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Abstract 

Background  Multidrug-resistant (MDR) bacteria are a growing global threat, especially in healthcare facilities. Faecal 
microbiota transplantation (FMT) is an effective prevention strategy for recurrences of Clostridioides difficile infections 
and can also be useful for other microbiota-related diseases.

Methods  We study the effect of FMT in patients with multiple recurrent C. difficile infections on colonisation 
with MDR bacteria and antibiotic resistance genes (ARG) on the short (3 weeks) and long term (1–3 years), combining 
culture methods and faecal metagenomics.

Results  Based on MDR culture (n = 87 patients), we notice a decrease of 11.5% in the colonisation rate of MDR bacte-
ria after FMT (20/87 before FMT = 23%, 10/87 3 weeks after FMT). Metagenomic sequencing of patient stool samples 
(n = 63) shows a reduction in relative abundances of ARGs in faeces, while the number of different resistance genes 
in patients remained higher compared to stools of their corresponding healthy donors (n = 11). Furthermore, plasmid 
predictions in metagenomic data indicate that patients harboured increased levels of resistance plasmids, which 
appear unaffected by FMT. In the long term (n = 22 patients), the recipients’ resistomes are still donor-like, suggesting 
the effect of FMT may last for years.

Conclusions  Taken together, we hypothesise that FMT restores the gut microbiota to a composition that is closer 
to the composition of healthy donors, and potential pathogens are either lost or decreased to very low abundances. 
This process, however, does not end in the days following FMT. It may take months for the gut microbiome to re-
establish a balanced state. Even though a reservoir of resistance genes remains, a notable part of which on plasmids, 
FMT decreases the total load of resistance genes.
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Background
The discovery of antibiotics altered the natural course of 
infectious diseases and saved millions of lives. Antibiot-
ics might be the most significant development in modern 
medicine, but there are important trade-offs to their use. 
Antibiotic-resistant bacteria have emerged that are unaf-
fected by standard therapies, which threatens effective 
prevention and treatment of infections. Antibiotic resist-
ance is now considered a major threat to public health 
[1, 2]. Besides, broad spectrum antibiotic therapy dis-
rupts the human microbiota, paradoxically resulting in 
an increased susceptibility to infections, for example by 
Clostridioides difficile [3–5].

C. difficile can asymptomatically reside in the gut but 
thrives in an antibiotic-affected microbiota. C. difficile 
causes an infection (CDI) varying from self-limiting and 
mild diarrhoea to life-threatening pseudomembranous 
colitis [6]. The disruption of the gut microbiota is essen-
tial in maintaining the recurrent nature of CDI, which is 
supported by the observation that replenishing the gut 
microbiota by faecal microbiota transplantation (FMT) 
results in prompt resolution of CDI recurrence (rCDI) 
[7, 8]. It is thought that FMT restores the gut microbiota 
diversity after antibiotic treatment, thus preventing out-
growth of C. difficile spores [9], and possibly decreasing 
the risk of other infections as well. FMT has been men-
tioned in treatment guidelines for rCDI for years [10–12], 
and rCDI is currently the only disease that is routinely 
treated with FMT.

A gut microbiota disrupted by antibiotics is also more 
susceptible to colonisation with multidrug-resistant 
(MDR) bacteria [13], which in turn increases the risk of 
infection in critically ill patients [14]. A prominent and 
problematic group of MDR bacteria are extended-spec-
trum beta-lactamase-producing (ESBL) Enterobacterales. 
Most infections with ESBL-producing Enterobacterales 
have high morbidity and mortality and are preceded by 
intestinal colonisation [15–17]. Hence, the prevention 
and eradication of ESBL-producing Enterobacterales 
from the intestinal tract is of global interest. Spontane-
ous decolonisation depends on comorbidities and type 
of species [18, 19], and innovative strategies to promote 
decolonisation of MDR bacteria are desired. So far, there 
is no recommended decolonisation method [20]. How-
ever, Millan et al. found that FMT in patients with rCDI 
decreased the number and diversity of antimicrobial 
resistance genes in their faeces [21]. This observation 
was followed by various case reports of patients colo-
nised with ESBL-producing Enterobacterales who were 
successfully treated with FMT [22–31]. One underpow-
ered randomised controlled trial (RCT) has been con-
ducted (n = 39 patients) to assess decolonisation of MDR 
Enterobacterales by treatment with oral non-absorbable 

antibiotics and FMT [32]. No statistically significant 
advantage of FMT was found, although colonisation rates 
were slightly lower in FMT-treated patients compared to 
untreated control patients. Subsequently, questions were 
raised about the efficacy of FMT against MDR bacteria 
and experiments were suggested to further assess this 
[33]. Interestingly, data from another RCT using FMT for 
the decolonisation of MDR bacteria in renal transplant 
patients indicated that FMT-treated patients had longer 
time to recurrent infections than patients that did not 
receive FMT [34]. This underscores the need for longer-
term sampling in similar FMT studies.

To further explore the effects of FMT in rCDI 
patients on antibiotic resistance of the gut microbiota, 
we assess colonisation with MDR bacteria with both 
culture and faecal metagenomics. We pay special atten-
tion to the resistome, defined as the collection of all 
antibiotic resistance genes (ARG) present. Additionally, 
we study the long-term effects on the microbiota up to 
3 years after FMT in a subset of patients.

Methods
Study design
In this cohort study, we use stool samples of rCDI 
patients treated in 34 different healthcare centres 
across the Netherlands with FMT provided by the 
Netherlands Donor Feces Bank (NDFB, Leiden, the 
Netherlands) to assess the presence of MDR bacteria 
and the resistome. The NDFB uses standardised pro-
cedures for the collection, screening, preparation and 
storage of donor faecal suspensions, and treatment 
and follow-up of rCDI patients as described previously 
[35, 36]. In short, patients were first treated with anti-
biotics against C. difficile for at least 4 days until 24 h 
before FMT. The day before FMT, patients received 
a bowel lavage with macrogol solution [8]. Pre-FMT 
samples were collected during or shortly after antibi-
otic treatment and before bowel lavage. Approximately 
3 weeks after FMT, a short-term post-FMT sample was 
requested. Pre- and short-term post-FMT stool sam-
ples of rCDI patients and their corresponding donors 
were collected between May 2016 and March 2021. 
Additionally, in February 2021 we approached FMT-
treated patients of the cohort with informed consent 
to contact them for later research purposes (n = 53) for 
updated clinical information and requested a long-term 
follow-up (LTFU) stool sample. Clinical data, including 
recurrence of CDI after FMT, were recorded for fur-
ther investigation. Stool samples were stored at − 80 °C 
until DNA extraction for metagenomics sequencing or 
stored in an end concentration of 10% glycerol until 
MDR culture testing.
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Definition of multidrug‑resistant bacteria
Definitions and testing methods were used as described 
previously [37]. MDR bacteria were defined according to 
the definitions of the Dutch Working Group on Infection 
Prevention [38]. This includes ESBL-producing Entero-
bacterales; Enterobacterales and Acinetobacter spp. that 
are resistant to both fluoroquinolones and an amino-
glycoside or produce carbapenemases; Pseudomonas 
aeruginosa that produces carbapenemase or is resist-
ant to at least three of the following antibiotic classes or 
agents: fluoroquinolones, aminoglycosides, ceftazidime 
or piperacillin, and carbapenems; both penicillin and 
vancomycin-resistant Enterococcus faecium (VRE); or 
methicillin-resistant Staphylococcus aureus (MRSA).

Culture and antimicrobial susceptibility testing 
of multidrug‑resistant bacteria
To identify MDR bacteria and calculate the prevalence 
among FMT donors and recipients, stool samples were 
selectively cultured as described previously [37]. Briefly, 
an inoculating loop was used to scrape 10 µL faeces from 
frozen faeces aliquots (containing 10% glycerol). The 
faeces was enriched in 15  mL of tryptic soy broth and 
incubated for 18 h at 35 °C prior to plating on ChromID 
ESBL, ChromID OXA-48 agar, MacConkey tobramycin 
(8 mg/L) plus ciprofloxacin (0.5 mg/L) agar, and VRE agar 
(bioMérieux, Marcy l’Etoile, France). For MRSA detec-
tion, a separate brain heart infusion enrichment broth 
was used which was supplemented with 2.5 sodium chlo-
ride and 10  mg/L colistin sulphate and inoculation on 
MRSA-ID agar plate. All suspected MDR colonies were 
identified as bacterial species by matrix-assisted laser 
desorption ionisation-time of flight mass spectrometry 
(MALDI-TOF) Biotyper (Bruker Daltonik; Bremen, Ger-
many). Antibiotic susceptibility was evaluated by VITEK2 
(Card N199, bioMérieux) using the European Committee 
of Antimicrobial Susceptibility Testing (EUCAST) break-
points version 11.0 [39]. ESBL production was confirmed 
using the double disk method. Isolates with a meropenem 
minimum inhibitory concentration > 0.25  mg/L (ETEST, 
bioMérieux) were investigated for carbapenemase pro-
duction with a carbapenem inactivation method (CIM) 
test and an in-house multiplex PCR to detect KPC, VIM, 
NDM, OXA-48 and IMP genes. VRE were confirmed by 
an in-house PCR targeting the vanA and vanB genes, 
and MRSA with the BD MAX assay targeting the MREJ, 
mecA/mecC and Nuc genes (BD, New Jersey, USA). Six 
known MDR bacteria-positive and seven MDR bacteria-
negative defrosted faeces aliquots (also stored in 10% 
glycerol) of the NDFB donor screening served as positive 
and negative controls. Samples were called MDR culture 
positive if at least one MDR bacterium was cultured on 
selective media.

