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Gut colonisation by extended-spectrum β-lactamase-
producing Escherichia coli and its association with the gut 
microbiome and metabolome in Dutch adults: a matched 
case-control study
Quinten R Ducarmon, Romy D Zwittink, Roel P J Willems, Aswin Verhoeven, Sam Nooij, Fiona R M van der Klis, Eelco Franz, Jolanda Kool, 
Martin Giera, Christina M J E Vandenbroucke-Grauls, Susana Fuentes, Ed J Kuijper

Summary
Background Gut colonisation by extended-spectrum β-lactamase (ESBL)-producing Escherichia coli is a risk factor for 
developing overt infection. The gut microbiome can provide colonisation resistance against enteropathogens, but it 
remains unclear whether it confers resistance against ESBL-producing E coli. We aimed to identify a potential role of 
the microbiome in controlling colonisation by this antibiotic-resistant bacterium.

Methods For this matched case-control study, we used faeces from 2751 individuals in a Dutch cross-sectional 
population study (PIENTER-3) to culture ESBL-producing bacteria. Of these, we selected 49 samples that were 
positive for an ESBL-producing E coli (ESBL-positive) and negative for several variables known to affect microbiome 
composition. These samples were matched 1:1 to ESBL-negative samples on the basis of individuals’ age, sex, having 
been abroad or not in the past 6 months, and ethnicity. Shotgun metagenomic sequencing was done and taxonomic 
species composition and functional annotations (ie, microbial metabolism and carbohydrate-active enzymes) were 
determined. Targeted quantitative metabolic profiling (proton nuclear magnetic resonance spectroscopy) was done to 
investigate metabolomic profiles and combinations of univariate (t test and Wilcoxon test), multivariate (principal 
coordinates analysis, permutational multivariate analysis of variance, and partial least-squares discriminant analysis) 
and machine-learning approaches (least absolute shrinkage and selection operator and random forests) were used to 
analyse all the molecular data.

Findings No differences in diversity parameters or in relative abundance were observed between ESBL-positive and 
ESBL-negative groups based on bacterial species-level composition. Machine-learning approaches using microbiota 
composition did not accurately predict ESBL status (area under the receiver operating characteristic curve 
[AUROC]=0·41) when using either microbiota composition or any of the functional profiles. The metabolome also 
did not differ between ESBL groups, as assessed by various methods including random forest (AUROC=0·61).

Interpretation By combining multiomics and machine-learning approaches, we conclude that asymptomatic gut 
carriage of ESBL-producing E coli is not associated with an altered microbiome composition or function. This finding 
might suggest that microbiome-mediated colonisation resistance against ESBL-producing E coli is not as relevant as 
it is against other enteropathogens and antibiotic-resistant bacteria.
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Introduction
Escherichia coli is a common gut commensal, but several 
strains possess virulence factors that enable them to 
cause gastrointestinal, urinary, and extraintestinal 
infections.1,2 Colonisation of the gut by antibiotic-resistant 
organisms, including extended-spectrum β-lactamase 
(ESBL)-producing E coli and carbapenem-resistant E coli, 
often precedes infections.3 ESBL-producing E coli pose a 
great threat to public health, with approximately 
4900 reported bloodstream infections annually in England 
caused by this bacterium.4 The US Centers for Disease 
Control and Prevention marked ESBL-producing 

Enterobacteriaceae as a serious threat to public health.5 In 
addition, the prevalence of clinical E coli isolates that 
produce ESBL has strongly increased in the past few 
decades and E coli is the leading causative pathogen in 
Gram-negative bacteraemia.6,7 The gut microbiome can 
mediate colonisation resistance against several enteric 
pathogens, but it remains unclear whether this is also the 
case for antibiotic-resistant bacteria such as ESBL-
producing E coli, especially because many individuals 
harbour commensal E coli. Colonisation resistance can be 
conferred by the gut microbiome through nutrient 
competition, production of antimicrobial compounds, 
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support of gut barrier integrity, bacteriophage deployment, 
and through interaction with the immune system.8 
However, studies in humans have reported conflicting 
evidence regarding which bacterial genera or species 
within the gut microbiome could be of relevance in 
providing colonisation resistance against ESBL-producing 
E coli or ESBL-producing Enterobacterales. These 
conflicting results can, at least partly, be traced back to 
several confounding factors (eg, medication and 
comorbidities) in those studies.9–12 It was shown that 
unevenly matched case-control studies with regard to 
lifestyle and physiological characteristics can produce 
spurious microbial associations with human-phenotypes- 
like disease, or in this case, colonisation by ESBL-
producing E coli.13 Therefore, if increasingly robust 
signatures related to colonisation resistance could be 
identified, this could pave the way for novel, urgently 
needed microbiome-based therapeutics against this 
antibiotic-resistant bacterium.

