudinally, likely due to limitations in the number of  colonies screened or the viability of  individual 
microbes, whereas qPCR afforded a more quantitative view.

The striking difference in the rates of  F. nucleatum positivity by qPCR in the parental donors (7 of  7) 
versus the commercial stool bank donors (0 of  4) was unexpected. F. nucleatum is a common oral pathogen 
and is enriched in CRC specimens, but is detected in only approximately 25% of  healthy individuals (28). 
While our study was limited in size, the high prevalence in the patients prior to FMT (91%) and in familial 
donors (100%) by qPCR suggests that F. nucleatum colonization of  the gut may be associated with recurrent 
C. difficile infection, as either a cause or consequence of  dysbiosis. Additionally, these data suggest that F. 
nucleatum may be readily transmitted in family settings. However, as the familial and commercial stool bank 
donors were processed in different facilities, and the stool from stool bank donors underwent an additional 
freeze/thaw prior to testing, differences in the way in which the samples were prepared could contribute to 
the differences seen in F. nucleatum levels in the donors. Future prospective studies would be necessary to 
determine any potential contributing roles of  F. nucleatum to familial transmissions and/or rCDI.

Limitations of  this study include the small sample size and follow-up through only 6 months. Larger 
and longer-term prospective studies are necessary to demonstrate whether engraftment of  putative procar-
cinogenic strains is (a) truly stable over the span of  years, not just months; and (b) leads to an actual greater 
risk of  CRC in patients, a salient question given emerging early-onset CRC (42). In terms of  colonization 
stability of  these microbes, a study by Zitomersky et al. of  B. fragilis strains cultured from healthy adult 
stools demonstrated that detection (or not) of  bft+ B. fragilis strains over the course of  a year was remarkably 

Figure 4. Comparison of virulence factor detection by stool culture versus total stool DNA qPCR. Stool samples from 11 patient/donor pairs were ampli-
fied in broth and then cultured on selective media for E. coli (MacConkey agar), B. fragilis (BBE agar), and F. nucleatum (FSA agar), with up to 5 colonies 
analyzed per plate. Data are compared with the qPCR results from direct stool DNA extractions. Dark gray shading represents positive samples, equating 
to at least 1 colony being positive for the respective virulence factor for the culture-based studies or at least 10 copy equivalents per 30 ng stool DNA for 
the stool qPCR studies. Pt, patient; n/a, stool samples were not available for the time point for analysis.
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consistent. Of  13 patients evaluated, 5 remained bft+ throughout, 7 were bft– throughout, and only 1 changed 
status from bft– to bft+ (43). No bft+ participants lost bft in that study, although 2 subjects carried both bft+ and 
bft– strains simultaneously. Longitudinal colonization studies are lacking for the other bacteria of  interest. 
In our study, we observed only 2 sudden colonization changes that occurred seemingly independently of  
the donor status: patient 9 transiently gained bft+ B. fragilis at 2–10 weeks after FMT despite having a bft– 
donor, and patient 1 lost F. nucleatum at 10–20 wks after FMT despite having an F. nucleatum+ donor. Both 
of  these cases were confirmed by culture and qPCR. These data suggest that there may be some coloniza-
tion instability in these microbes in the post-FMT period, although all the other microbes and cases were 
largely stable over the 6-month period of  examination. Future studies would need to examine these patients 
over a longer period of  time (years, not months) to determine true persistence of  any donor-derived strains.