Whole‑genome sequencing of multidrug‑resistant isolates
To assess the antibiotic resistance genotype of MDR iso-
lates and persistence after FMT, cultured MDR bacte-
ria were subjected to whole-genome sequencing (WGS; 
Fig. 1). DNA was isolated using the QIAsymphony DSP 
Virus/Pathogen Midi Kit (Qiagen, Hilden, Germany) 
and sent to GenomeScan B.V. (Leiden, Netherlands) 
to sequence on the Illumina NovaSeq6000 platform 
(Illumina, Inc., San Diego, California, USA) generating 
150 bp paired-end reads (reads per bacterial isolate: 780 k 
[258  k-1.64  M] (median [range])). Samples were sent in 
two batches, of which the second failed. We decided to 
continue with the available data, which includes WGS for 
24 out of 32 isolates (15 / 20 from pre-FMT stools, 9 / 10 
from short-term post-FMT and 0 / 2 long-term follow-
up). The raw sequencing reads were cleared of human-
derived reads by mapping to the GRCh38 genome [40] 
using bowtie2 (version 2.4.2, option ‘–very-sensitive-
local’) [41] and samtools (version 1.11) [42] before 
adapter and low-complexity read removal and quality-
trimming using fastp (version 0.20.1, parameters ‘–cut_
right –cut_window_size 4 –cut_mean_quality 20 -l 50 
–detect_adapter_for_pe -y’) [43]. High-quality reads were 
assembled using SPAdes (version 3.15.2, option ‘–isolate’) 
[44]. All scaffolds were screened for antibiotic resistance 
genes using ABRicate (version 0.8.13, https://​github.​com/​
tseem​ann/​abric​ate) with both the CARD (from 25 March 
2021) [45] and ResFinder (from 25 March 2021) [46] 
databases, only retaining hits of full-length genes (100% 
coverage) with at least 97% identity. These cut-offs were 
used to keep the method consistent with and compara-
ble to the resistome analyses (see below). Furthermore, 
assembled genomes were taxonomically classified using 
GTDB-Tk (version 2.1.0) [47]. These classifications were 
used to verify or further specify classifications made by 
MALDI-TOF Biotyper as described above and are used 
as species identification for sequenced isolates. Sequence 
data have been deposited in the European Nucleo-
tide Archive (ENA) under project number PRJEB64622 
(https://​www.​ebi.​ac.​uk/​ena/​brows​er/​view/​PRJEB​64622) 
[48].

Shotgun metagenomic sequencing
In total, 63 sets of donor-patient FMT triads were 
sequenced using shotgun metagenomics. Samples col-
lected before 2021 were prepared for sequencing as pre-
viously described [49]. This resulted in metagenomes of 
49 patients pre- and short-term post-FMT and 56 donor 
samples of 8 donors that have been deposited in the ENA 
under project number PRJEB44737 (https://​www.​ebi.​ac.​
uk/​ena/​brows​er/​view/​PRJEB​44737) [50]. An additional 
21 sets (tetrads) of patient pre-, short-term post-FMT 
and now including long-term post-FMT samples, of 

https://github.com/tseemann/abricate
https://github.com/tseemann/abricate
https://www.ebi.ac.uk/ena/browser/view/PRJEB64622
https://www.ebi.ac.uk/ena/browser/view/PRJEB44737
https://www.ebi.ac.uk/ena/browser/view/PRJEB44737
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which 7 were sequenced earlier, as well as 14 donor sam-
ples from 8 donors were sequenced at GenomeScan B.V. 
(Leiden, Netherlands) using the Illumina NovaSeq6000 
platform generating a median of 42.6 M 150 bp paired-
end reads per sample. Raw reads, excluding human-
derived reads (see below), have been deposited in the 
ENA under project number PRJEB64621 (https://​www.​
ebi.​ac.​uk/​ena/​brows​er/​view/​PRJEB​64621) [51]. DNA was 
extracted from 100 mg of unprocessed patient and donor 
faeces using the Quick-DNA Fecal/Soil Microbe Mini-
prep Kit (ZymoResearch, Irvine, California, USA), with 
bead beating step on a Precellys 24 tissue homogeniser 
(Bertin Technologies, Montigny-le-Bretonneux, France) 
at 5.5 m/s for three times 1 min with short intervals, as 
described previously [52]. Libraries were constructed 
using the NEBNext Ultra II FS DNA kit and NEBNext 
Ultra II Ligation kit (New England Biolabs, Ipswich, 
Massachusetts, USA), producing DNA fragments of 
approximately 500–700  bp. Besides, control samples 
were included to verify successful DNA isolation and 
sequencing. These include blank (water) controls, and 
ZymoBiomics Community Standard (ZymoResearch). 
Negative controls returned no sequencing reads, while 
positive controls contained reads of all species present in 
the communities.

Metagenomic pre‑processing
Human-derived reads were removed from raw 
metagenomic reads by mapping reads to the human 
reference genome (GRCh38, NCBI accession ID 
GCF_000001405.26) using bowtie2 (version 2.4.2, option 
‘–very-sensitive-local’) and samtools (version 1.11). 
Remaining non-human reads were then processed by 
fastp (version 0.20.1) to trim low-quality 3’-ends (param-
eters: ‘–cut_right –cut_window_size 4 –cut_mean_qual-
ity 20’), remove low-complexity sequences (parameter: 
‘-y’), remove remaining adapter sequences (parameter: 
‘–detect_adapter_for_pe’) and remove reads shorter than 
50 bases (parameter: ‘-l 50’). The resulting high-quality 
metagenomic reads were used in read-based taxonomic 
profiling and assembly-based ARG profiling.

Quantification of multidrug‑resistant isolates 
in metagenomes
To identify and quantify whole-genome sequenced 
MDR bacteria in metagenomes, we mapped metagen-
omic reads derived from the same stool sample to the 
respective assembled genome using BWA-MEM (version 
0.7.17) [53]. Mapped reads were counted and coverage 
was quantified using samtools coverage (version 1.10). 
Coverage was calculated as both depth of coverage (mean 

Fig. 1  Schematic representation of the study setup. Data sources are shown in blue, data generating (wet lab) techniques in green and major 
analysis (dry lab) methods in orange boxes. Multiple recurrent Clostridioides difficile infected patients were treated with faecal microbiota 
transplantation in 34 different centres across the Netherlands and samples were requested for research. Only patients are included in the analyses 
if we received both a pre- and post-FMT sample

https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
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number of times each position is covered, normalised by 
the total number of metagenomic reads) and breadth of 
coverage (percentage of genome covered by at least one 
read). In all cases, presence of the MDR strain was con-
firmed by coverage of scaffolds containing ARGs related 
to the MDR phenotype. Furthermore, presence of anti-
biotic resistance genes detected in the whole-genome 
sequence data of each cultured isolate was manually 
compared against the resistome data derived from the 
same stool sample to assess sensitivity of culture and 
metagenomics.

Taxonomic profiling
Taxonomic microbiota profiles were determined using 
MetaPhlAn (version 4.0.3) [54], which maps reads to its 
custom marker database. Resulting taxonomic profiles 
quantified as percentages of the total microbiota were 
imported as R phyloseq object to facilitate visualisation 
and statistical comparisons [55]. To quantify Enterobac-
terales, we extracted the order of Enterobacterales from 
the MetaPhlAn output and labelled all other taxa ‘other’. 
Presence of Enterobacterales was defined as a relative 
abundance > 0%. Species richness and evenness were cal-
culated using the R package ‘microbiome’, while Shannon 
diversity was calculated with the ‘vegan’ package.

Resistome analysis
ARGs were detected using an assembly-based approach. 
Quality-trimmed reads were assembled into scaffolds 
using metaSPAdes (version 3.15.4, default parameters) 
[56]. Next, resistance genes were identified with ABRicate 
(version 0.8.13) using both the CARD (from 25 March 
2021) and ResFinder (from 25 March 2021) databases, 
only retaining hits of full-length genes (100% coverage) 
with at least 97% identity. These criteria were selected 
based on visual inspection of the BLAST hits to balance 
high specificity and adequate sensitivity. As a control, we 
repeated the analyses using a coverage cut-off of 50% to 
include partial genes, which yielded equivalent results. 
ARGs were annotated with their respective target anti-
biotic and antibiotic class using the respective databases’ 
annotation files. Scaffolds were quantified by mapping 
the metagenomic reads back to the scaffolds using BWA-
MEM (version 0.7.17) and samtools (version 1.10). Quan-
tifications were normalised to reads per kilobase per 
million (RPKM) by dividing the number of reads mapped 
to each contig by the length of the contig and the number 
of high-quality reads used for the assembly, multiplied by 
1000 * 1,000,000. To annotate scaffolds with additional 
information, scaffolds were taxonomically classified 
using the Genome Taxonomy Database Toolkit (GTDB-
Tk; version 2.1.0) and the Contig Annotation Tool (CAT, 
version 5.2.3, parameters: ‘-r 10 -f 0.5’, [57] – which uses 

Prodigal version 2.6.3 [58]; DIAMOND version 2.0.6 
[59]; and the NCBI BLAST nr database from 7 January 
2021, https://​ftp.​ncbi.​nlm.​nih.​gov/​blast/​db/), using CAT 
as primary annotation and filling in gaps in classifica-
tion using the result of GTDB-Tk. The genomic origin of 
scaffolds with ARGs (chromosome or plasmid) was pre-
dicted using viralVerify (version 1.1, option ‘-p’, https://​
github.​com/​ablab/​viral​Verify) and we used only predic-
tions that viralVerify reported as certain. All the scaffold 
annotation data was loaded into R (version 4.0.2; https://​
www.R-​proje​ct.​org/) for further analyses. Resistome rich-
ness was calculated by counting the number of different 
genes per sample, total abundance was calculated as the 
sum of all resistance genes’ abundance values (as RPKM) 
per sample, resistome Shannon diversity was calculated 
using the ‘vegan’ R package and Simpson evenness with 
the ‘microbiome’ package.

Statistical analyses
The colonisation rate of MDR bacteria among patients 
was compared between pre- and short-term post-FMT 
and short-term and the long-term post-FMT using 
McNemar’s chi-square test for paired data (non-exact, 
without continuity correction). Depth of coverage of 
MDR bacteria in metagenomic data was compared 
between pre- and post-FMT with a paired t-test on log-
transformed coverage values.

The effect of FMT on the colonisation rate of Entero-
bacterales in patients was tested using McNemar’s test 
without correction. Total abundances were compared 
using repeated measures ANOVA, followed by pairwise 
t-tests using Holm’s correction method.