Here, we aimed to compare the gut microbiome and 
metabolome between individuals asymptomatically 
colonised with an ESBL-producing E coli (ESBL-positive) 
and individuals who were not (ESBL-negative), as 
determined by culture-based and molecular approaches, 
to identify a possible role of the microbiome in the control 

of colonisation by this antibiotic-resistant bacterium. To 
avoid confounding factors from affecting study results, we 
used data from a large Dutch cross-sectional population 
study (PIENTER-3).14 From this cohort, faecal samples of 
2751 individuals (one faecal sample per individual) were 
used to culture ESBL-producing bacteria. With this high 
number of samples available, we could apply stringent 
sample selection with regard to known confounders in 
microbiome studies, such as antibiotic use, proton-pump 
inhibitor use, and various diets. Subsequently, we did 
case-control matching using various epidemiological and 
health-related variables. We did extensive functional and 
taxonomic profiling of the gut microbiome through 
metagenomics and metabolomics, to investigate whether 
there are differences in the gut microbiome between 
matched ESBL-positive and ESBL-negative samples.

Methods
Sample collection and selection
For our matched case-control study, samples were 
selected from a larger Dutch population-wide study 
(PIENTER-3).14 This cross-sectional population study was 
done between Feb 1, 2016, and Oct 16, 2017, and was 
primarily designed to obtain insight into age-specific 
seroprevalence of vaccine-preventable infectious diseases. 

Research in context

Evidence before this study
We searched PubMed for research articles published in English 
from database inception up to Dec 10, 2021, using the terms 
(“Gut microbiome” OR “Gut microbiota”) AND (“Colonisation 
resistance” OR “Colonisation resistance”) AND (“ESBL” OR 
“MDRO”) AND (“Humans” OR “Volunteers” OR “Residents” OR 
“Participants” OR “Patients”) AND (“Enterobacterales” OR 
“Enterobacteriaceae” OR “Escherichia coli” OR “E. coli”) NOT 
(“Review”[publication type]). This search identified 33 articles, 
of which ten articles investigated the relation between the gut 
microbiome and the provision of colonisation resistance against 
ESBL-producing Enterobacterales or other multidrug-resistant 
organisms in humans. These ten studies were done in various 
populations (eg, residents of nursing homes and patients 
receiving haematological treatment) and were generally 
restricted to profiling the microbiota using 16S ribosomal 
ribonucleic acid gene amplicon sequencing, with no information 
on metabolomics. Also, none of these studies incorporated 
case-control matching into their study. Therefore, the effects of 
confounders such as age, underlying diseases, or medication use 
on microbiome composition could not be excluded. This fact is 
likely to be an important reason why previous studies have 
yielded conflicting evidence regarding the potential role of the 
gut microbiome in providing colonisation resistance against 
extended-spectrum β-lactamase (ESBL)-producing bacteria 
(and specifically, Escherichia coli). Therefore, it currently remains 
unknown whether or not the gut microbiome can provide 
colonisation resistance against ESBL-producing E coli.

Added value of this study
To our knowledge, this is the first study to investigate 
microbiome-mediated colonisation resistance against 
ESBL-producing E coli using a combination of metagenomics, 
metabolomics, and machine-learning approaches. 
In addition, this study applied stringent inclusion criteria, 
and individuals colonised by an ESBL-producing E coli were 
carefully matched to non-colonised individuals on the basis of 
several epidemiological and clinical variables. 
Also, we focused our study on ESBL-producing E coli, whereas 
previous studies generally analysed potentially protective 
bacterial taxa against a broad range of antibiotic-resistant 
bacteria. The latter approach is less sensitive, owing to large 
genomic and functional differences between bacterial species. 
We found that there were no differences in the gut 
microbiome (at both the taxonomic and functional level) or 
metabolome of individuals who are asymptomatically 
colonised by an ESBL-producing E coli when compared with 
matched non-colonised individuals.

