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Background: Extended-spectrum β-lactamase-producing Escherichia coli (ESBL-Ec) is a major cause of infec-
tions worldwide. An understanding of the reservoirs andmodes of transmission of these pathogens is essential,
to tackle their increasing frequency.

Objectives:We investigated the contributions of various compartments (humans, animals, environment), to hu-
man colonization or infection with ESBL-Ec over a 3 year period, on an island.

Methods: The study was performed on Reunion Island (Southwest Indian Ocean). We collected ESBL-Ec isolates
prospectively from humans, wastewater and livestock between April 2015 and December 2018. Human speci-
mens were recovered from a regional surveillance system representative of the island’s health facilities. These
isolates were compared with those from livestock and urban/rural wastewater, by whole-genome sequencing.

Results: We collected 410 ESBL-Ec isolates: 161 from humans, 161 from wastewater and 88 from animals.
Phylogenomic analysis demonstrated high diversity (100 STs), with different STs predominating among isolates
from humans (ST131, ST38, ST10) and animals (ST57, ST156). The large majority (90%) of the STs, including
ST131, were principally associatedwith a single compartment. The CTX-M-15, CTX-M-27 and CTX-M-14 enzymes
weremost common in humans/humanwastewater, whereas CTX-M-1 predominated in animals. Isolates of hu-
man and animal origin had different plasmids carrying blaCTX-M genes, with the exception of a conserved IncI1-
ST3 blaCTX-M-1 plasmid.

Conclusions: These molecular data suggest that, despite their high level of contamination, animals are not a
major source of the ESBL-Ec found in humans living on this densely populated high-income island. Public health
policies should therefore focus primarily on human-to-human transmission, to prevent human infections with
ESBL-Ec.

© The Author(s) 2022. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
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Introduction
Infections caused bymultidrug-resistant bacteria (MDRB) are a
major cause of morbidity and mortality worldwide.1 In this
context, the WHO has identified seven specific pathogens in
its strategy for fighting antibiotic resistance, including, first
and foremost, Escherichia coli resistant to third-generation ce-
phalosporins (3GC) and fluoroquinolones. The main mechan-
ism of 3GC resistance in this species is the production of
extended spectrum β-lactamase (ESBL). E. coli is a leading
cause of infection in hospitals and in the community.2 If we
are to tackle the trend towards an increase in MDRB infections
in humans, we will need to use One Health approaches to de-
velop an understanding of the global reservoirs and transmis-
sion patterns leading to the acquisition of ESBL-producing
Enterobacterales (ESBL-E) in humans.3 Several potential
sources of ESBL-producing E. coli (ESBL-Ec) for human infection
or colonization have been identified, including food-producing
animals, in which the prevalence of ESBL-Ec can be very high.4

ESBL-Ec can also be transmitted via the food chain.5 Moreover,
environments contaminated with human and animal faeces
can also act as a source of colonization, particularly in develop-
ing countries, which tend to have lower health standards than
high-income countries.6–9 Studies based on this model addres-
sing this question have yielded conflicting results, leaving the
specific roles of these reservoirs unclear.10,11 The evaluation
of exchanges of resistance vectors (genes or bacteria) between
humans, animals and the environment is challenging and sub-
ject to several difficulties: (i) it involves the evaluation of a
nearly closed ecosystem weakly influenced by imports from
the exterior; (ii) a population representative of the ecosystem
must be selected; and (iii) appropriate highly discriminating
phylogenetic methods based on both core and accessory gen-
omes, including mobile genetic elements (MGE), must be used.

In this study, we aimed to clarify the contribution of livestock
to human colonization or infection with ESBL-Ec, using a delim-
ited high-income area, the French overseas territory of Reunion
Island, as a model. We report here the phylogenomic investiga-
tion, by WGS, of ESBL-Ec isolated from humans, livestock and
wastewater on Reunion Island.

Materials and methods
Study design
Reunion Island is a French overseas territory located close toMadagascar,
with 850000 inhabitants and a surface area of 2500 km2 (340 inhabi-
tants/km2). Together with Mayotte, it forms the French overseas territor-
ies of the Southwest Indian Ocean Area (SIOA). Antimicrobial resistance is
a major problem on this island, located at the crossroads of Southern
Africa and the Indian subcontinent.12 Reunion Island has the same level
of healthcare as mainland France, with the University Hospital of Reunion
Island (UHRI) as the referral hospital in SIOA, and the same health infra-
structure (including access to drinking water, a sewerage system, mod-
ern wastewater treatment plants, etc.).