For comparing taxonomic compositions of metage-
nomes and resistomes between donors and patients, 
we selected one value for each donor as representative. 
For principal component analyses (PCA), we picked the 
middle sample for each donor based on donation date 
(number of samples / 2, rounded up). Aitchison distance 
was used to calculate distances between microbiota or 
resistome compositions. Aitchison uses log-transformed 
values, which is impossible with zero, so we added pseu-
docounts. In PCA, donors and patients are compared 
using PERMANOVA and PERMDISP tests, consider-
ing the repeated measures in patients by using their ID 
as strata. Aitchison distances are compared using Wil-
coxon rank sum tests. For comparisons of alpha diversity 
metrics using boxplots, we selected the median value as 
representative for each donor. Richness, total abundance, 
Shannon index, and Simpson evenness are compared 
between donors and patients using t-tests with Holm’s 
correction method. Abundance values were log-trans-
formed. Within patients, all pre- and short-term post-
FMT measures are compared using a paired t-test, while 

https://ftp.ncbi.nlm.nih.gov/blast/db/
https://github.com/ablab/viralVerify
https://github.com/ablab/viralVerify
https://www.R-project.org/
https://www.R-project.org/
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within the subgroup of 22 patients of whom we have 
collected long-term post-FMT samples values are first 
compared using repeated measures ANOVA. If p < 0.05, 
paired t-tests were used as post hoc test to determine dif-
ferences between pre-FMT and long-term post-FMT and 
between short- and long-term post-FMT. Again, Holm’s 
correction method was used.

To evaluate if antibiotic (vancomycin) treatment dura-
tion before FMT influenced the resistome, we compared 
the pre-treatment duration of patients (n = 52) with their 
resistome richness (number of different ARGs), total 
abundance, Shannon diversity and Simpson evenness 
using Spearman correlation. All statistical tests were 
done in R version 4.0.2, using the base, rstatix, vegan, 
and pairwiseAdonis packages. A p-value below 0.05 was 
considered significant. Analysis scripts are available at 
Zenodo (https://​zenodo.​org/​doi/https://​doi.​org/​10.​5281/​
zenodo.​10276​220) [60].

Results
Donor and patient selection and population characteristics
During the sample collection period the NDFB pro-
vided faecal suspensions for 208 FMT treatments of 187 
rCDI patients. From 87 patients (median age 73, inter-
quartile range (IQR) 64–81 years, 56 females (64%)), we 
obtained stool samples from both pre- and short-term 
post-FMT to test for MDR bacteria by culture (Fig.  1). 
Twenty-two patients (median age 73, IQR 64–78  years; 
14 females (64%)) provided a long-term post-FMT sam-
ple that was culture-tested. The median sampling times 
for patients are 1 day pre-FMT (IQR 1–3 days), 27 days 
post-FMT (IQR 20–48  days; short term), and 801  days 
post-FMT (IQR 447–1114  days; long term). Seventy-six 
donor samples from 15 different donors (median age 27, 
IQR 24–37.5; 9 females (60%)) were screened for MDR 
bacteria by culture. For shotgun metagenomic deep 
sequencing, we used 63 pairs of patient stool samples 
(patient median age: 73  years, interquartile range (IQR) 
65–81  years; 40 females (63%)), 21 LTFU (one failed to 
provide a pre-FMT sample), and 70 donor stool sam-
ples from 11 different donors (median age 31 years, IQR 
27–42 years; 6 females (55%); Fig. 1). The resistome anal-
ysis includes only complete sample triads (donor, pre-
FMT and post-FMT), and sample tetrads with long-term 
post-FMT if both pre- and short-term post-FMT samples 
were available.

Prevalence of multidrug‑resistant bacteria decreases 
after FMT
We began our study of the effect of FMT on MDR bac-
teria with selective cultures. Stool sample cultures of 15 
donors and 87 patients pre- and post-FMT were assessed 
for carriership of MDR bacteria (Fig. 1). One donor had 

MDR bacterium-positive samples (1/15 = 6.7%), of which 
none were used for FMT. At least one MDR bacterium 
was detected in 20/87 (23.0%) of the patients before FMT 
(Fig. 2A, Table 1). Three weeks after FMT, the colonisa-
tion rate decreased to 10/87 (11.5%; p = 0.0075), of which 
7 MDR bacteria were also detected before FMT. In the 
long term, the colonisation remained similar at 2/22 
(9.1%; Fig.  2B; p = 0.16 compared to short-term post-
FMT). Both MDR bacteria present in the LTFU were 
ESBL-producing E. coli also detected in the short-term 
post-FMT samples. Thereby, they appear to be long-term 
persisters. Within the subgroup of patients that provided 
long-term samples, there was no decrease in colonisation 
after FMT as we saw with the whole cohort (Fig. 2B; pre-
FMT 5/22 = 22.7%, post-FMT 4/22 = 18.2%; p = 0.56). We 
compared data of MDR bacterial colonisation with CDI 
recurrence for a comprehensive analysis, but found that 
the numbers were too small to provide statistically mean-
ingful results.

Whole‑genome sequencing of multidrug‑resistant 
and comparison with metagenomics reveals that MDR 
bacteria had higher abundances in rCDI patients 
before FMT than after FMT
Next, we checked the resistance genotype of isolates 
using WGS and combined the isolate data with faecal 
metagenomics to quantify the abundance of MDR bacte-
ria in the gut microbiota. Twenty-four cultured isolates 
of multidrug-resistant bacteria were subjected to WGS. 
In all but one genome, we were able to detect ARGs 
associated with the resistance phenotype; e.g., ESBL 
genes in isolates classified as ESBL-producing (Table  1; 
Additional file  1: Fig. S1-3). Furthermore, we mapped 
metagenomic reads to the assembled isolate genome to 
compare essay sensitivity and determine relative abun-
dances in the microbiota. As expected in patients pre-
treated with antibiotics, we found that MDR bacteria had 
higher abundances in rCDI patients before FMT than 
after FMT (Fig. 2C; p = 0.0159). We detected near-com-
plete genomes of MDR isolates in the metagenomes with 
various depths (Fig.  2D). Only one Citrobacter freundii 
genome was covered less than half (43%) in the metage-
nome. We then compared resistance genes detected in 
the WGS data to those detected in metagenomic data to 
estimate the sensitivity of metagenomic sequencing com-
pared to culturing. These resistance genes of cultured 
isolates were also found in their respective metagenomes 
(Table  1). Besides, metagenomic data from patient P44 
suggested the presence of an ESBL-producing E. coli in 
the pre-FMT sample, while culture only picked it up in 
the post-FMT faeces. These data suggest that combin-
ing bacterial culture with metagenomic sequencing can 
be used synergistically and provide more detailed results 

https://zenodo.org/doi/
https://doi.org/10.5281/zenodo.10276220
https://doi.org/10.5281/zenodo.10276220
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than either method alone. In summary, we find that both 
the prevalence and the abundance of MDR bacteria were 
decreased after FMT.

FMT makes gut microbiota more donor‑like and decreases 
Enterobacterales, also in long term
To gain deeper understanding in how FMT affected the 
gut microbiota in this cohort, we profiled faecal metage-
nomes of donors and recipients using MetaPhlAn4. 
Donors had microbiota dominated by Bacillota (formerly 
Firmicutes), Bacteroidota (formerly Bacteroidetes), and 
Actinomycetota (formerly Actinobacteria; Additional 
file 1: Fig. S4A). Enterobacterales were present in 26/70 
donor stools (37%) at ~ 0.01% abundance (Fig. 3A, B). In 
rCDI patients, that underwent anti-CDI treatment prior 
to FMT (53 × vancomycin, 6 × fidaxomicin, 1 × metroni-
dazole, 1 × metronidazole + vancomycin, 2 unknown), 
Actinomycetota and Bacteroidota were much less pre-
sent, while Proteobacteria (mostly Escherichia coli or 
Klebsiella pneumoniae) were often dominant (> 50% 
abundance in 31/63 patients = 49%; Additional file  1: 
Fig. S4B). Enterobacterales were present in all pre-FMT 

patient stools (Fig. 3A). Shortly after FMT, the prevalence 
of Enterobacterales dropped to 58/63 (92%; p = 0.0253) 
and the abundance decreased as well (Fig.  3B; adjusted 
p < 0.0001). In the longer term after FMT, the preva-
lence of Enterobacterales did not change (18/21 = 86%; 
p = 0.655 compared to 3 weeks post-FMT), but the abun-
dance decreased further (adjusted p = 0.025), and was no 
longer distinct from the donors’ (p = 0.09).

We further studied the species composition of donor 
and patient metagenomes using PCA (Fig.  4A). Patient 
species composition was different from the donors’ at all 
timepoints (PERMANOVA: overall p = 0.001, pre-FMT 
p = 0.003, post-FMT p = 0.014, LTFU p = 0.014; PER-
MDISP: p < 0.0001). However, after FMT the patients’ 
microbiota were more similar to their donors’ (Fig.  4B; 
p < 0.0001). This shift in microbiota appears at least 
partly attributable to the FMT and is not solely due to 
recovery after antibiotic use, as indicated by a compari-
son between patient post-FMT species compositions to 
those of the donor that was used against unrelated donor 
samples (Additional file 1: Fig. S5; p < 0.0001). In the long 
term, species compositions in FMT recipients moved 

Fig. 2  Effect of faecal microbiota transplantation on prevalence and abundance of cultured multidrug resistant bacteria. Stool samples of recurrent 
C. difficile infected (rCDI) patients were selectively cultured to assess the prevalence of multidrug-resistant (MDR) bacteria before and after faecal 
microbiota transplantation (FMT). We called samples MDR positive if at least one MDR bacterium was detected. Cultured isolates were subjected 
to whole-genome sequencing, and metagenomic sequencing data from the same stool samples were mapped to the assembled genomes 
to quantify the MDR bacteria in the metagenomes. A Prevalence of MDR bacteria in 87 rCDI patients. B Colonisation rates in 22 patients of whom 
long-term follow-up (~ 1–3 years after FMT) samples were collected. C Abundance of MDR bacteria based on metagenome data. D Breadth 
of coverage and relative abundance of MDR bacteria in metagenomic sequencing data per species. Asterisks indicate statistically significant 
differences, *: p < 0.05; **: p < 0.01; n.s.: not significant, MDR: multidrug resistant, FMT: faecal microbiota transplantation, LTFU: long-term follow-up
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Table 1  Overview of cultured multidrug-resistant bacteria with genotype and phenotype

FMT Faecal microbiota transplantation, LTFU Long-term follow-up, ESBL Extended-spectrum beta-lactamase, NA Data not available (because the isolate and/or the 
metagenome were not sequenced), WGS Whole-genome sequencing. Species names are listed as in the Genome Taxonomy Database (GTDB), and the alias known by 
the National Center for Biotechnology Information (NCBI) is given in parentheses when different. When multiple multidrug-resistant bacteria were cultured from the 
same stool, isolate characteristics are separated by a plus (‘ + ’) sign
a Same species before and after FMT, persistence is likely based on resistance genotype (Additional file 1: Fig. S1-3) when available
b No antibiotic resistance genes were detected in the genome sequence data