Implications of all the available evidence
These findings suggest that microbiome-mediated 
colonisation resistance might not be as relevant against 
ESBL-producing E coli as it is for other Gram-positive enteric 
pathogens (eg, Clostridioides difficile and vancomycin-resistant 
Enterococcus). Therefore, microbiome-based interventions 
might not be the way forward to prevent or eradicate 
intestinal colonisation of ESBL-producing E coli.
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See Online for appendix

The study proposal was approved by the Medical Ethics 
Committee Noord-Holland (METC number M015–022) 
and written informed consent was obtained from all 
participants or their legal guardian.14

For our study we ultimately included 98 samples, of 
which 95 were stored in the freezer within 15 min after 
defecation, one person did not provide information on 
this, and two individuals took longer than 1 h to store 
their sample in the freezer. Samples were kept on 
average for 2·97 days (SD 2·82; six individuals did not 
indicate this information) in people’s freezers before 
being delivered on cold packs to the mobile study 
team.14 Faecal samples were kept on dry ice during 
transport to the Dutch National Institute for Public 
Health and the Environment and stored at –80°C from 
the next day.

We took the following steps. First, 2751 faecal samples 
were cultured for ESBL-producing bacteria, of which 
198 samples were positive. We then selected samples 
that were positive for ESBL-producing E coli, resulting in 
176 potential samples. Next, for all samples we applied 
stringent exclusion criteria based on variables known to 
affect the gut microbiome. Individuals were excluded if 
they met the following criteria: current proton-pump 
inhibitor use, antibiotic use in the past 3 months, 
diarrhoeal symptoms (defined as at least three thin 
stools within 24 h) in the past month, vomiting in the 
past month, blood in stool during the past month, 
abdominal pain or nausea during the past month, use of 
any prebiotics or probiotics, consumption of a special 
diet (ie, a vegetarian diet; a diet free of cow milk, hen-egg 
protein, gluten, nuts, peanuts, or colouring agents; a diet 
with restricted lactose, protein, fat, cholesterol, calories, 
or salt; a diabetes-related diet; or a diet enriched with 
dietary fibre, energy, or protein, or that is easily 
digestible; or any other special diet) and whether stool 
was stored in the freezer after defecation (samples were 
excluded if not stored in the freezer). This selection 
resulted in 51 ESBL-positive samples for inclusion, 
which were subsequently matched to 51 ESBL-negative 
samples using the R MatchIt software package 
(version 3.0.2), using the nearest method in the MatchIt 
function. Patients were matched for age, sex, having 
been abroad or not during the past 6 months, and 
ethnicity. Three samples (one ESBL-negative sample and 
two ESBL-positive samples) were excluded because 
insufficient DNA was available for sequencing. 
One additional sample (ESBL-negative) was excluded 
because after sequencing, we discovered that this 
individual had provided ambiguous answers regarding 
dietary habits. The final dataset for analysis contained 
49 individuals in each group.

Detection of ESBL-producing Enterobacterales
Details of the microbiological methods have been 
described elsewhere15 and are summarised in the 
appendix (p 2).

DNA extraction for metagenomic shotgun sequencing
All information regarding DNA extraction from the 
whole stool can be found in the appendix (p 2).

Metagenomic shotgun sequencing
Shotgun metagenomic sequencing was done by 
GenomeScan (Leiden, the Netherlands) using the 
NEBNext Ultra II FS DNA Library Prep Kit (New England 
Biolabs, Ipswich, MA, USA) and the Illumina NextSeq 
500 platform (San Diego, CA, USA; paired-end, 150 base 
pairs). Two positive sequencing controls (ZymoBiomics 
Microbial Community DNA Standards [Zymo Research, 
Irvine, CA, USA]) and two negative sequencing controls 
(sterile water) were included. The mean number of raw 
reads was 4 747 908 (range 2 565 232–62 035 096) and the 
median was 4 142 237 paired-end reads. All details about 
processing metagenomic sequencing data and statistical 
analyses can be found in the appendix (pp 2–3).

