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Background: ESBL-producing Escherichia coli (ESBL-Ec) is considered a key indicator for antimicrobial resistance 
(AMR) epidemiological surveillance in animal, human and environment compartments. There is likelihood of 
ESBL-Ec animal–human transmission but proof of cross-compartment transmission is still unclear. 

Objectives: To characterize ESBL-Ec genetic similarity in various compartments (humans, animals and environ-
ment) from a rural area of Madagascar. 

Methods: We collected ESBL-Ec isolates prospectively from humans, animals and the environment (water) be-
tween April and October 2018. These isolates were subject to WGS and analysed with cutting-edge phyloge-
nomic methods to characterize population genetic structure and infer putative transmission events among 
compartments. 

Results: Of the 1454 samples collected, 512 tested positive for ESBL-Ec. We successfully sequenced 510 sam-
ples, and a phylogenomic tree based on 179 365 SNPs was produced. Phylogenetic distances between and 
amongst compartments were indistinguishable, and 104 clusters of recent transmission events between com-
partments were highlighted. Amongst a large diversity of ESBL-Ec genotypes, no lineage host specificity was ob-
served, indicating the regular occurrence of ESBL-Ec transfer among compartments in rural Madagascar. 

Conclusions: Our findings stress the importance of using a phylogenomic approach on ESBL-Ec samples in vari-
ous putative compartments to obtain a clear baseline of AMR transmissions in rural settings, where one wants to 
identify risk factors associated with transmission or to measure the effect of ‘One Health’ interventions in low- 
and middle-income countries. 

Introduction 
Resistance to antimicrobial compounds (AMR) has evolved in 
bacterial species in response to the biosynthesis of these mole-
cules by bacteria, fungi or plants present in their ecosystems.1 

The genetic elements—antimicrobial-resistance genes (ARG)— 
conferring resistance have seen their selective advantage rise 
to an unprecedented level since humanity harnessed antibiotics 

in its pharmacopoeia: widespread antimicrobial use for treat-
ment and prophylaxis of bacterial-related disease in clinical con-
texts, husbandry and agriculture has mechanistically increased 
the prevalence of antimicrobial resistant bacteria (ARB).2 

Infections by ARB threaten to become one of the most critical 
public health issues in the near future.3 Although the extent of 
this threat is not accurately predictable,4 current figures on the 
prevalence and mortality related to AMR are already worthy of 
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concern. Moreover, evidence of resistance transmission between 
different compartments of our ecosystems is accumulating.5 

Circulation within and between human, animal and environment 
ecosystems can occur via transmission of ARB through direct 
contacts between organisms or via a vast array of dissemination 
pathways, including shared water sources, sewage, manure, 
soils, aerosols and pollution particles, and meat or plant con-
sumption.6 Thus, many national and international stakeholders 
have recognized the urgency of addressing AMR in a concerted 
‘One Health’ manner, involving the collaborative effort of mul-
tiple health science professions to attain optimal health for peo-
ple, animals, plants and our environment.7 

Escherichia coli is a leading cause of infections worldwide in 
hospitals and the community and is frequently found in asymp-
tomatic carriers.8 The bacterium colonizes the gut of vertebrates 
and is ubiquitous in soil, plants and water.9 Cephalosporin resist-
ance mediated by ESBLs has proliferated in E. coli since 2000 and 
globally has reached critical levels of prevalence.10 As such, 
ESBL-producing E. coli (ESBL-Ec) is considered a threat in health-
care11 and a key indicator for AMR trends using One-Health sur-
veillance approaches.12,13 Epidemiology and transmission of 
ESBL-Ec have been intensively assessed and described within 
compartments such as hospitals,14,15 community,16,17 ani-
mals,18,19 food20,21 and the environment,22,23 although studies 
performed simultaneously amongst several such compartments 
remain scarce. Recent studies performed in Kenya,24 Réunion 
Island,25 the UK26 and the Netherlands27 have revealed distinct 
host-adapted ESBL-Ec lineages circulating with infrequent interspe-
cies transmission. On the other hand, ESBL-Ec were hypothesized 
to disseminate from animals to the community in South-East 
Asia28,29 and India30 although the extent of such transmission re-
mains highly uncertain. More recently, in a study examining the dis-
tribution of AMR enteric bacteria amongst people, animals and the 
environment in Tanzania, Subbiah et al.31 reported for the first time 
a lack of association between bacterial and host distributions. Such 
holistic approaches connecting the three compartments (humans, 
animals and the environment) in time and space are still scarce, 
particularly in low- and middle-income countries (LMIC), in which 
the threat is of particular concern.32 

Herein, we aimed to characterize ESBL-Ec genomic diversity 
within and between human, animal and environmental com-
partments in a suburban rural area of Madagascar using WGS. 
We analysed bacterial population structure through phylogenetic 
reconstruction of 510 ESBL-Ec and assessed the diversity of their 
antibiotic resistance genes and accessory genomes in the three 
compartments. At such a scale, characterization of the genetic 
relatedness of ESBL-Ec allowed us to investigate different risk fac-
tors that might contribute to the transmission of ESBL-Ec in hu-
mans in Madagascar. 