Patient Sample timepoint Species Resistance phenotype Genotype based on WGS Detected in 
metagenome

P22 Post-FMT E. coli Aminoglycoside, fluoroquinolone, 
ampC

APH(3’)-Ia, APH(6)-Id, APH(3″)-Ib, 
ANT(2″)-Ia, acrD, ampC, QnrB5, emrR

Yes

P30 Post-FMT E. coli Aminoglycoside, fluoroquinolone acrD, emrR, emrD Yes

P31 Pre-FMT E. coli Aminoglycoside, fluoroquinolone, 
ceftazidime

acdD, emrR, emrB, ampC Yes

P33 Pre-FMT K. pneumoniaea Aminoglycoside, fluoroquinolone, 
ESBL

aadA2, aadA16, AAC(3-IId, TEM-1, 
SHV-119, CTX-M-14

Yes

P33 Post-FMT K. pneumoniaea Aminoglycoside, fluoroquinolone, 
ESBL

aadA2, aadA16, AAC(3-IId, TEM-1, 
SHV-119, CTX-M-14

Yes

P38 Pre-FMT E. colia Fluoroquinolone, ESBL CTX-M-27, ermR, emrB Yes

P38 Post-FMT E. colia Fluoroquinolone, ESBL CTX-M-27, ermR, emrB Yes

P39 Pre-FMT E. coli Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-15, OXA-1, acrD, AAC(3)-IIe, 
emrA, emrB, emrR

Yes

P44 Pre-FMT C. freundiia Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-15, OXA-1, AAC(3)-IIe, AAC(6’)-
Ib-cr, APH(6)-Id, APH(3″)-Ib, QnrB6

Yes

P44 Post-FMT C. freundiia + E. coli Aminoglycoside, fluoroquinolone, 
ESBL + ESBL

CTX-M-15, OXA-1, AAC(3)-IIe, AAC(6’)-
Ib-cr, APH(6)-Id, APH(3″)-Ib, QnrB17

Yes

P44 LTFU (3 yr) E. coli ESBL NA NA

P51 Pre-FMT C. freundii ESBL CTX-M-9 Yes

P58 Pre-FMT E. coli Aminoglycoside, fluoroquinolone acrD, emrR Yes

P59 Pre-FMT E. colia Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-14, acrD, AAC(3)-IIe, APH(3″)-Ib, 
APH(6)-Id, emrR

Yes

P59 Post-FMT E. colia Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-14, acrD, AAC(3)-IIe, APH(3″)-Ib, 
APH(6)-Id, emrR

Yes

P59 LTFU (1 yr) E. colia Aminoglycoside, fluoroquinolone, 
ESBL

NA NA

P64 Pre-FMT E. colia Aminoglycoside, fluoroquinolone AAC(6’)-Ib-cr, emrA, emrB, emrR NA

P64 Post-FMT E. colia Aminoglycoside, fluoroquinolone acrD, APH(3")-Ib, APH(6)-Id, ampC, 
ampH, emrA, emrB, emrR

NA

P65 Pre-FMT E. hormaechei_A (cloacae) Aminoglycoside, fluoroquinolone, 
ESBL

ACT-27, CTX-M-15, OXA-1, TEM-1, 
AAC(3)-IIe, APH(6)-Id, APH(3")-Ib, 
AAC(6’)-Ib-cr, QnrB6

NA

P66 Pre-FMT M. morganii ESBL DHA-18 NA

P67 Pre-FMT P. mirabilis ESBL CTX-M-1 NA

P68 Pre-FMT P. mirabilis_B (vulgaris/mirabilis) ESBL (none)b NA

P69 Pre-FMT C. freundiia Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-15, TEM-1, OXA-1, AAC(3)-IIe, 
APH(3″)-Ib, APH(6’)-Id, QnrB6

NA

P69 Post-FMT C. freundiia Aminoglycoside, fluoroquinolone, 
ESBL

CTX-M-15, TEM-1, OXA-1, AAC(3)-IIe, 
APH(3″)-Ib, APH(6’)-Id, QnrB17

NA

P70 Pre-FMT E. colia ESBL ampC, ampH, SHV-134 NA

P70 Post-FMT E. colia ESBL ampC, ampH, SHV-134 NA

P71 Pre-FMT K. pneumoniae ESBL NA NA

P72 Pre-FMT P. hauseri ESBL NA NA

P73 Pre-FMT C. freundii ESBL NA NA

P74 Pre-FMT E. cloacae ESBL NA NA

P75 Pre-FMT E. cloacaea ESBL NA NA

P75 Post-FMT E. cloacaea ESBL NA NA
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Fig. 3  Prevalence and abundance of Enterobacterales in faecal donors and faecal microbiota transplantation recipients. A Relative abundances 
of Enterobacterales in metagenomes as determined by MetaPhlAn4. B Total abundances of Enterobacterales in stool donors and rCDI patients 
treated with FMT sampled one day before (Pre) FMT, 3 weeks after (Post) FMT and 1–3 years after FMT (long-term follow-up, LTFU). Statistically 
significant differences are indicated by asterisks, *: p < 0.05; ****: p < 0.0001. FMT: faecal microbiota transplantation, LTFU: long-term follow-up

Fig. 4  Comparison of gut microbiota composition and diversity. Species composition of metagenomes was determined by MetaPhlAn4. A 
Beta diversity expressed as Aitchison distances in a principal component analysis (PCA). Percentages on the X- and Y-axis represent the variance 
explained by the first two components. B Aitchison distance from patient species profile to corresponding donor. C–E Species richness, Shannon 
index and Simpson evenness compared between donors and recipients, respectively. Asterisks indicate statistically significant differences, ****: 
p < 0.0001; FMT: faecal microbiota transplantation, LTFU: long-term follow-up
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away from the donors’ (post-FMT vs LTFU adjusted 
p = 0.0008), but was still more donor-like than before 
FMT (adjusted p = 0.002).

We then compared the alpha diversity between spe-
cies profiles of donor and patient metagenomes. Species 
richness and Shannon diversity were higher in donors 
than in rCDI patients before FMT (Fig. 4C, D; adjusted 
p < 0.0001) and increased dramatically in patients after 
FMT (adjusted p < 0.0001) to levels as seen in donors 
(adjusted p > 0.1). Richness and Shannon index remained 
high at the long term. The Simpson evenness, also known 
as inverse Simpson index or Simpson’s dominance, 
was not different between donors and patients (Fig.  4E; 
adjusted p > 0.3). Overall, our data show the expected 
pattern of lower diversity in rCDI patients, high diversity 
in FMT donors, and increased diversity in patients after 
FMT. After FMT, both the prevalence and abundance of 
Enterobacterales were decreased in patients.

FMT decreases abundance of resistance genes, 
but not their diversity
Using the same metagenomic sequencing data, we deter-
mined the resistome using a custom assembly-based 
approach. We quantified differences in resistome compo-
sition between donors and patients using PCA (Fig. 5A). 
Donors had similar resistomes and often had the same 
ARGs for aminoglycoside, diaminopyrimidine and tetra-
cycline resistance (Additional file 1: Fig. S6), while rCDI 
patients had a very different resistome (PERMANOVA, 
p = 0.003; PERMDISP, p < 0.0001), in which different 
ARGs for beta-lactam and fluoroquinolone resistance 
as well as multidrug efflux pumps were prevalent (Addi-
tional file 1: Fig. S6-7). After FMT, a shift in the patients’ 
resistome towards a donor-like composition is visible 
(Fig.  5B; adjusted p < 0.0001), although it remained dif-
ferent from the donors’ (p = 0.003). At long-term follow-
up, the resistome was neither more nor less donor-like 
than at 3  weeks after FMT (Fig.  5B; adjusted p = 0.123) 
and was still statistically different from the donors’ 
(p = 0.012). These differences in resistome composition 
between donors and patients and the shift after FMT are 
also visible when viewing the resistome as relative abun-
dances per antibiotic class (Additional file 1: Fig. S8).

We find that patients before FMT had more differ-
ent resistance genes (higher resistome richness) in their 
faecal metagenomes than donors (adjusted p < 0.0001; 
Fig.  5C). The duration of vancomycin pre-treatment 
did not significantly influence the resistome (Addi-
tional file  1: Fig. S9). After FMT, resistome richness in 
patients did not change (adjusted p > 0.1) and remained 
higher than in donors (short-term post-FMT: adjusted 
p < 0.0001; long-term: adjusted p = 0.0002). The total 
abundance of resistance genes was also higher in patients 

pre-FMT than in donors (Fig.  5D; adjusted p < 0.0001), 
but in contrast to the resistome richness, abundance 
decreased in patients shortly after FMT (p = 0.0003). In 
the long term, the abundance lowered further (adjusted 
p = 0.02), although abundances remained higher than 
in donors (adjusted p = 0.02). The Shannon index com-
bines richness and abundance and likewise showed a 
higher resistome diversity in rCDI patients compared to 
donors, and a decrease after FMT (Fig.  5E). The Simp-
son evenness shows no statistical difference between 
donors and patients (Fig.  5F; adjusted p > 0.1), but indi-
cates a decrease of resistome diversity in patients after 
FMT (p = 0.017). In summary, FMT appears to alter the 
diversity of the resistome in recipients by lowering rela-
tive abundances of ARGs.

We observed different prevalence and abundance pat-
terns of ARGs from different antibiotic classes (Addi-
tional file  1: Fig. S6-8). To explore this further, we 
selected classes of which genes were present in both 
donors and patients and divided them in two groups. 
One group (beta-lactamase, fluoroquinolone and mul-
tidrug efflux pump) consists of genes that are rare in 
donors and common and abundant in patients (Addi-
tional file  1: Fig. S10 A-C and G-I). The abundance of 
genes in this group decreased shortly after FMT, while 
the resistome richness decreased only in the long term. 
The second group (aminoglycoside, diaminopyrimi-
dine and tetracycline) is common in donors (Additional 
file  1: Fig. S10D-F and J-L). Genes from this donor-
associated group may have been transferred to the 
recipients, resulting in greater resistome richness after 
FMT and their abundance did not decrease after FMT. 
These results highlight that the effects of FMT on the 
resistome vary depending on type of antibiotic and the 
taxa that carry the genes.