Metabolomics
We did metabolomic analysis using proton nuclear 
magnetic resonance, as metabolomics can be seen as a 
functional readout of the microbiome and is comple
mentary to functional prediction of metagenomes. The 
method for proton nuclear magnetic resonance analysis of 
faecal samples used the protocol developed by Kim and 
colleagues,16 with a few minor adaptations (appendix p 3).
All details about measurements of metabolites and 
subsequent processing can be found in the appendix (p 3).

Role of the funding source
There was no funding source for this study.

Results
Demographic and participant characteristics were 
highly similar between the ESBL-positive and ESBL-
negative groups (n=49 individuals in each group) and 
antibiotic use in the preceding 3–12 months was 
also evenly matched (table). Regarding the ESBL-
producing E coli isolates that colonised our 49 ESBL-
positive participants, 44 people carried a CTX-M type (as 
determined by PCR). The majority of these were 
CTX-M-1 (n=25) and CTX-M-9 (n=18) and one could not 
definitively be typed (CTX-M-1 or CTX-M-8). Isolates of 
four individuals were negative for CTX-M genes and for 
one participant it could not be determined. Additional 
information on antimicrobial susceptibility of the 
strains can be found in the appendix (p 5).

We first investigated potential differences in microbiota 
composition and diversity between ESBL-positive and 
ESBL-negative samples. A total of 1178 species (ie, 
metagenomic operational taxonomic units [mOTUs]) were 
detected in our cohort. Overall bacterial composition at the 
family and genus level is shown in the appendix (p 6). 
The most abundant species in this cohort were Bifido
bacterium adolescentis (mean relative abundance 4·6% 
[SD 6·9%]), Ruminococcus bromii (3·4% [4·8%]), undefined 
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members of the family Ruminococcaceae (2·9% [3·2%]), 
Eubacterium rectale (2·7% [2·8%]), and Prevotella copri 
(2·5% [5·7%]). We did not observe differences in alpha 
diversity (ie, observed mOTUs and Shannon index; 
figure 1A, B), or beta diversity (principal coordinates 
analysis and t-distributed stochastic neighbour embedding; 
figure 1C, D). We computed Mash distances to complement 
our analyses based on marker genes that were done using 
the mOTUs profiler, but ordination looked very similar to 
figure 1D, without a clear group separation (appendix p 6).

Next, we investigated whether there were differences in 
relative abundance between the study groups at the species 
level (mOTUs). Before differential abundance testing, 
mOTUs were filtered on the basis of a prevalence of at 
least 10%, resulting in 436 mOTUs (representing 37% of 
the total observed mOTUs). No significantly different 
abundances of mOTUs were detected (all corrected 
p values >0·81). To see whether microbiota composition 
was predictive of ESBL-producing E coli carriage, we 
applied a machine-learning classifier (least absolute 

shrinkage and selection operator logistic regression) to the 
filtered mOTUs relative abundance matrix, which provided 
an area under the receiver operating characteristic curve 
(AUROC) value of 0·41. This value is slightly worse than 
random classification, although the 95% CI included an 
AUROC of 0·5 (which indicates random classification) 
throughout the figure (figure 1E), which indicates that the 
relative abundance of mOTUs did not allow for reliable 
prediction of ESBL status. In conclusion, no differences 
between ESBL-positive and ESBL-negative samples were 
found in bacterial species composition or diversity 
parameters.