The potential role of these microbes in CRC warrants further study. CRC is a complex disease with well-es-
tablished risk factors, including host genetics, diet, smoking, and other environmental factors, of which the 
microbiota is just one component. Thus, transmission of one of these putative procarcinogenic bacteria may 
not impact CRC risk at all, or perhaps only slightly increase the risk. The mechanisms pointing to a procar-
cinogenic role for ETBF, clbB+ E. coli, and F. nucleatum are largely based on animal models but include directly 
genotoxic mechanisms (clbB), induction of ROS (bft), and induction of Wnt signaling (bft and fadA) (44). Mech-
anistic and longitudinal data linking colonization with these microbes to actual CRC risk in patients are lacking 
for each of these bacteria, although a combination of 16S-, metagenomics-, and qPCR-based approaches have 
established an enrichment of these bacteria in case-control studies. For example, meta-analyses of 16S rRNA 
gene amplicon sequencing have demonstrated enrichment of F. nucleatum in both stool (n = 506–752 patients) 
and mucosa (n = 551 patients) of CRC patients compared with healthy controls (27, 45). 16S rRNA gene–based 
approaches are not suitable for determining the association of bft or clbB with CRC, as only a subset of B. fragilis 
and E. coli bacteria harbor these virulence factors. However, in a recent meta-analysis of shotgun metagenomic 
data on fecal samples from 768 patients, fadA and pks were found to be significantly enriched in CRC versus 
healthy controls (46). Numerous studies involving smaller cohorts have found an enrichment of bft in CRC 
using culture-based methods followed by qPCR in both the colon mucosa (85% CRC vs. 53% healthy controls) 
(26) and stool (38% CRC vs. 12% controls, and 27% vs. 10%, respectively) (47, 48). Proving mechanistically 
that any of these 3 bacteria are truly causally involved (or not) in CRC progression would therefore likely 
require both sequencing and culture-based analyses of longitudinal stool samples.

Whether the putative procarcinogenic bacteria are also readily transmitted (or cleared) in non-rCDI FMT 
cohorts remains to be studied. The potential for transmission of procarcinogenic bacteria during FMT may 
be lower in non-rCDI FMT cohorts such as those with UC, where multiple iterations of FMT are frequently 

Figure 5. Number of SNPs identified via WGS. MacConkey agar isolates from patient/donor pair 9 underwent WGS and core genome alignment analysis 
with Parsnp. Data are ordered according to their similarity with donor isolate 5D. Murine clbB+ isolate NC101 is shown for comparison. D, donor isolates; P, 
patient isolates. Five donor (D) and 5 patient post-FMT (P) isolates are shown. Five isolates from the patient pre-FMT were also sequenced but were too 
divergent to be aligned alongside the E. coli isolates, as the pre-FMT isolates were all Klebsiella or Morganella species.
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necessary, suggesting that the microbiota in UC patients is more resistant and/or resilient to change (17–19). 
Alternatively, more frequent FMTs may provide more opportunities for individual bacteria to colonize. Thus, 
while our data suggest that the transfer of putative procarcinogenic strains may be relevant in FMT for pediatric 
rCDI, heightened scrutiny of donor selection procedures may be warranted in other FMT settings as well.

Conversely, should future mechanistic studies confirm that these putative procarcinogenic bacteria are 
causally involved in human CRC or other disorders, our data suggest that FMT from donors who are nega-
tive for these organisms could be explored as a potential preventive/therapeutic approach. FMT has already 
shown some promise in non-rCDI patients as a tool to prevent or clear other individual pathogenic bacteria 
including antibiotic-resistant organisms, although with variable success (49–51). However, given that FMT 
itself  is not risk free (e.g., there are risks associated with anesthesia for colonoscopy-delivered FMT), any such 
investigational studies should not be explored lightly, as the risks involved could very likely exceed any ben-
efit. The recent report of  transmission of  an extended-spectrum β-lactamase–producing (ESBL-producing) 
E. coli from a donor (who had not been screened for multidrug-resistant organisms [MDROs]) to 2 immu-
nocompromised FMT recipients (one of  whom died) highlights the very real risks posed by this still investi-
gational procedure. These severe adverse reaction events led the US FDA to institute immediate changes in 
donor screening for Investigational New Drug (IND) holders, including mandatory testing for the MDROs 
ESBL-producing Enterobacteriaceae, vancomycin-resistant enterococci, carbapenem-resistant Enterobacteriaceae, 
and methicillin-resistant Staphylococcus aureus. MDRO transmission was not examined in the present study.