Remarkable resistances
We found a number of ESBL genes in our resistome 
data, and also in donor faeces. Furthermore, we found 
carbapenamase genes and one colistin resistance gene 
(mrc-10_1, predicted to be on a plasmid) only in rCDI 
patients before FMT. Vancomycin genes were detected 
by metagenomics in 7 out of 63 patients before FMT 
(11.1%) and 11 / 63 after FMT (17.5%; Additional file 1: 
Fig. S11). Besides, our cultures picked up a vancomy-
cin-resistant Enterococcus faecalis from a post-FMT 
stool, which was penicillin-susceptible and therefore 
not listed as MDRO. These resistances as well as those 
predicted to be on plasmids are discussed in more 
detail in the supplementary results and Figures  S11, 
S12, and S13 (Additional file  2; Additional file  1: Fig. 
S11-13).
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Fig. 5  Overview of resistomes of faeces donors and faecal microbiota transplantation recipients. A Principal component analysis (PCA) 
of resistomes, based on Aitchison distances. Percentages on the X- and Y-axis represent the variance explained by the first two components. B 
Aitchison distance from patient antibiotic resistance gene profiles to corresponding donor. C–F Antibiotic gene richness, total abundance, Shannon 
index and Simpson evenness compared between groups and between recipient timepoints, respectively. Asterisks indicate statistically significant 
differences, *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. FMT: faecal microbiota transplantation, LTFU: long-term follow-up
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Predicted plasmid‑mediated antibiotic resistance remains 
high
We hypothesised that the relative persistence of the 
resistome after FMT may be linked to plasmids. To test 
this, we used the plasmid prediction algorithm from 
viralVerify and assessed which contigs with resistance 
genes were likely to derive from chromosomes and which 
from plasmids. Most (4567 / 6662 or 68.6%) of the resist-
ance genes were predicted to derive from chromosomes 
and 400 (6%) likely derived from plasmids. The remaining 
1695 (25.4%) contigs with ARGs could not confidently be 
classified to either plasmid or chromosome. Unlike chro-
mosomal resistances, which follow the general resistome 
pattern and decrease after FMT (Fig. 6A–C), we find that 
the resistome richness, abundance, and diversity of ARGs 
derived from plasmids were higher in rCDI patients than 
in donors and stayed higher after FMT (adjusted p ≤ 0.01; 
Fig.  6D–F). This effect persisted up to 3  years after the 
FMT, suggesting that FMT may not significantly influ-
ence plasmid-mediated antibiotic resistance.

Discussion
Our current study leverages the strengths of bacterial 
culture techniques and metagenomic sequencing to pro-
vide a comprehensive view of antibiotic-resistant bacteria 
in the intestinal tract in the weeks and years after FMT. 

We find that FMT decreased prevalence and abundance 
of MDR bacteria and led to more diverse and donor-
like microbiota and ARG compositions. However, the 
resistome of patients stayed different from the donors’ 
even in the 1–3-year follow-up. This study provides a 
unique insight into the long-term effects of FMT on the 
resistome of rCDI patients, although the follow-up is 
limited in the number of responders and variable time 
after FMT. Whether there is a correlation of persistence 
of antibiotic resistance with CDI recurrence could not 
be assessed given the limited number of relapses in our 
cohort.

For the interpretation of the resistome of recipients 
after FMT, we need to consider the characteristics of the 
recipients’ resistome before transplant, and of the donor 
resistome. Our patient cohort consists of mostly elderly 
people with significant comorbidity and disturbance of 
the gut microbiota by multiple courses of antibiotic treat-
ment for recurrent C. difficile infections. This has been 
described to alter the gut resistome [61]. Contrastingly, 
the gut of healthy individuals harbours mainly anaero-
bic commensal bacteria, which frequently carry ami-
noglycoside and tetracycline resistance genes [62]. Our 
results indicate that these classes of antibiotic resistance 
were indeed common in stool donors, and also in rCDI 
patients. The observed shift in the recipients’ resistome 

Fig. 6  Resistome comparisons for chromosomal resistance genes and plasmid-associated resistance genes. Antibiotic gene-carrying scaffolds’ were 
predicted to derive from chromosomes or plasmids using viralVerify. A Resistome richness, B Total abundance, and C Shannon index of scaffolds 
predicted to be chromosomal. D–F Same parameters for scaffolds predicted to derive from plasmids. Statistically significant differences are indicates 
by asterisks, *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001. FMT: faecal microbiota transplantation, LTFU: long-term follow-up
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composition after FMT is likely a reflection of the intro-
duction of the anaerobic commensal bacteria, resulting 
in different effects of FMT on various antibiotic classes 
[63]. Some ARGs and predicted plasmids persisted in the 
recipients after FMT and, therefore, the resistome com-
position remained different from the donors’.

While we have no data on the effect of FMT on the 
prevalence of infections with MDR bacteria post-FMT, 
in other patient groups it has been found that FMT can 
decrease the risk of infections [64, 65], or delay the devel-
opment of MDR infections [34]. Assuming that MDR 
bacteria are not eradicated after FMT, there may still 
be a risk of infection when the intestinal environment 
becomes hospitable for outgrowth of MDR bacteria due 
to, for example, antibiotics [14–16]. Nonetheless, FMT 
may reduce the number of infections with MDR bacteria 
even if the patients’ guts are not decolonised with MDR 
bacteria [66]. The hypothesised mechanism is that the gut 
microbiota is restored by FMT to a balanced state that is 
resilient to MDR carrying bacteria [64], for example by 
nutrient competition [67, 68], restoring short-chain fatty-
acid production [69, 70] and production of bacteriocins 
[71]. This situation may be described as reduced infection 
susceptibility or infection resistance. Our data give new 
details on how the taxonomic composition of the micro-
biota may give shape to reduced MDR infections.

Antibiotic treatment not only affects bacteria, but may 
also cause fungi to proliferate [72–74]. We recently found 
using ITS2 sequencing that CDI patients have increased 
abundances of Candida spp., and decreased Aspergillus 
spp. and Penicillium spp. compared to controls [75], but 
the shotgun metagenomic approach in our present study 
is not adequate to detect fungi with a median relative 
abundance of 0.003% detected in 5 samples. Thus, to fur-
ther elucidate the role of the mycobiome, and the fungal 
resistome, in relation to FMT more targeted experiments 
are needed.

Our study of the resistome is limited by the annota-
tion of ARGs in publicly available databases and pre-
diction tools for cellular localisation (chromosome or 
plasmid-based) and do not allow us to definitively link 
ARGs to specific species. Furthermore, the method we 
used does not include chromosomal point mutations 
that confer resistance to antibiotics, which can often be 
linked to species. Future high-throughput bacterial cul-
tivation efforts will shed light on previously uncharacter-
ised ARGs, what species carry them and on what sort of 
genetic element [76]. These improved culturomics meth-
ods from diverse environments can in turn help alleviate 
the biases in genome databases, in which Gram-negative 
pathogens such as Enterobacterales have been relatively 
overrepresented. A recent large-scale analysis pointed 
out that the clinically most relevant ARGs are restricted 

to particular taxa, most notable Enterobacterales and 
Bacteroides [77]. Replacement of antibiotic-resistant bac-
teria may require introduction of susceptible strains [34], 
which, combined with our data, may suggest a role for 
FMT donors carrying antibiotic-susceptible Enterobacte-
rales. While FMT may reduce the number or eliminate 
specific bacteria, horizontal gene transfer may lead to 
persistence of ARGs when they are transferred to persist-
ing or newly acquired bacteria. Plasmids are potentially 
mobile genetic elements that facilitate transfer of DNA 
between bacteria. Plasmid-mediated antibiotic resistance 
is a growing problem worldwide and is especially asso-
ciated with Enterobacterales [78, 79]. We find, however, 
that most antibiotic resistance genes in the gut microbi-
ota are predicted to be chromosomally encoded, though 
we cannot exclude the possibility that these ARGs are 
located on mobile genetic elements. To assess the mobil-
ity of resistance genes, techniques are needed that can 
link ARGs to their host organism, such as Meta-HiC [62] 
or OIL-PCR [80].

Conclusions
Our study points towards possibilities and limitations of 
the use of FMT for the eradication of MDR bacteria in 
the gut. Based on pre- and post-FMT resistome analysis 
(including a unique LTFU of 1–3 years), we find that FMT 
induces significant changes in the recipient resistome, 
that may be associated with a reduction in the abundance 
of Enterobacterales. However, we also find that specific 
recipient-ARGs persist. The clinical consequences of this 
persistence were not included in this study and require 
further analyses in large cohort of FMT-treated patients. 
To better assess the possible benefits in MDR eradica-
tion, we need larger (randomised controlled) trials and 
multi-omics studies combined with classical microbio-
logical methods that can link ARGs to bacterial taxa, and 
to the host’s gut ecosystem. Additionally, the use of local, 
national and international registries for FMT can help 
collect long-term data to assess infection risks in differ-
ent patient populations [81, 82]. Besides keeping track of 
MDR-related outcomes, these registries facilitate evalua-
tion of other long-term microbiota-related risks, such as 
CDI recurrence or procarcinogenic bacteria [49, 83, 84]. 
Finally, studies with control patients and more diverse 
patients are needed to explain the resistome differences 
and obtain more generalisable results. This will pave the 
way for evaluating the feasibility of FMT to control anti-
biotic resistance in infection-susceptible patients.

Abbreviations
CDI	� Clostridioides difficile Infection
FMT	� Faecal microbiota transplantation
rCDI	� Multiple recurrent C. difficile infection



Page 14 of 16Nooij et al. Genome Medicine           (2024) 16:37 

MDR	� Multidrug-resistant
ESBL	� Extended-spectrum beta-lactamase
RCT​	� Randomised controlled trial
ARG​	� Antibiotic resistance gene
NDFB	� Netherlands Donor Feces Bank
LTFU	� Long-term follow-up
VRE	� Vancomycin-resistant Enterococcus
MRSA	� Methicillin-resistant Staphylococcus aureus
MALDI-TOF	� Matrix-assisted laser desorption ionisation-time of flight
WGS	� Whole-genome sequencing
RPKM	� Reads per kilobase per million
ENA	� European Nucleotide Archive
PCA	� Principal component analysis
ANOVA	� Analysis of variance
IQR	� Interquartile range
PERMANOVA	� Permutational analysis of variance
PERMDISP	� Permutational analyses of multivariate dispersions

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13073-​024-​01306-7.