We prospectively collected ESBL-Ec isolates from humans, human
and animal wastewater (considered a proxy for polluted human or ani-
mal environments) and livestock, between April 2015 and December
2018. All isolates suspected to have originated off the island (travel,
medical evacuation, or imported animals) were excluded from the
study.

Human specimens
The studywas based on the regional antimicrobial resistance surveillance
system of Reunion Island, which collects ESBL-Ec from six healthcare fa-
cilities: two private laboratory groups and four public hospitals (Figure 1).
These four public hospitals reflected a total of 2500 beds and 250000
hospital admissions accounting for .90% of complete-hospitalization
days and 100% of medical, surgical and obstetric (MSO) hospitalizations
on Reunion Island. The bacterial isolates were collected between January
and December 2018 from clinical or rectal screening samples and from
non-duplicate patients. Isolates from patients who had a history of
off-island travel within the last 6 months, medical evacuation or a
home address (postcode) located off the island were excluded. We
then randomly selected three ESBL-Ec isolates per centre and per month
for further analysis. Anonymized data were recorded for each isolate:
gender, age, origin of patient (community or healthcare facility), speci-
men source, infection/colonization and postcode.

Wastewater
Wastewater samples were collected from four sites (Figure 1). The nor-
thern sites corresponded to two sewage effluent discharge points (one
from a hospital and the other from the community) and one wastewater
treatment plant (WWTP) in the major town of the island (separate inflow
and outflow sampling). The site in the centre of the island is the only ani-
mal waste treatment plant (AWTP) on the island (runoff water and out-
flow into the lagoon). Each collecting point was sampled (2×500 mL)
during the first week of each month, between January and December
2018. ESBL-Ec isolates were identified by (i) the serial dilution method
for sewage and untreated inflow, and (ii) the filtration method (mem-
braneswith 0·45 μmpores) for treated outflow, as previously described.13

Animal specimens
The sampling procedure was adapted from previous studies on the preva-
lence of ESBL-producing Enterobacterales, to ensure that a collection of
samples representative of all the cattle, pig, poultry, rabbit, and small rumin-
ant (sheep and goat) farms on the islandwas obtained.14 Sampleswere col-
lected with Sterisox® boot swabs (Sodibox, Nevez, France) or rectal swabs
(for cattle). For the boot swabs, the number of samples depended on area
considered, with one Sterisox® swab per 100m2 of building. All samples
were maintained at 4°C until analysis, which took place within 48 h of sam-
ple reception. In total, 114 farms were sampled, and 566 animal samples
(124 swabs from cattle; 177 pig, 176 poultry, 39 rabbit and 50 small-
ruminant boot swabs) were obtained between April 2015 and December
2018. Sterisox® boot swabs were introduced into a sterile recipient with
100 mL of saline enriched with brain-heart infusion broth (BHI-T,
bioMérieux, Marcy l’Etoile, France). The mixture was incubated overnight
at room temperature, and secondly, plated (10 μL) on selective chromogen-
ic agar plates (ChromID-ESBLagar, bioMérieux,Marcy l’Etoile, France) as pre-
viously described.15

Collection of ESBL-producing E. coli
The characterization of presumptive ESBL-Ec isolates took place at a sin-
gle site, at the northern site of the UHRI. Each isolate was identified by
MALDI-TOF MS (Bruker Daltonics, Bremen, Germany) and its ESBL produc-
tion was assessed by the combined disc method, in accordance with the
2019 EUCAST recommendations(https://www.sfm-microbiologie.org/wp-
content/uploads/2019/05/CASFM2019_V2.0_MAI.pdf). For the collection
of bacteria fromanimals or environment, only one ESBL-producing isolate
for each different resistance profile fromeach farm or sampling point was
retained for further analysis.
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Whole-genome sequencing and data analysis
Whole-genome sequencing was performed on an Illumina NextSeq high-
output systemgenerating 2×150 paired-end readswith amedian cover-
age of 88×. Reads were trimmed with sickle (v1.33) to aminimum length
of 50, andwere then subsampled to a coverage of at least 80×. Assembly
was performed with Spades (v3.13).