Conceptually, an engineered consortium of human-derived strains or other approaches may ultimately 
be safer and preferred by patients over traditional FMT, and would alleviate concerns over transmission of  
potential pathogens such as the ones observed in our study as well as established or emerging MDROs such as 
that in the ESBL–E. coli event. Quality-controlled microbial-based alternatives to FMT and novel ways to pro-
tect the gut microbiota from the action of  antibiotics are under active investigation (52–56). However, at this 
time there is no evidence of  an engineered microbial product having superiority over FMT, and FMT remains 
a potentially life-saving therapeutic option for rCDI (57). Overall, the durable changes that we observed in our 
study out to 6 months after FMT suggest that long-term consequences — both promising and deleterious — 
should be considered when screening FMT donors and recipients, especially in the context of  pediatric rCDI.

Methods
Patients. The study cohort included 30 pediatric patients from Johns Hopkins Hospital who had at least 3 
episodes of  CDI (initial infection and 2 recurrences) and underwent an FMT procedure between August 
2013 and December 2015. Parents of  any child scheduled to receive a clinically indicated fecal transplant 
for rCDI were approached for recruitment into the study in the pediatric gastroenterology clinic. All rCDI 
patients had clinical resolution of  C. difficile following FMT. rCDI patients included both those with and those 
without IBD (Crohn’s disease or UC). Patients in this cohort have previously been described (6). At the time 
of  the present analysis, 11 patient/donor pairs had both pre-FMT stool samples for the donor and patient as 
well at least 2 post-FMT stool samples for the patient (Table 1). Stool donations for the FMT patients were 
either familial or from a commercial stool bank (OpenBiome). Familial donors were screened for potential 
blood and stool pathogens, completed a health questionnaire, and underwent a personal history and physical 
examination by their primary physician as previously described (6). The anonymous OpenBiome donors 
underwent a rigorous screening protocol that supplements clinical history evaluations with blood and stool 
testing. Patients were instructed to stop antibiotics treatment for their rCDI 48 hours prior to the FMT pro-
cedure. Pre-FMT stool samples were collected from patients 24–48 hours prior to the FMT procedure. Fresh 
familial donor stools were collected within 12 hours of  the FMT procedure. One hundred grams of  fresh stool 
from familial donors or thawed stool from stool bank donors were vortexed with 400 mL of nonbacteriostatic 
saline, filtered, and delivered to patients via colonoscopy by a pediatric gastroenterologist, with the majority 
of  the slurry being delivered in the cecum and a small amount delivered throughout the rest of  the colon as 
the colonoscope was withdrawn. Patients were required to lie down in a flat position for 2 hours after the 
procedure and received loperamide (weight-based standard dosing) to promote retention of  the FMT product. 
Patients returned at 3 follow-up time points within 2–10 weeks, 10–20 weeks, and 6 months after FMT for 
monitoring of  adverse effects and collection of  post-FMT stool samples. All stools were aliquoted and stored 
at –80° prior to screening. One patient (patient 2) was evaluated clinically at Johns Hopkins Hospital but 
underwent FMT at Sinai Hospital in Baltimore. Both patient 2 and patient 11 met the criteria for inclusion in 
the study (initial infection and at least 2 rCDI events), but the exact number of  rCDI episodes was unknown.
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DNA extraction from total stool. DNA was extracted from stool using the QIAamp DNA Stool Mini Kit 
(QIAGEN) and stored at –80° prior to qPCR testing.