Next, we compared the resistomes of ESBL-positive 
and ESBL-negative samples. Of all cleaned reads (ie, the 
reads that remain after quality filtering and the removal 
of human reads), a mean of 0·035% (SD 0·024%) reads 
per sample mapped against the MegaRes 2.0 database.17 

There was no difference between ESBL groups in the 
average number of reads aligned to MegaRes 2.0 
(independent t test p=0·84). A total of 98 unique 
antimicrobial resistance genes (ARGs) were detected, 
with 17 different mechanisms of antimicrobial resistance 
(eg, β-lactam), and the number of detected ARGs was not 
different between ESBL groups (independent t test 
p=0·46; figure 2A). Overall, ARG profiles in the study 
groups assessed by plotting beta diversity did not show a 
clear separation between ESBL groups (figure 2B), which 
was confirmed by permutational multivariate analysis of 
variance (p=0·21). The most abundant ARGs and 
mechanisms of antimicrobial resistance are shown in 
figure 2C and D. No differences in relative abundance of 
ARGs were found between the groups using differential 
abundance analysis (all corrected p values >0·44). 
Tetracycline resistance was most abundant in the 
resistomes (mean 47·7% [SD 24·7%]; figure 2C), followed 
by mupirocin resistance (33·7% [28·6%]). Tetracycline 
resistance was conferred by several tet genes, whereas 
mupirocin resistance was conferred through the 
ileS gene. Because it is known from the literature that 
Bifidobacterium spp can be intrinsically resistant to 
mupirocin through the ileS gene,18 we analysed the 
correlation between the relative abundance of 
Bifidobacterium (at genus level) and the ileS gene, which 
was indeed high (R=0·78; p<2·2 × 10¹⁶; appendix p 7). We 
then investigated the functional profiles of our 
participants.

To compare the functionality of the gut microbiome 
between the study groups, cleaned reads were mapped 
against the annotated integrated gene catalog. A mean of 
95·8% (SD 1·7%) of reads aligned with the integrated 
gene catalog, and the aligned number of reads was not 
different between ESBL groups (independent t test 
p=0·23). From the aligned reads, 49·2% (SD 2·2%) 
aligned against a gene annotated by a functional group 
(KEGG orthology [KO] group) and this was not different 
between ESBL groups (independent t test p=0·13). There 
was no difference in overall functional profiles between 

ESBL-negative 
(n=49)

ESBL-positive 
(n=49)

p value*

Age, years

Mean (SD) 44·1 (15·2) 46·6 (15·3) 0·43

Median (IQR) 45·0 (28–55) 46·0 (36–59) ··

Sex

Male 26 (53%) 23 (47%) 0·69

Female 23 (47%) 26 (53%) ··

Travelled abroad in the past 6 months

Yes 39 (80%) 37 (76%) 0·81

No 10 (20%) 12 (24%) ··

Ethnicity

Dutch 38 (78%) 36 (73%) 0·79

First generation other 
western

1 (2%) 0 (0%) ··

Second generation 
other western

2 (4%) 3 (6%) ··

First generation 
Suriname, Aruba, or 
Dutch Antilles

3 (6%) 3 (6%) ··

Second generation 
Suriname, Aruba, or 
Dutch Antilles

1 (2%) 0 (0%) ··

First generation other 
non-western

4 (8%) 7 (14%) ··

Antibiotics used in the past 3-12 months

Yes 6 (12%) 7 (14%) 0·77

No 43 (88%) 41 (84%) ··

Do not know 0 (0%) 1 (2%)  ··

Data are n (%), mean (SD), or median (IQR). We used the Dutch Central Bureau of 
Statistics definitions of western and non-western; western denotes Europe 
(except Turkey), North-America, Oceania, Indonesia, and Japan, whereas non-
western denotes Asia (except Indonesia and Japan), Latin America, Africa, and 
Turkey. ESBL=extended-spectrum β-lactamase. *p values were obtained using an 
independent t test for continuous data variables and Fisher’s exact test for 
categorical variables.

Table: Participant characteristics
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the groups (permutational multivariate analysis of 
variance p=0·19). 8450 KO groups were detected and after 
filtering on 10% prevalence, 5987 KO groups remained for 
differential abundance testing. No KO groups were 
significantly differentially abundant between ESBL groups 
(all corrected p values >0·25). To identify functional 
groups predictive of ESBL status, least absolute shrinkage 
and selection operator logistic regression was applied to 
the relative abundance matrix of KO groups. No accurate 
prediction model could be constructed (AUROC of 0·60), 

indicating that the functional groups did not contain 
information allowing for prediction of ESBL status. Taken 
together, these considerations led to the conclusion that 
there was no difference in encoded microbiome 
functionality between the groups.