STs were determined in silico with pyMLST, using the Enterobase and
Achtman schemes. Phylogroup and fimH typing were assigned with
ClermonTyping and FimTyper, respectively. We searched for resistance
genes with BLAT software and the ResFinder database.

We performed core genomeMLSTanalysis (cgMLST) with pyMLSTsoft-
ware and the Enterobase v2 scheme.16 Phylogenetic analysis was per-
formed with bioNJ, using cgMLST distances, and the results were
visualized with Itol. Isolates were clustered if their cgMLST differed by
fewer than 10 alleles.17 A network was built with the igraph package
(v1.2.5), to determine the connections between different sampling sites.

The proximity of mobile genetic elements between strains was evalu-
ated by a method derived from that described by Ludden et al.18 Briefly,
mlplasmids (v1.0) was used to classify contigs as potentially plasmid-
borne or on the chromosome. Genes were detected with prodigal on con-
tigs that were considered to be plasmid-borne and contained a blaESBL.
These genes were then clustered with cd-hit (v4.7) to obtain a non-
redundant list of mobile genes associated with blaESBL. We then searched
all the genomes for these mobile elements, and their presence/absence
was used to build a dendrogram based on a binary distance, with bioNJ.

Long-read sequencing was performed on the PacBio Sequel system
(SMRT cell v.2.1 chemistry). The raw data generated were assembled
with flye (v2.8.1). Plasmids were extracted and polished with pilon

(v1.23). BLAST was used to align complete plasmid sequences with the
assembled genomes containing blaCTX-M-1 or blaCTX-M-15.

The sequences of the plasmids and the genomes (raw reads) obtained
were deposited on NCBI under the accession numbers OM105937 to
OM105940 and BioProject PRJNA795027, respectively.

Results
Collection
In total, we collected 410 ESBL-Ec isolates: 161 from humans,
161 from wastewater and 88 from animals. The mean age of
the human patients was 61.1 years (SD 26.2 years) and the sex
ratio was 0.96 (Table S1, available as Supplementary data at
JAC Online). Most of the isolates (80.7%) were of community ori-
gin or were detected in patients during the first 48 h of hospital-
ization. Most of the isolates were obtained from the urinary tract
(59.0%) or rectal colonization (26.1%), whereas bacteraemia and
surgical site infections accounted for 6.8% and 5.0% of isolates,
respectively. Infections accounted for 67.1% of cases. This bac-
terial collection included 15% of all the human ESBL-Ec isolates
obtained on the island during the study period. For wastewater
(Table S2), 70 isolates were obtained from community effluent
(n=29; 18.0%) or hospital effluent (n=41; 25.4%). For WWTPs,
85 isolates were recovered from inflow (n=56; 34.8%) and out-
flow (n=29; 18.0%). For the AWTP, six isolates were retrieved

Figure 1. Map of Reunion Island, showing the locations fromwhich the ESBL-producing E. coli-positive samples were obtained. (a) Map indicating the
position of Reunion Island in the Southwest Indian Ocean. (b) Detailed map of Reunion Island showing the locations of the healthcare facilities (L,
private laboratories; H, hospitals) at which the human ESBL-Ec isolates were obtained. The wastewater sampling sites are indicated by a teardrop
shape; those in the north correspond to the sewage and wastewater treatment plant of Saint-Denis, the largest city on the island. The teardrop in
the centre corresponds to the Camp Pierrot animal waste treatment plant in Grand Ilet. The animal symbols indicate the farms of the various livestock
sectors. The symbols surrounded by a red circle represent farms with clonally related isolates, belonging to ST156, in common.
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from runoff water (n=3; 1.9%) or outflow destined for the la-
goon (n=3, 1.9%).

We collected 88 ESBL-Ec from animals (Table S3): 50 from
poultry, 33 from pigs, 2 from cattle, and 3 from small ruminants.
No ESBL-Ec strainswere detected in rabbits. The rate of ESBL posi-
tivity by type of farm was: 70% for poultry farms, 50% for pig
farms, 18.5% for small ruminant farms and 8.3% for cattle farms.
The overall positivity rate per farm was 36.8%.