Additional file 1: Fig. S1. Detected antibiotic resistance genes in 5 
Escherichia coli isolates resistant to aminoglycosides and fluoroquinolo-
nes. Fig. S2. Detected antibiotic resistance genes in extended-spectrum 
beta-lactamase producing Escherichia coli and Citrobacter freundii isolates. 
Fig. S3. Detected antibiotic resistance genes in extended-spectrum beta-
lactamase producing Enterobacter hormaechei_A, Klebsielle pneumoniae, 
Morganella morganii and Proteus mirabilis isolates. Fig. S4. Taxonomic 
composition of faecal metagenomes of FMT donors and recipients. Fig. 
S5. Aitchison distance from 63 post-FMT recipients’ species composition 
to 8 used and unrelated donors. Fig. S6. Occurrence and abundance of 
antibiotic resistance genes in faecal metagenomes of FMT donors and 
recipients. Fig. S7. Occurrence and abundance of antibiotic resistance 
genes of other classes in faecal metagenomes of FMT donors and recipi-
ents. Fig. S8. Resistome composition as relative abundance of antibiot-
ics classes. Fig. S9. Resistome parameters compared with duration of 
vancomycin pre-treatment in days. Fig. S10. Richness and abundance of 
antibiotic genes of selected classes. Fig. S11. Antibiotic resistance genes 
of high clinical importance. Fig. S12. Overview of antibiotic resistance 
genes predicted to be on plasmids (part 1/2). Fig. S13. Overview of antibi-
otic resistance genes predicted to be on plasmids (part 2/2).

Additional file 2: Supplementary results. Additional information regard-
ing the detection of antibiotic resistance genes encoding carbapen-
emases, ESBL, and colistin and vancomycin resistance.

Acknowledgements
We wish to express our gratitude to Eric K.L. Berssenbrugge and Ingrid M.G.J. 
Sanders from the Experimental Bacteriology group at the LUMC for culturing 
the MDR bacteria. We thank Prof. Dr. Hein W. Verspaget of the Netherlands 
Donor Feces Bank for continuous support and supervision. Also, our thanks go 
to GenomeScan B.V. for providing the DNA sequencing. Finally, we thank the 
Experimental Bacteriology group and the Center for Microbiome Analyses and 
Therapeutics of the LUMC for fruitful work discussions, and in particular Dr. 
Wiep Klaas Smits for feedback on the manuscript.

Authors’ contributions
SN, KEWV, RDZ, EJK and EMT conceptualised and designed the study. QRD, EJK 
and EMT supervised the study. KEWV, JJK, EJK and EMT supervised treatment 
of patients. KEWV collected clinical and microbiological data and performed 
analyses. SN performed genomics, metagenomics and statistical analyses and 
drafted the manuscript. All authors read and approved the final manuscript.

Funding
The Netherlands Donor Feces Bank have received an unrestricted research 
grant from Vedanta Biosciences.

Availability of data and materials
Sequencing reads generated for this study are available in the European 
Nucleotide Archive under project numbers PRJEB64622 (https://​www.​ebi.​ac.​
uk/​ena/​brows​er/​view/​PRJEB​64622) [48], PRJEB44737 (https://​www.​ebi.​ac.​uk/​
ena/​brows​er/​view/​PRJEB​44737) [50], and PRJEB64621 (https://​www.​ebi.​ac.​uk/​
ena/​brows​er/​view/​PRJEB​64621) [51]. Code to reproduce analyses and gener-
ate figures are available at Zenodo (https://​doi.​org/https://​doi.​org/​10.​5281/​
zenodo.​10276​220) [60].

Declarations

Ethics approval and consent to participate
Written informed consent was obtained from all patients and donors for use 
of their faecal samples and follow-up data. Ethical approval was granted for 
the protocols and practice of the NDFB by the local medical ethics committee 
at the Leiden University Medical Center (reference P15.145, and long-term 
follow-up: B21.49). This study conforms to the principles of the Helsinki 
declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Netherlands Donor Feces Bank, Leiden University Center of Infectious Dis-
eases (LUCID) Medical Microbiology and Infection Prevention, Leiden Univer-
sity Medical Center, PO Box 9600, Postzone E4‑P, Leiden 2300RC, Netherlands. 
2 Center for Microbiome Analyses and Therapeutics, LUCID Research, Leiden 
University Medical Center, Leiden, Netherlands. 3 Department of Gastroenterol-
ogy, Haaglanden Medical Center, The Hague, Netherlands. 4 Present address: 
Centre for Infectious Disease Control, Netherlands Institute for Public Health 
and the Environment, Bilthoven, The Netherlands. 

Received: 23 August 2023   Accepted: 13 February 2024

References
	1.	 The new EU One Health action plan against antimicrobial resistance. 

https://​ec.​europa.​eu/​health/​sites/​health/​files/​antim​icrob​ial_​resis​tance/​
docs/​amr_​2017_​summa​ry-​action-​plan.​pdf.

	2.	 Antimicrobial Resistance C. Global burden of bacterial antimicrobial 
resistance in 2019: a systematic analysis. Lancet. 2022;399(10325):629–55.

	3.	 Blaser MJ. Antibiotic use and its consequences for the normal microbi-
ome. Science. 2016;352(6285):544–5.

	4.	 Goossens H, Ferech M, Vander Stichele R, Elseviers M, Group EP. Outpa-
tient antibiotic use in Europe and association with resistance: a cross-
national database study. Lancet. 2005;365(9459):579–87.

	5.	 Karanika S, Karantanos T, Arvanitis M, Grigoras C, Mylonakis E. Fecal colo-
nization with extended-spectrum beta-lactamase-producing Enterobac-
teriaceae and risk factors among healthy individuals: a systematic review 
and metaanalysis. Clin Infect Dis. 2016;63(3):310–8.

	6.	 Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ. Clostridium difficile 
infection. Nat Rev Dis Primers. 2016;2:16020.

	7.	 Quraishi MN, Widlak M, Bhala N, Moore D, Price M, Sharma N, Iqbal TH. 
Systematic review with meta-analysis: the efficacy of faecal microbiota 
transplantation for the treatment of recurrent and refractory Clostridium 
difficile infection. Aliment Pharmacol Ther. 2017;46(5):479–93.

	8.	 van Nood E, Vrieze A, Nieuwdorp M, Fuentes S, Zoetendal EG, de Vos 
WM, Visser CE, Kuijper EJ, Bartelsman JF, Tijssen JG, et al. Duodenal 
infusion of donor feces for recurrent Clostridium difficile. N Engl J Med. 
2013;368(5):407–15.

	9.	 Khoruts A, Sadowsky MJ. Understanding the mechanisms of faecal micro-
biota transplantation. Nat Rev Gastroenterol Hepatol. 2016;13(9):508–16.

	10.	 McDonald LC, Gerding DN, Johnson S, Bakken JS, Carroll KC, Coffin 
SE, Dubberke ER, Garey KW, Gould CV, Kelly C, et al. Clinical Practice 

https://doi.org/10.1186/s13073-024-01306-7
https://doi.org/10.1186/s13073-024-01306-7
https://www.ebi.ac.uk/ena/browser/view/PRJEB64622
https://www.ebi.ac.uk/ena/browser/view/PRJEB64622
https://www.ebi.ac.uk/ena/browser/view/PRJEB44737
https://www.ebi.ac.uk/ena/browser/view/PRJEB44737
https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
https://doi.org/
https://doi.org/10.5281/zenodo.10276220
https://doi.org/10.5281/zenodo.10276220
https://ec.europa.eu/health/sites/health/files/antimicrobial_resistance/docs/amr_2017_summary-action-plan.pdf
https://ec.europa.eu/health/sites/health/files/antimicrobial_resistance/docs/amr_2017_summary-action-plan.pdf


Page 15 of 16Nooij et al. Genome Medicine           (2024) 16:37 	

Guidelines for Clostridium difficile Infection in adults and children: 
2017 update by the Infectious Diseases Society of America (IDSA) and 
Society for Healthcare Epidemiology of America (SHEA). Clin Infect Dis. 
2018;66(7):987–94.

	11.	 Ooijevaar RE, van Beurden YH, Terveer EM, Goorhuis A, Bauer MP, 
Keller JJ, Mulder CJJ, Kuijper EJ. Update of treatment algorithms for 
Clostridium difficile infection. Clin Microbiol Infect. 2018;24(5):452–62.

	12.	 van Prehn J, Reigadas E, Vogelzang EH, Bouza E, Hristea A, Guery B, 
Krutova M, Noren T, Allerberger F, Coia JE, et al. European Society of 
Clinical Microbiology and Infectious Diseases: 2021 update on the 
treatment guidance document for Clostridioides difficile infection in 
adults. Clin Microbiol Infect. 2021;27(Suppl 2):S1–21.

	13.	 Isles NS, Mu A, Kwong JC, Howden BP, Stinear TP. Gut microbiome sig-
natures and host colonization with multidrug-resistant bacteria. Trends 
Microbiol. 2022;30(9):853–65.

	14.	 Dickstein Y, Edelman R, Dror T, Hussein K, Bar-Lavie Y, Paul M. 
Carbapenem-resistant Enterobacteriaceae colonization and infection 
in critically ill patients: a retrospective matched cohort comparison 
with non-carriers. J Hosp Infect. 2016;94(1):54–9.

	15.	 Carlet J. The gut is the epicentre of antibiotic resistance. Antimicrob 
Resist Infect Control. 2012;1(1):39.

	16.	 Gorrie CL, Mirceta M, Wick RR, Judd LM, Wyres KL, Thomson NR, 
Strugnell RA, Pratt NF, Garlick JS, Watson KM, et al. Antimicrobial-
Resistant Klebsiella pneumoniae Carriage and infection in specialized 
geriatric care wards linked to acquisition in the referring hospital. Clin 
Infect Dis. 2018;67(2):161–70.

	17.	 Tillotson GS, Zinner SH. Burden of antimicrobial resistance in 
an era of decreasing susceptibility. Expert Rev Anti Infect Ther. 
2017;15(7):663–76.