Stool cultures. Approximately 50 mg of  stool from each patient was amplified in liquid broth at 37°C for 
24–48 hours in brain-heart infusion (BHI) broth in an anaerobic chamber for F. nucleatum and B. fragilis or 
aerobically in LB for E. coli until growth was observed. Amplified cultures were then plated onto the follow-
ing selective plates for an additional 24–48 hours: Fusobacterium Selective Agar (FSA, Anaerobe Systems) 
for F. nucleatum, Bacteroides Bile Esculin Agar (BBE, Anaerobe Systems) for B. fragilis, and MacConkey 
Agar (MilliporeSigma) for E. coli. Up to 5 individual colonies were selected from each plate and boiled for 
10 minutes to lyse bacteria. In some cases, fewer than 5 colonies grew on the respective plates within 48 
hours. Boiled colonies were centrifuged to remove cellular debris, and supernatants containing crude DNA 
extracts were harvested.

qPCR of  extracted DNA. Amplification was performed on a 7500 ABI instrument with 30 ng stool DNA 
and TaqMan Gene Expression Mix (Thermo-Fisher Scientific) supplemented with 0.1 μg/μL BSA using 
the following cycling parameters: 50°C for 2 minutes, 95°C for 10 minutes, and 40 cycles of  95°C for 15 
seconds and 60°C or 58°C for 1 minute (see Supplemental Table 1 for annealing temperatures and primer/
probe sequences; refs. 21, 23, 25, 26, 58, 59). Primers and probes were synthesized by Integrated DNA 
Technologies except for the bft probe, which was synthesized by Applied Biosystems.

To quantitate copy numbers of  bacteria and their virulence factors, standard curves were generated 
from pure colonies containing each respective virulence factor (enterotoxigenic B. fragilis strain 086-5443-
2-2 for bft; a clinical isolate of  F. nucleatum from Johns Hopkins Hospital for fadA; and the murine E. coli 
strain NC101 for the colibactin gene clbB). The threshold used for detection was 10 copies/30 ng DNA, 
with the exception of  nusG (SYBR green), for which the limit of  quantitation was 1000 copies/30 ng DNA. 
All no-template controls were below this threshold.

Microbial standards. The clbB+ E. coli NC101 strain used for qPCR standard curves was a gift from the 
laboratory of  Christian Jobin (University of  Florida College of  Medicine, Gainesville, Florida, USA). The 
clinical F. nucleatum isolate used for qPCR standard curves was a gift from Brandon Ellis (Division of  Med-
ical Microbiology, Johns Hopkins Hospital).

Illlumina MiSeq WGS. DNA from candidate E. coli isolates from donor/recipient pair 9 were obtained 
by reculturing fecal matter on MacConkey plates and harvesting up to 5 colonies per sample. Colony 
DNA was extracted using the Quick-DNA Fecal/Soil Microbe Kit (Zymo Research) and quantitated using 
a Qubit Fluorometer (Thermo Fisher Scientific). Sequencing libraries were generated using the Nextera 
DNA Flex Library Prep Kit (Illumina). Samples were sequenced on a MiSeq instrument using v3 2x75 
chemistry. E. coli reads were assembled into contigs using SPAdes v3.10.1 (https://github.com/ablab/
spades/releases/tag/v3.10.1) and aligned using the core genome alignment software Parsnp (https://har-
vest.readthedocs.io/en/latest/content/parsnp.html) (60), which generated 2,466 alignment blocks with 
an average cluster length of  1,611 bp. The final SNP counts represent SNPs per approximately 4 Mb of  the 
E. coli genome. Sequencing reads from isolates too divergent to align with E. coli in Parsnp were classified 
using Centrifuge (61) with the NCBI database of  archaea, bacteria, and virus genomes. WGS sequencing 
data are available through the NCBI Sequence Read Archive (SRA; PRJNA529243). The code used to 
perform the whole genome sequencing analysis is available at https://github.com/timplab/drewes_fmt.

Statistics. GraphPad Prism (version 8) was used for all statistical tests. A paired-sample Wilcoxon’s test 
was used to analyze data in Figure 2 comparing donor values with their respective patient pre-FMT or post-
FMT values. P < 0.05 was considered statistically significant. No other statistical analyses were performed.

Study approval. This study was reviewed and approved by the Institutional Review Board at Johns Hop-
kins Hospital. All subjects or, when applicable, their parents or guardians, provided informed consent prior 
to their participation in the study.
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