Methods 
Study design, participants and survey 
We implemented a cross-sectional population-based study from 
April to October 2018 (dry season), in Andoharanofotsy, Madagascar. 
Andoharanofotsy township is a rural area 12 km from Antananarivo, 
the capital of Madagascar. This township covers 7.4 km² and has around 
60 000 inhabitants (census, 2020). Andoharanofotsy is composed of 
eight fokontanys (i.e. baseline administrative units), which are small 

districts of about 0.90 km² (Andoharanofotsy fokontany areas range 
from 0.4 km² to 1.5 km²). 

We enrolled households owning at least three different animal spe-
cies. A list of eligible households was compiled by the fokontany leaders 
and local healthcare workers before at least four households were ran-
domly selected within each fokontany. Seventy households were visited 
at 7 AM before household members leave home and animals are released 
(e.g. pasture for cows). In each household, all consenting human indivi-
duals and all animals present (livestock and pets) were sampled using 
swabs. Children under 2 years old were excluded from the survey. 
When possible, 500 mL of humans’ and animals’ drinking water (if differ-
ent) were also sampled resulting in 1368 samples (Figure 1) taken from 
11 ‘hosts’ (human, horse, cat, cattle, chicken, dog, duck, goose, turkey, 
pig and water) within three ‘compartments’ (human, animal, environ-
ment). After sampling, all swabs and water samples were immediately 
maintained at 4°C and laboratory analyses done the same day. 

In addition, we performed a survey within each sampled household. 
We compiled a set of variables with the potential to be associated with 
selection and/or transmission of AMR bacteria in humans, animals and 
the environment (e.g. life traits of humans, recent hospitalization events 
and/or antimicrobial intake, caring of animals in households, husbandry 
practices, water and waste management; see File S2, available as  
Supplementary data at JAC Online). 

This study was conducted in accordance with the Malagasy law and 
approved by the ethical committee on biomedical human research 
(Comité d´Ethique de la Recherche Biomédicale de Madagascar) under 
the reference N° 031-MSANP/CERBM. 

Characterization of ESBL-Ec 
Faecal swabs were suspended in LB broth (bioMérieux SA, Marcy l’Etoile, 
France) and incubated for 24 h at 35 ± 2°C with shaking. Then 100 µL of 
the enriched suspension was directly streaked onto selective chromogen-
ic agar plates (CHROMagar ESBL; CHROMagar, Paris, France) and incu-
bated overnight at 35 ± 2°C under aerobic conditions. Water samples 
were filtered onto a 0.45 µm membrane filter and directly cultured on se-
lective chromogenic plates. 

All presumptive ESBL-producer morphotypes were subcultured indi-
vidually on LB agar plates and bacterial species identified using 
MALDI-TOF MS (Bruker Daltonics, Breme, Germany). Antimicrobial suscep-
tibility testing was performed on one E. coli isolate according to the stand-
ard disc methods described in the 2015 ‘Comité de l’Antibiogramme de la 
Société Française de Microbiologie’ (CASFM)-EUCAST guidelines.33 Discs 
soaked with 20 µg amoxicillin, 75 µg ticarcillin, 75–10 µg ticarcillin/clavu-
lanate, 20–10 µg amoxicillin/clavulanate, 10 µg ceftazidime, 30 µg cefo-
xitin, 30 µg cefalotin, 30 µg cefepime, 30 µg cefuroxime, 10 µg imipenem, 
10 µg ertapenem, 5 µg ciprofloxacin, 10 µg gentamicin, 30 µg aztreo-
nam, 5 µg cefotaxime and 30 µg nalidixic acid were tested. The presence 
of ESBL enzymes was confirmed by synergy of cefotaxime, ceftazidime 
and cefepime with amoxicillin/clavulanate or ticarcillin/clavulanic acid. 

WGS 
All ESBL-Ec were selected for WGS. DNA extraction was performed using the 
Cador Pathogen Extraction Kit (INDICAL Bioscience) on the Qiacube HT 
(QIAGEN, France) from 5 mL of liquid cultures grown overnight at 37°C in 
LB broth medium, following the manufacturer’s protocol for 
Gram-negative bacteria. DNA quantity and purity were assessed by using 
the Nanodrop 2000/200C (Thermo Fisher Scientific, Waltham, MA, USA). 
Library preparation was performed by the Mutualized Platform for 
Microbiology (Paris, France) using the Nextera XT DNA Library Preparation 
Kit (Illumina, San Diego, CA, USA) and sequencing was performed on a 
NextSeq 500 platform (Illumina) using 2 × 150 bp runs. FqCleaner version 
3.0 was used to eliminate adaptor sequences, reduce redundant or overre-
presented reads, correct sequencing errors, merge overlapping paired reads  
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and discard reads with Phred scores (measure of the quality of identification 
of nucleobases generated by automated DNA sequencing) <20. 