	18.	 Weterings V, van den Bijllaardt W, Bootsma M, Hendriks Y, Kilsdonk 
L, Mulders A, Kluytmans J. Duration of rectal colonization with 
extended-spectrum beta-lactamase-producing Escherichia coli: results 
of an open, dynamic cohort study in Dutch nursing home residents 
(2013–2019). Antimicrob Resist Infect Control. 2022;11(1):98.

	19.	 van Weerlee C, van der Vorm ER, Nolles L, Meeuws-van den Ende S, van 
der Bij AK. Duration of carriage of multidrug resistant Enterobacterales 
in discharged hospital and general practice patients and factors associ-
ated with clearance. Infect Prev Pract. 2020;2(3):100066.

	20.	 Tacconelli E, Mazzaferri F, de Smet AM, Bragantini D, Eggimann P, 
Huttner BD, Kuijper EJ, Lucet JC, Mutters NT, Sanguinetti M, et al. 
ESCMID-EUCIC clinical guidelines on decolonization of multidrug-
resistant Gram-negative bacteria carriers. Clin Microbiol Infect. 
2019;25(7):807–17.

	21.	 Millan B, Park H, Hotte N, Mathieu O, Burguiere P, Tompkins TA, Kao D, 
Madsen KL. Fecal microbial transplants reduce antibiotic-resistant genes 
in patients with recurrent Clostridium difficile Infection. Clin Infect Dis. 
2016;62(12):1479–86.

	22.	 Bilinski J, Grzesiowski P, Sorensen N, Madry K, Muszynski J, Robak K, 
Wroblewska M, Dzieciatkowski T, Dulny G, Dwilewicz-Trojaczek J, et al. 
Fecal microbiota transplantation in patients with blood disorders inhibits 
gut colonization with antibiotic-resistant bacteria: results of a prospec-
tive, single-center study. Clin Infect Dis. 2017;65(3):364–70.

	23.	 Crum-Cianflone NF, Sullivan E, Ballon-Landa G. Fecal microbiota trans-
plantation and successful resolution of multidrug-resistant-organism 
colonization. J Clin Microbiol. 2015;53(6):1986–9.

	24.	 Davido B, Batista R, Michelon H, Lepainteur M, Bouchand F, Lepeule R, 
Salomon J, Vittecoq D, Duran C, Escaut L, et al. Is faecal microbiota trans-
plantation an option to eradicate highly drug-resistant enteric bacteria 
carriage? J Hosp Infect. 2017;95(4):433–7.

	25.	 Dinh A, Fessi H, Duran C, Batista R, Michelon H, Bouchand F, Lepeule R, 
Vittecoq D, Escaut L, Sobhani I, et al. Clearance of carbapenem-resistant 
Enterobacteriaceae vs vancomycin-resistant enterococci carriage after 
faecal microbiota transplant: a prospective comparative study. J Hosp 
Infect. 2018;99(4):481–6.

	26.	 Huttner BD, Galperine T, Kapel N, Harbarth S. ‘A five-day course of oral 
antibiotics followed by faecal transplantation to eradicate carriage of 
multidrug-resistant Enterobacteriaceae’ – Author’s reply. Clin Microbiol 
Infect. 2019;25(7):914–5.

	27.	 Lagier JC, Million M, Fournier PE, Brouqui P, Raoult D. Faecal microbiota 
transplantation for stool decolonization of OXA-48 carbapenemase-
producing Klebsiella pneumoniae. J Hosp Infect. 2015;90(2):173–4.

	28.	 Manges AR, Steiner TS, Wright AJ. Fecal microbiota transplantation for the 
intestinal decolonization of extensively antimicrobial-resistant opportun-
istic pathogens: a review. Infect Dis (Lond). 2016;48(8):587–92.

	29.	 Singh R, Nieuwdorp M, ten Berge IJ, Bemelman FJ, Geerlings SE. 
The potential beneficial role of faecal microbiota transplantation in 
diseases other than Clostridium difficile infection. Clin Microbiol Infect. 
2014;20(11):1119–25.

	30.	 Singh R, de Groot PF, Geerlings SE, Hodiamont CJ, Belzer C, Berge I, de 
Vos WM, Bemelman FJ, Nieuwdorp M. Fecal microbiota transplantation 
against intestinal colonization by extended spectrum beta-lactamase 
producing Enterobacteriaceae: a proof of principle study. BMC Res Notes. 
2018;11(1):190.

	31.	 Stalenhoef JE, Terveer EM, Knetsch CW, Van’t Hof PJ, Vlasveld IN, Keller 
JJ, Visser LG, Kuijper EJ. Fecal microbiota transfer for multidrug-resistant 
gram-negatives: a clinical success combined with microbiological failure. 
Open Forum Infect Dis. 2017;4(2):ofx047.

	32.	 Huttner BD, de Lastours V, Wassenberg M, Maharshak N, Mauris A, Galp-
erine T, Zanichelli V, Kapel N, Bellanger A, Olearo F, et al. A 5-day course of 
oral antibiotics followed by faecal transplantation to eradicate carriage of 
multidrug-resistant Enterobacteriaceae: a randomized clinical trial. Clin 
Microbiol Infect. 2019;25(7):830–8.

	33.	 Kuijper EJ, Vendrik KEW, Vehreschild M. Manipulation of the microbiota 
to eradicate multidrug-resistant Enterobacteriaceae from the human 
intestinal tract. Clin Microbiol Infect. 2019;25(7):786–9.

	34.	 Woodworth MH, Conrad RE, Haldopoulos M, Pouch SM, Babiker A, Mehta 
AK, Sitchenko KL, Wang CH, Strudwick A, Ingersoll JM, et al. Fecal micro-
biota transplantation promotes reduction of antimicrobial resistance by 
strain replacement. Sci Transl Med. 2023;15(720):eabo2750.

	35.	 Terveer EM, van Beurden YH, Goorhuis A, Seegers J, Bauer MP, van Nood 
E, Dijkgraaf MGW, Mulder CJJ, Vandenbroucke-Grauls C, Verspaget 
HW, et al. How to: establish and run a stool bank. Clin Microbiol Infect. 
2017;23(12):924–30.

	36.	 Terveer EM, Vendrik KE, Ooijevaar RE, Lingen EV, Boeije-Koppenol E, Nood 
EV, Goorhuis A, Bauer MP, van Beurden YH, Dijkgraaf MG, et al. Faecal 
microbiota transplantation for Clostridioides difficile infection: four years’ 
experience of the Netherlands Donor Feces Bank. United European 
Gastroenterol J. 2020;8(10):1236–47.

	37.	 Vendrik KEW, Terveer EM, Kuijper EJ, Nooij S, Boeije-Koppenol E, Sanders 
I, van Lingen E, Verspaget HW, Berssenbrugge EKL, Keller JJ, et al. Periodic 
screening of donor faeces with a quarantine period to prevent transmis-
sion of multidrug-resistant organisms during faecal microbiota transplan-
tation: a retrospective cohort study. Lancet Infect Dis. 2021;21(5):711–21.

	38.	 Bijzonder resistente micro-organismen (BRMO) (in Dutch). https://​www.​
rivm.​nl/​sites/​defau​lt/​files/​2018-​11/​130424%​20BRMO.​pdf.

	39.	 Breakpoint tables for interpretation of MICs and zone diameters. Version 
11.0, 2021. http://​www.​eucast.​org.

	40.	 Genome assembly GRCh38. https://​www.​ncbi.​nlm.​nih.​gov/​datas​ets/​
genome/​GCF_​00000​1405.​26/.

	41.	 Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat 
Methods. 2012;9(4):357–9.

	42.	 Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abeca-
sis G, Durbin R, Genome Project Data Processing S. The Sequence Align-
ment/Map format and SAMtools. Bioinformatics. 2009;25(16):2078–9.

	43.	 Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preproc-
essor. Bioinformatics. 2018;34(17):i884–90.

	44.	 Prjibelski A, Antipov D, Meleshko D, Lapidus A, Korobeynikov A. Using 
SPAdes de novo assembler. Curr Protoc Bioinformatics. 2020;70(1):e102.

	45.	 Jia B, Raphenya AR, Alcock B, Waglechner N, Guo P, Tsang KK, Lago BA, 
Dave BM, Pereira S, Sharma AN, et al. CARD 2017: expansion and model-
centric curation of the comprehensive antibiotic resistance database. 
Nucleic Acids Res. 2017;45(D1):D566–73.

	46.	 Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, 
Aarestrup FM, Larsen MV. Identification of acquired antimicrobial resist-
ance genes. J Antimicrob Chemother. 2012;67(11):2640–4.

	47.	 Chaumeil PA, Mussig AJ, Hugenholtz P, Parks DH. GTDB-Tk v2: memory 
friendly classification with the genome taxonomy database. Bioinformat-
ics. 2022;38(23):5315–6.

	48.	 Netherlands Donor Feces Bank. Multidrug-resistant organisms cultured 
from pre- and post-faecal microbiota transplantation patient stools. 
European Nucleotide Archive; 2023. https://​www.​ebi.​ac.​uk/​ena/​brows​er/​
view/​PRJEB​64622.

https://www.rivm.nl/sites/default/files/2018-11/130424%20BRMO.pdf
https://www.rivm.nl/sites/default/files/2018-11/130424%20BRMO.pdf
http://www.eucast.org
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000001405.26/
https://www.ebi.ac.uk/ena/browser/view/PRJEB64622
https://www.ebi.ac.uk/ena/browser/view/PRJEB64622


Page 16 of 16Nooij et al. Genome Medicine           (2024) 16:37 

	49.	 Nooij S, Ducarmon QR, Laros JFJ, Zwittink RD, Norman JM, Smits WK, 
Verspaget HW, Keller JJ, Terveer EM, Kuijper EJ, et al. Fecal micro-
biota transplantation influences Procarcinogenic Escherichia coli in 
recipient recurrent Clostridioides difficile patients. Gastroenterology. 
2021;161(4):1218-1228 e1215.

	50.	 Netherlands Donor Feces Bank. Metagenomic shotgun sequencing of 
healthy stool bank donors and multiple recurrent Clostridioides infected 
recipients from the Netherlands Donor Feces Bank. European Nucleotide 
Archive; 2022. https://​www.​ebi.​ac.​uk/​ena/​brows​er/​view/​PRJEB​44737.

	51.	 Netherlands Donor Feces Bank. Faecal shotgun metagenomes of healthy 
stool donors from the Netherlands Donor Feces Bank and multiple recur-
rent Clostridioides difficile infection patients with long-term follow-up. 
European Nucleotide Archive; 2023. https://​www.​ebi.​ac.​uk/​ena/​brows​er/​
view/​PRJEB​64621.