Next, the carbohydrate-active enzymes (CAZymes) were 
profiled to investigate potential differences in 
carbohydrate metabolism. From the aligned reads, a 
mean of 2·1% (SD 0·2%) aligned against a gene 
annotated to a CAZyme family, and this was not different 

Figure 1: Taxonomic analyses at bacterial species level
(A) Comparison of the observed metagenomic operational taxonomic units. (B) Comparisons of the Shannon index. (C) Unsupervised clustering using principal 
coordinates analysis based on Bray–Curtis dissimilarity. (D) t-distributed stochastic neighbour embedding based on Bray–Curtis dissimilarity. (E) The receiver 
operating characteristic curve for the least absolute shrinkage and selection operator on the metagenomic operational taxonomic units relative abundance, with the 
mean area under the curve value (red line) and its respective 95% CI (red area). ESBL=extended-spectrum β-lactamase.

Area under the curve: 0·406

ESBL-negative ESBL-positive

200

100

300

400

A

N
um

be
r o

f o
bs

er
ve

d 
m

et
ag

en
om

ic
op

er
at

io
na

l t
ax

on
om

ic 
un

its

ESBL status
ESBL-negative ESBL-positive

3·5

3·0

4·0

4·5

B

Sh
an

no
n 

in
de

x
ESBL status

–0·25 0 0·25

–0·4

0

–0·2

0·2

0·4

C

Pr
in

cip
al

 co
m

po
ne

nt
 2

 (8
·3

%
)

Principal component 1 (9·5%)

0·1 0·4 0·6 0·80·2 1·0
0·1

0·4

0·2

0·6

0·8

1·0

E

Tr
ue

-p
os

iti
ve

 ra
te

False-positive rate

–40 –20 0 20

0

–20

20

D

t-
di

st
rib

ut
ed

 st
oc

ha
st

ic
 n

ei
gh

bo
ur

 e
m

be
dd

in
g 

2

t-distributed stochastic neighbour embedding 1

t test, p=0·25 t test, p=0·56

Individual sample
ESBL-negative
ESBL-positive
ESBL-positive 95% CI
ESBL-negative 95% CI



Articles

e448	 www.thelancet.com/microbe   Vol 3   June 2022

between ESBL groups (independent t test p=0·48). A total 
of 109 CAZyme families were detected with a mean of 
77·7 (SD 5·7) per individual, with no differences between 
ESBL groups (independent t test p=0·34; figure 3A). The 

three most abundant CAZymes in our study were 
glycoside hydrolase (GH)13 (19·4% [SD 3·3%]), 
GH3 (11·4% [1·6%]), and GH31 (6·2% [0·9%]; figure 3C), 
corresponding to the breakdown of starch and glycogen 
(GH13) and the breakdown of plant cell wall glycans 
(GH3 and GH31).19 Variation in CAZyme relative 
abundance profiles could not be explained by ESBL group 
(permutational multivariate analysis of variance p=0·57; 
figure 3B). Compositional plots based on the 20 most 
abundant CAZymes were highly similar between the 
ESBL groups (figure 3C), and no differences in relative 
abundance of individual CAZyme families were observed 
(all corrected p values >0·71). To identify potential 
drivers of ESBL-producing E coli colonisation, we used 
least absolute shrinkage and selection operator logistic 
regression on relative abundances of CAZymes, which 
did not result in an accurate prediction model 
(AUROC 0·56). This indicated there was only very low to 
no predictive power in relative abundances of CAZymes 
with regard to ESBL status.

For metabolomic analysis we quantified metabolite 
concentrations in all individuals, except for one ESBL-
positive sample that was excluded as a good quality proton 
nuclear magnetic resonance spectrum could not be 
recorded because of problems with the shimming process 
used to adjust the instrument. First, to investigate whether 
any differences in metabolite concentrations existed 
between ESBL groups, we did univariate testing using 
independent t tests. These results strongly depended on 
the method used for multi-error correction (11 metabolites 
were significantly different at p=0·048 with the Benjamini-
Hochberg procedure, but none were significantly different 
with the Holm procedure; appendix p 8–9).