Comparative phylogenomics
Whole-genome sequencing was used to type and cluster the iso-
lates. Among the 410 ESBL-Ec, we identified 100 different STs, 42
of which were common to at least two isolates (Figure S1). The
top three STs were ST131 (n=93; 22.7%), ST38 (n=39; 9.5%)
and ST10 (n=24; 5.9%). We then compared samples from two
compartments: those of animal origin (livestock and animal was-
tewater) and those of human origin (clinical samples and human
wastewater). Ten STswere common to these two compartments:
ST10, ST38, ST48, ST58, ST88, ST117, ST155, ST162, ST361 and
ST3489; however, ST10was the only STclustering at least five iso-
lates in both compartments. For isolates of human origin, the top
three STs were identical to those for the general population;
ST131 was found exclusively in this compartment. Conversely,
the predominant animal-related STs (ST57, ST156) were absent
from the samples of human origin. Most STs (90%) were asso-
ciated with only one compartment.

cgMLSTanalysis demonstrated a high degree of genetic diver-
sity (Figure 2) and showed that the strains belonging to the STs
common to human and animal sources, such as ST10, were
not clonally related. Multiple clusters were observed (in red,
Figure 2), but each corresponded to isolates of animal origin
(e.g. ST57 or ST156) or of human origin (e.g. ST38, ST44 or ST131).

Phylogroups varied with the source, with B2/D predominating
among human/human wastewater isolates (B2 was not identi-
fied in animal samples and D was identified in only one sample
from poultry), whereas B1/A predominated among isolates of
animal origin. Phylogroups B2 and D accounted for 40.4% and
9.9% of human isolates, and 60.2% and 14.8% of infection
source isolates, respectively. The clonality network (Figure 3) re-
vealed connections between private laboratories and public hos-
pitals, and between these establishments and sewage/WWTPs
(cluster B); whereas farms formed isolated networks or were con-
nected to the AWTP (cluster A). Cluster A3 highlighted connec-
tions, via ST156 isolates, between pig and small-ruminant
farms, which were located in geographically remote sites of the
island (symbols surrounded by a red circle in Figure 1).

Assessments of the occurrence of genetic determinants of re-
sistance revealed that blaCTX-M-15 was the predominant blaESBL
gene (n=177; 43.2%), followed by blaCTX-M-1 (n=94; 22.9%),
blaCTX-M-27 (n=69; 16.8%) and blaCTX-M-14 (n=28; 6.8%)
(Figure 4). The CTX-M-15, CTX-M-27 and CTX-M-14 enzymes
were most common in humans/human wastewater, whereas
CTX-M-1 predominated in ESBL-Ec of animal origin (Figure 4
and Figure S2b). An analysis of ST131 isolates (n=93) revealed
a separation into two clades: (i) a fimH30 clade (n=49), compris-
ing a C2-M-15 subclade (n=31) and a C1-M27 subclade (n=16)
(Figure 2); and (ii) a fimH41 clade (n=37) mostly associated with
blaCTX-M-27 (n=27; 73.0%), corresponding to an ancestral clade A

(Figure 2). CTX-M-1 was mostly associated with the animal-
related ST57, ST155, ST156 and ST3489. The CTX-M-1 enzyme
was found in only 10 (6.2%) of 161 human isolates and
CTX-M-15 in only eight (9.1%) of 88 animal isolates. Screening
for non-ESBL resistance genes revealed that nine isolates copro-
duced an acquired cephalosporinase (blaCMY or blaDHA) and five
coproduced a carbapenemase (blaNDM-1, blaNDM-5, blaOXA-181 or
blaOXA-232) (Figure S2a). The carbapenemase-encoding blaNDM
and blaOXA-48-type genes were detected only in isolates from hu-
man wastewater.