	52	 Ducarmon QR, Hornung BVH, Geelen AR, Kuijper EJ, Zwittink RD. 
Toward standards in clinical microbiota studies: comparison of three 
DNA Extraction methods and two bioinformatic pipelines. mSystems. 
2020;5(1):e00547.

	53.	 Li H. Aligning sequence reads, clone sequences and assembly contigs 
with BWA-MEM. In: arXiv: 13033997 [q-bioGN]. 2013. https://​doi.​org/​10.​
48550/​arXiv.​1303.​3997.

	54.	 Blanco-Miguez A, Beghini F, Cumbo F, McIver LJ, Thompson KN, Zolfo M, 
Manghi P, Dubois L, Huang KD, Thomas AM, et al. Extending and improv-
ing metagenomic taxonomic profiling with uncharacterized species 
using MetaPhlAn 4. Nat Biotechnol. 2023;41:1633–44. https://​doi.​org/​10.​
1038/​s41587-​023-​01688-w.

	55.	 McMurdie PJ, Holmes S. phyloseq: an R package for reproducible 
interactive analysis and graphics of microbiome census data. PLoS One. 
2013;8(4):e61217.

	56.	 Nurk S, Meleshko D, Korobeynikov A, Pevzner PA. metaSPAdes: a new 
versatile metagenomic assembler. Genome Res. 2017;27(5):824–34.

	57.	 von Meijenfeldt FAB, Arkhipova K, Cambuy DD, Coutinho FH, Dutilh BE. 
Robust taxonomic classification of uncharted microbial sequences and 
bins with CAT and BAT. Genome Biol. 2019;20(1):217.

	58.	 Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: 
prokaryotic gene recognition and translation initiation site identification. 
BMC Bioinformatics. 2010;11:119.

	59.	 Buchfink B, Reuter K, Drost HG. Sensitive protein alignments at tree-of-life 
scale using DIAMOND. Nat Methods. 2021;18(4):366–8.

	60.	 Nooij S. Resistome and MDRO analyses of NDFB FMT cohort. Zenodo. 
2023. https://​zenodo.​org/​recor​ds/​10276​220.

	61.	 Fredriksen S, de Warle S, van Baarlen P, Boekhorst J, Wells JM. Resistome 
expansion in disease-associated human gut microbiomes. Microbiome. 
2023;11(1):166.

	62.	 McCallum GE, Rossiter AE, Quraishi MN, Iqbal TH, Kuehne SA, Schaik WV. 
Noise reduction strategies in metagenomic chromosome confirmation 
capture to link antibiotic resistance genes to microbial hosts. bioRxiv 202
2:2022.2011.2005.514866. https://​doi.​org/​10.​1101/​2022.​11.​05.​514866.

	63.	 Langdon A, Schwartz DJ, Bulow C, Sun X, Hink T, Reske KA, Jones C, Burn-
ham CD, Dubberke ER, Dantas G, et al. Microbiota restoration reduces 
antibiotic-resistant bacteria gut colonization in patients with recurrent 
Clostridioides difficile infection from the open-label PUNCH CD study. 
Genome Med. 2021;13(1):28.

	64.	 Ghani R, Mullish BH, Davies FJ, Marchesi JR. How to adapt an intestinal 
microbiota transplantation programme to reduce the risk of invasive 
multidrug-resistant infection. Clin Microbiol Infect. 2022;28(4):502–12.

	65.	 Tariq R, Pardi DS, Tosh PK, Walker RC, Razonable RR, Khanna S. Fecal 
microbiota transplantation for recurrent Clostridium difficile infection 
reduces recurrent urinary tract infection frequency. Clin Infect Dis. 
2017;65(10):1745–7.

	66.	 Bilsen MP, Lambregts MMC, van Prehn J, Kuijper EJ. Faecal microbiota 
replacement to eradicate antimicrobial resistant bacteria in the intestinal 
tract - a systematic review. Curr Opin Gastroenterol. 2022;38(1):15–25.

	67	 Momose Y, Hirayama K, Itoh K. Competition for proline between indig-
enous Escherichia coli and E. coli O157:H7 in gnotobiotic mice associated 
with infant intestinal microbiota and its contribution to the coloniza-
tion resistance against E. coli O157:H7. Antonie Van Leeuwenhoek. 
2008;94(2):165–71.

	68.	 Deriu E, Liu JZ, Pezeshki M, Edwards RA, Ochoa RJ, Contreras H, Libby SJ, 
Fang FC, Raffatellu M. Probiotic bacteria reduce salmonella typhimurium 

intestinal colonization by competing for iron. Cell Host Microbe. 
2013;14(1):26–37.

	69	 Litvak Y, Byndloss MX, Bäumler AJ. Colonocyte metabolism shapes the 
gut microbiota. Science. 2018;362(6418):eaat9076.

	70.	 Roe AJ, O’Byrne C, McLaggan D, Booth IR. Inhibition of Escherichia coli 
growth by acetic acid: a problem with methionine biosynthesis and 
homocysteine toxicity. Microbiology (Reading). 2002;148(Pt 7):2215–22.

	71.	 Cotter PD, Ross RP, Hill C. Bacteriocins - a viable alternative to antibiotics? 
Nat Rev Microbiol. 2013;11(2):95–105.

	72.	 Mason KL, Erb Downward JR, Falkowski NR, Young VB, Kao JY, Huffnagle 
GB. Interplay between the gastric bacterial microbiota and Candida 
albicans during postantibiotic recolonization and gastritis. Infect Immun. 
2012;80(1):150–8.

	73.	 Seelbinder B, Chen J, Brunke S, Vazquez-Uribe R, Santhaman R, Meyer AC, 
de Oliveira Lino FS, Chan KF, Loos D, Imamovic L, et al. Antibiotics create 
a shift from mutualism to competition in human gut communities with a 
longer-lasting impact on fungi than bacteria. Microbiome. 2020;8(1):133.

	74.	 Tan CT, Xu X, Qiao Y, Wang Y. A peptidoglycan storm caused by beta-
lactam antibiotic’s action on host microbiota drives Candida albicans 
infection. Nat Commun. 2021;12(1):2560.

	75.	 Jannie GEH, Monique JTC, Elisabeth MT, WiepKlaas S, Ed JK, Romy DZ. 
Fungal and bacterial gut microbiota differ between Clostridioides difficile 
colonization and infection. Microbiome Res Rep. 2023;3(1):8.

	76.	 Lin X, Hu T, Chen J, Liang H, Zhou J, Wu Z, Ye C, Jin X, Xu X, Zhang W, et al. 
The genomic landscape of reference genomes of cultivated human gut 
bacteria. Nat Commun. 2023;14(1):1663.

	77.	 Diebold PJ, Rhee MW, Shi Q, Trung NV, Umrani F, Ahmed S, Kulkarni V, 
Deshpande P, Alexander M, Thi Hoa N, et al. Clinically relevant antibiotic 
resistance genes are linked to a limited set of taxa within gut microbiome 
worldwide. Nat Commun. 2023;14(1):7366.

	78.	 Dolejska M, Papagiannitsis CC. Plasmid-mediated resistance is going wild. 
Plasmid. 2018;99:99–111.

	79.	 Crits-Christoph A, Hallowell HA, Koutouvalis K, Suez J. Good microbes, 
bad genes? The dissemination of antimicrobial resistance in the human 
microbiome. Gut Microbes. 2022;14(1):2055944.

	80.	 Diebold PJ, New FN, Hovan M, Satlin MJ, Brito IL. Linking plasmid-based 
beta-lactamases to their bacterial hosts using single-cell fusion PCR. Elife. 
2021;10:e66834.

	81.	 Kelly CR, Yen EF, Grinspan AM, Kahn SA, Atreja A, Lewis JD, Moore TA, 
Rubin DT, Kim AM, Serra S, et al. Fecal microbiota transplantation is highly 
effective in real-world practice: initial results from the FMT National Regis-
try. Gastroenterology. 2021;160(1):183-192 e183.

	82.	 Hvas CL, Keller J, Baunwall SMD, Edwards LA, Ianiro G, Kupcinskas J, Link 
A, Mullish BH, Satokari R, Terveer E, Vehreshild MJG. European academic 
faecal microbiota transplantation (EURFMT) network: improving the 
safety and quality of microbiome therapies in Europe. Microb Health Dis. 
2023;5:e954.

	83.	 Khoruts A. Can FMT cause or prevent CRC? Maybe, but there is more to 
consider. Gastroenterology. 2021;161(4):1103–5.

	84.	 Drewes JL, Chen J, Markham NO, Knippel RJ, Domingue JC, Tam AJ, Chan 
JL, Kim L, McMann M, Stevens C, et al. Human colon cancer-derived 
Clostridioides difficile strains drive colonic tumorigenesis in mice. Cancer 
Discov. 2022;12(8):1873–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.ebi.ac.uk/ena/browser/view/PRJEB44737
https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
https://www.ebi.ac.uk/ena/browser/view/PRJEB64621
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1038/s41587-023-01688-w
https://zenodo.org/records/10276220
https://doi.org/10.1101/2022.11.05.514866

	Long-term beneficial effect of faecal microbiota transplantation on colonisation of multidrug-resistant bacteria and resistome abundance in patients with recurrent Clostridioides difficile infection
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design
	Definition of multidrug-resistant bacteria
	Culture and antimicrobial susceptibility testing of multidrug-resistant bacteria
	Whole-genome sequencing of multidrug-resistant isolates
	Shotgun metagenomic sequencing
	Metagenomic pre-processing
	Quantification of multidrug-resistant isolates in metagenomes
	Taxonomic profiling
	Resistome analysis
	Statistical analyses

	Results
	Donor and patient selection and population characteristics
	Prevalence of multidrug-resistant bacteria decreases after FMT
	Whole-genome sequencing of multidrug-resistant and comparison with metagenomics reveals that MDR bacteria had higher abundances in rCDI patients before FMT than after FMT
	FMT makes gut microbiota more donor-like and decreases Enterobacterales, also in long term
	FMT decreases abundance of resistance genes, but not their diversity
	Remarkable resistances
	Predicted plasmid-mediated antibiotic resistance remains high

	Discussion
	Conclusions
	Acknowledgements
	References