Unsupervised dimensionality reduction using principal 
component analysis was done to investigate whether, based 
on metabolome profiles, any separation could be observed 
between ESBL groups (figure 4A). More than 46% of the 
metabolome variation could be explained on the first 
principal component, with some separation of the study 
groups. However, supervised analysis using a partial least-
squares discriminant analysis indicates that no predictive 
value could be obtained for class separation based on 
two partial least-squares components (Q2Y –0·06). Lastly, 
we ran a random forest prediction model to investigate 
whether ESBL status could be predicted on the basis of 
metabolite profiles, but it could not (AUROC 0·61; 
figure 4B). Altogether, minor differences in metabolite 
concentrations could be detected using t tests, but these 
were dependent on the method applied for correction for 

Figure 2: Resistome analyse
Comparison of the number of detected antimicrobial resistance genes (A). 
Principal coordinates analysis of antimicrobial resistance genes based on 
Bray–Curtis dissimilarity (B). Compositional plots of the most abundant resistance 
mechanisms (C) and genes (D). ESBL=extended-spectrum β-lactamase. 
MLS=macrolides, lincosamides, and streptrogramin A and B antibiotics.
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multiple testing. Principal component analysis between 
the ESBL groups showed, at best, a small overall signal, but 
no predictive value could be confirmed by either partial 
least-squares discriminant analysis or random forest 
modelling. In conclusion, metabolomics profiling did not 
reveal any differences between the groups.

Discussion
We present a unique study that investigated differences in 
the gut microbiome and metabolome between individuals 
asymptomatically colonised by an ESBL-producing E coli 
and matched non-colonised individuals. By contrast with 
previous studies on this topic, we applied stringent inclusion 
criteria and matched ESBL-positive individuals with 
ESBL-negative individuals on important epidemiological 
variables, which minimised the chance for observing effects 
that could be attributed to confounding variables. The 
combination of metagenomics and metabolomics allowed 
for a deep molecular resolution of the gut microbiome at 
the taxonomic and functional level. We showed that there is 
no difference in the gut microbiome of individuals 
asymptomatically colonised with an ESBL-producing E coli 
as compared with non-colonised individuals.

Confounding factors might be the reason for the 
previously reported differences in microbial signatures 
associated with protection from asymptomatic colonisation 
by ESBL-producing bacteria and multidrug-resistant 
organisms across different studies. It must be noted that 
these studies have mostly investigated patient populations 
that are susceptible, such as residents in nursing homes 
and patients in hospital. In such populations, it is very 
complex to disentangle observed differences between 
colonised and non-colonised individuals from the 
differences caused by confounding variables (such as 
comorbidities and medication) in compared indi
viduals.10,12,20–22 In our study we excluded individuals on the 
basis of many microbiome-influencing clinical factors, 
and did matching on several clinical variables, as 
recommended for cross-sectional microbiome studies.13 In 
this way, we could study the effect of colonisation of ESBL-
producing E coli in isolation and convincingly show that no 
differences exist in the gut microbiome between colonised 
and non-colonised individuals.

Previous research has generally not focused on species-
specific colonisation resistance, but rather on a broad 
category of multidrug-resistant organisms (such as ESBL-
producing Enterobacterales).10,12,20–22 Given the large 
genomic diversity within species,23 let alone within 
the order of Enterobacterales, it is highly unlikely that a 
common mechanism exists that could prevent colonisation 
of, for example, both ESBL-producing Klebsiella pneumoniae 
and ESBL-producing E coli. Therefore, in the current study, 
we focused on a single species (E coli), rather than on a 
broad group of ESBL-producing Enterobacterales.

The microbiome composition of individuals in our 
study population reflected that of other population 
cohorts in general. For example, B adolescentis has been 

previously described in another Dutch cohort24 as the 
most abundant bacterial species, with an average relative 
abundance of 9·51% (SD 10·8%). In addition, P copri, 
R bromii, and E rectale were also highly abundant and 
prevalent, in line with the findings in the current study.24

The resistome profiles identified in our study also 
corresponded well with what is generally described in 
literature, with tetracyline resistance being the most 
abundant resistance mechanism in the human gut.25 The 
observed high relative abundance of ileS (associated with 
mupirocin resistance) in the metagenomes of our study 
participants could be explained by the high relative 
abundances of Bifidobacterium spp in this cohort.