We investigated whether blaCTX-M-1 and blaCTX-M-15, the two
major ESBL resistance genes, were carried by the same or differ-
ent plasmids. For blaCTX-M-1, the analysis identified multiple clus-
ters (with .98% identity), some of which contained isolates of
both human and animal origin and from different STs (Figure 5
and Figure S3). For blaCTX-M-15, there was considerable variability
between isolates, with no clustering between human and animal
isolates (Figure 5 and Figure S4). We then cross-checked this infor-
mationwith MGEdata. Two triplets of human-animal-wastewater
isolates positive for blaCTX-M-1 and blaCTX-M-15 were selected for
long-read sequencing. We searched the complete plasmid
sequences (obtained by long-read sequencing) on the assembled
genomes. The blaCTX-M-1-positive human isolate carried an IncI1-I
blaCTX-M-1 plasmid (109992 bp) that was highly similar to the plas-
mids carrying the blaCTX-M-1 gene in the animal and wastewater
isolates selected (Figure 5). This conserved IncI1-I (or IncI1-ST3)
blaCTX-M-1 plasmid was found in 6 human isolates and 38 animal
isolates. In contrast, the blaCTX-M-15 gene in animal isolates was lo-
cated on the chromosome and probably resulted from the inte-
gration of a blaCTX-M-15 IncI/Y plasmid. The region harbouring the
blaCTX-M-15 gene in the human, animal and wastewater isolates
was less conserved and had undergone multiple recombinations,
indicating an absence of recent horizontal transfer (Figure 5).

Discussion
We compared 410 genomes of ESBL-Ec isolates from humans or
human-polluted environments (i.e. human wastewater) with
those of isolates from livestock or animal-polluted environments
(i.e. animal wastewater) in a circumscribed island area. Themain
finding of this study was that the populations of these ESBL-Ec
isolates from these two reservoirswere genetically different, gen-
erally harbouring different blaESBL genes located in different gen-
etic environments. This strongly suggests that livestock have very
little effect on the acquisition of ESBL-Ec by humans on Reunion
Island, despite all the food produced from the livestock kept on
the island being consumed locally.

Phylogenomic and resistance gene analyses revealed the ex-
istence of very little connection between the human and animal
compartments, which had different major STs and predominant
ESBL-encoding genes. In contrast, human and human waste-
water isolates were much more strongly connected, indicating
that wastewater can be used as a proxy for human gut coloniza-
tion.19 As expected, phylogroups B2 and D were associated with
most of the human infections (75.0%).20 For the predominant
ST131 clone, the high proportion of H41-M27 isolates within
the ancestral clade A (already described in Thailand and
Cambodia) suggests an influence of South-East Asia on the epi-
demiology of ESBL-Ec on Reunion Island.5,21 ST10 was the only
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top-three ST common to both compartments, but phylogenomic
analysis nevertheless highlighted the presence of different sub-
clones that appeared to be adapted to human or animal
hosts.18,22 The clonality networks established between the differ-
ent structures (farms or hospitals) revealed the partitioning be-
tween the human and animal compartments, each of which
was connected to its own wastewater treatment circuit
(Figure 3). This finding supports the hypothesis that human-to-
human transmission accounts for most cases of infection or col-
onization in humans. This clonality network connected previously
described spatially remote care facilities and farms on the is-
land.23 In animals, this clonal relationship between farms

remained unclear and could be explained by the exchange of
some animals (especially male breeding stock) between farms.
The finding of separate compartments was confirmed by MGE
analysis, as the animal compartment was not identified as a pro-
genitor of MGEs for humans; with the exception of the blaCTX-M-1

gene carried by IncI1-ST3 plasmids, which may represent a min-
or source of horizontal transfer between compartments.24

CTX-M-15 was the main ESBL found in humans (47.8%), whereas
CTX-M-1 accounted for only 6.2%of human ESBL isolates.We can
therefore estimate that,5% of human isolates carry antimicro-
bial resistance genes closely related to those found in livestock,
consistent with previous findings.18 A limitation of this analysis
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Figure 3. Clonality network representing the healthcare facilities, farms andwastewater sources at which clonally related ESBL-producing E. coli isolates
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water from sewage (WW), wastewater treatment plant (WWTP) and the animal waste treatment plant (AWTP) are symbolized by circles, whereas clonal
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is that only two triplets of isolates could be sequenced in long
reads, which could potentially cause us to underestimate this
result.