We show that despite interindividual variation in 
taxonomic profiles, the functionality of the microbiome, 

Figure 3: Analyses based on carbohydrate-active enzymes repertoire
(A) Comparison of the number of carbohydrate-active enzyme families. (B) Principal coordinates analysis of 
carbohydrate-active enzymes based on Bray–Curtis dissimilarity. (C) Compositional plot of the consistency of 
carbohydrate-active enzymes families among participants. ESBL=extended-spectrum β-lactamase. 
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as assessed by, for example, the relative abundance of 
CAZyme families, is highly consistent between 
individuals. These finding are in line with previous 
findings showing functional similarity at the metabolic 
level despite taxonomic diversity.26

This study is, to our knowledge, the first study to profile 
the gut metabolome in relation to colonisation of ESBL-
producing E coli. We did not observe a relation between 
the metabolome, or any specific metabolite, and ESBL 
status. For enteric pathogens like Salmonella enterica 
serovar Typhimurium and Clostridioides difficile, specific 
metabolites have been shown to be strongly related to 
colonisation resistance in rodent models.27,28 Of note, 
these two studies27,28 were infection models, whereas 
colonisation models would have better represented our 
study.

A limitation of our study is the absence of longitudinal 
microbiome data for the participants, which means that 
we cannot make any statements about the duration of 
colonisation of ESBL-producing E coli and associations 
with the gut microbiome over time. This issue is 
particularly relevant considering the large variation in 
colonisation duration between individuals.29,30 It could 
be speculated that individuals who are long-term 
colonised have a different gut microbiome compared 
with individuals who are only colonised for a short 
period of time, although there is no clear evidence for 
this in the literature, to our knowledge. Furthermore, 
longitudinal observations would allow us to identify 
potential changes occurring at the compositional and 
functional levels when asymptomatic carriage turns 
into active infection or when people become decolonised. 
A second limitation of our study is that we could not 
estimate the abundance of ESBL-producing E coli in 

comparison to the total E coli population. Such an 
estimate could be investigated by constructing meta
genome-assembled genomes of different E coli strains 
within the same sample, but this was not feasible 
because of the relatively low sequencing depth in 
combination with the very low abundance of E coli in 
our samples. Third, ideally a study would have 
microbiome data for an individual both from shortly 
before an ESBL-producing E coli had colonised and at 
the time of colonisation, so that microbiome changes 
within an individual could be investigated. Last, we did 
not have whole-genome sequencing data of the ESBL-
producing E coli isolates, which prevented us from 
placing these data into a broader epidemiological 
context or from making any claims about their potential 
pathogenicity.

However, this study is unique in that ESBL-positive 
and ESBL-negative individuals were selected from a 
large Dutch cohort (n=2751), and therefore we could 
apply stringent inclusion criteria and match the 
two groups on several demographic and clinical 
variables. To our knowledge, this is one of very few 
studies in the microbiome field that applied such a 
stringent study setup, which ensured that the potential 
effect of confounding factors was minimised. Also, to 
our knowledge, this study is the first to investigate 
differences in the gut microbiome and metabolome 
between individuals colonised by an ESBL-producing  
E coli and non-colonised individuals, using a combined 
approach of metagenomics and metabolomics, and 
therefore provides insights into both the composition 
and the function of the gut microbiome.

In conclusion, our study does not show differences in 
the gut microbiome or metabolome of individuals who 
are, or who are not, colonised by an ESBL-producing 

E coli. We hypothesise that microbiome-mediated 
colonisation resistance might therefore not be as 
relevant against ESBL-producing E coli as it is for other 
enteric pathogens (like C difficile and vancomycin-
resistant Enterococcus), although longitudinal studies or 
controlled human colonisation models are necessary to 
confirm this hypothesis.
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Figure 4: Metabolomic analyses
(A) Principal component analysis. (B) The receiver operating characteristic curve for random forest analysis based 
on metabolite concentrations, with the mean area under the curve value (red line) and its respective 95% CI 
(pink area). ESBL=extended-spectrum β-lactamase. 
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