The partitioning of ESBL-Ec between the human and animal
compartments observed here goes against the findings of several
previous studies.25,26 However, these previous studies often in-
volved less-thorough analyses or focused on sporadic transmis-
sion in specific exposed populations (farmers, in particular), and
the results obtained were sometimes overturned by subsequent
WGS analyses.27 In contrast, our results are consistent with two
models that have recently emerged from major studies pub-
lished on the subject: a One Health model in low-income coun-
tries, in which people are much more closely linked to their
environment,5,8,28 and a partitioned model in high-income

countries, in which the infrastructure in place probably signifi-
cantly limits these interactions.18,22–23,29 These findings highlight
the importance of the human-to-human oral–faecal route as the
probable most frequent route of transmission for adapted
ESBL-Ec, although transmissionmay also occur via otherminority
routes. This implies that improvements in community infrastruc-
ture (e.g. sanitation or housing) and farming practices (biosecur-
ity and hygiene)would probably help to prevent the development
of antimicrobial resistance.30 As recently pointed out by
Mughini-Gras et al.31, other models based not only on the preva-
lence of ESBL-producing Enterobacterales but also on the prob-
ability of exposure in humans, should be explored further.

The key strengths of our study are: (i) the representativeness
of the human ESBL-Ec isolate collection with respect to the
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Figure 5. Dendrograms ofmobile genetic elements identified for blaCTX-M-1 and blaCTX-M-15 genes. Strains containing blaCTX-M-1 and blaCTX-M-15 β-lactam
resistance genes were clustered according to the presence/absence of mobile genes associated with these resistance genes. The isolate name is in-
dicated in the first column on the left, the ecological origin of the isolate in the second column, the ST in the third and then the co-resistance genes
most frequently shared by the selected isolates. We chose two triplets of isolates of interest on the basis of the inclusion of strains with the same
co-resistances but from different STs. The analysis of these six isolates of interest enabled us to reconstitute the plasmids carrying these genes, which
are illustrated schematically at the right of the figure. The plasmids carrying the blaCTX-M-1 and blaCTX-M-15 genes are represented in linear form. The
resistance genes are indicated by triangles colour-coded as in the dendrogram, with β-lactam resistance genes indicated by red triangles.
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population of strains in the community; (ii) the prospective sam-
pling of these strains over a period of 3.5 years; and (iii) the opti-
mal geographic context of collection in a well-defined, densely
populated island environment. The large collection of human iso-
lates (n=161, 39.3% of all the isolates) originated mostly from
the community (80.7%) and corresponded to both infections
(two-thirds) and colonization (one-third). This collection was
complemented by 155 urban wastewater isolates (sewage and
WWTP), which can be considered a proxy for the gut flora of
the population living in the community.13,18,22 The animal iso-
lates were also highly representative, with recruitment covering
all the livestock sectors present on the island. Samples were
also taken from an AWTP, although few isolates were obtained
from this source. A recent study on the island of Zanzibar
(Tanzania) also highlighted the benefits of One Health studies
of the interconnection between different compartments in a cir-
cumscribed territory.28 One potential limitation of this study is
the lack of exploration of the food chain, but several studies
have shown that the ESBL-Ec populations from livestock and
the food chain are genetically similar.22,28,32,33 This pathway
should nevertheless be considered as a potential source of direct
transmission to humans.

ESBL-Ec was isolated from 36.8% of livestock farms, with par-
ticularly high rates of isolation for poultry (70.0%) and pig
(50.0%) farms. These rates are higher than those for mainland
France during the same period but consistent with data for other
European countries, such as Germany, the Netherlands or the
United Kingdom.18,34–37

As a consequence, national and European public health pol-
icies aiming to reduce antibiotic use in livestock are likely to
have only a limited and delayed impact on human infections
over time.38 In contrast with the rapid decline inmcr-1-linked co-
listin resistance in China, limiting the prevalence of ESBL-Ec in
livestock will have only a limited impact on the rate of blaESBL
transmission for human-adapted E. coli clones.39 The priority
should therefore be to limit the selection pressure imposed by
antibiotic use in humans, to maximize the impact of measures.

This study on the exchange of ESBL-Ec between human and
animal compartments is the first to demonstrate a clear sector-
ization of animal and human isolates on a densely populated,
high-income island with a high prevalence of ESBL-Ec in livestock.
Our findings suggest that livestock is not a major source of
ESBL-Ec acquisition in humans, either through direct contact
with animals or indirectly, via the food chain.
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