Core genome analyses 
Core genome analyses were performed by mapping the reads to the E. coli 
O157:H7 Sakai strain complete reference genome (NC_002695.1) using 
the ‘very-sensitive’ option of Bowtie2 aligner.34 PCR duplicates were re-
moved using Picard tools (http://broadinstitute.github.io/picard/). SNPs 
were called with GATK UnifiedGenotyper35 and conserved only if: (i) the 
proportion of high-quality bases supporting the call was >90%; (ii) the 
coverage was >15; (iii) the mapping quality of reads was >20; and (iv) 
the distance from another SNP was >10 bp. Consensus bacterial genomes 
were then constructed by introducing high-confidence SNPs within the 
reference genome and replacing both filtered-out variants and uncovered 
sites (depth = 0) by ‘N’s. We used Gubbins36 to detect regions acquired via 
horizontal gene transfers and excluded them to generate a recombination- 
free SNP alignment from which a maximum likelihood phylogeny was 
constructed using RAxML 8.2.437 with a rapid bootstrap analysis, general 
time-reversible model of evolution with a four rate categories γ distribu-
tion (GTRGAMMA) and 1000 iterations. The tree was rooted using an 
Escherichia fergusonii strain isolated within the course of this study (but 
excluded from other analyses). Visualization of the phylogenetic tree, 
along with metadata was performed using custom scripts sourcing the 
ape38 and ggtree39 packages of the R software environment.40 STs and 
phylogroups were inferred for each strain using stringmlst41 and 
ClermonTyping42 software, respectively. Non-random distribution of STs 
and phylogroups amongst hosts was assessed using the chi-square 
test with simulated P values using the chisq.test R function. Pairwise gen-
etic distances between each sequenced strain were computed using the 
‘distTips’ function of the adephylo R package.43 Distributions of distances 
between strain pairs sampled ‘between’ and ‘within’ compartments, fo-
kontanys or households were compared with Mann–Whitney U tests. 

ESBL-Ec transmission clusters 
Transmission clusters were inferred using a phylogenetic clustering tool 
designed to negate the need for arbitrarily defined cluster divergence 

thresholds.44 Requiring only the phylogenetic tree as input, Phydelity in-
fers putative transmission clusters through the identification of groups 
of sequences that are more closely related than the ensemble distribu-
tion under a statistically principled framework. For each transmission 
cluster, we computed the number of SNPs between each pair of samples 
composing the cluster and the mean and maximum observed values. 
Because the total genetic diversity in our dataset was very high (mean 
number of SNPs between samples was 2914), Phydelity could group sam-
ples with a significant divergence in the same ‘transmission’ cluster. Thus, 
we filtered out transmission clusters harbouring a pair of samples with 
the number of SNPs >20 for analysis of their composition.45 

Composition of transmission clusters including humans was further ana-
lysed statistically. We used multinomial tests to compare host compos-
ition of transmission clusters with random distributions based on (i) 
host frequency in the global dataset and (ii) host frequency in the house-
hold(s) where the cluster was observed. 

Mobilome and resistome analysis 
De novo assembly of Illumina reads was performed using Unicycler46 

with the option–normal for balance between completeness and reliabil-
ity. Each contig was then analysed with the mob-typer component of 
the MOB suite software47 to retrieve putative loci of origin of replication, 
relaxase and incompatibility groups with a BLAST-based approach, fol-
lowed by a clustering of plasmids based on the MOB database. The resis-
tome of each sample was determined with Resfinder48 and its associated 
database using a mapping approach performed directly with raw 
Illumina reads. This direct mapping approach was chosen because de 
novo assembly in the absence of long reads technology is prone to mis-
assembly even for small circular genomes.49 Statistical association be-
tween the distribution of ESBL resistance genes/alleles and the 
different hosts was tested using chi-square tests with simulated P values. 

We also used a BLAST-like approach (Resfinder) on de novo assembled 
contigs annotated as a putative plasmid sequence (by Mob suite) to de-
tect resistance genes carried by mobile elements. The contig-level asso-
ciation between hosts, STs, plasmid incompatibility groups and resistance 
gene counts was tested using chi-square tests with simulated P values 
and represented using a Sankey diagram. All association tests performed 

Figure 1. Sampling metrics and prevalence of ESBL-Ec amongst hosts in a suburban rural zone of Antananarivo, Madagascar. (a) Total number of 
sampled individuals with observed prevalence of ESBL-Ec. (b) Geographical location of households (pies) with detected ESBL-Ec. Pie size is proportional 
to the number of samples collected. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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on the same variable were corrected for multiple tests with the false 
discovery rate method. 

Results 
Prevalence of ESBL-Ec 
We identified 510 positive ESBL-Ec isolates amongst the 1368 
collected samples (37.3%). ESBL-Ec prevalence was 17.5% in 
water, 30.3% in humans and 42.2% in the animal compartment 
(ranging from 20.0% in horses to 75.0% in pigs) (Figure 1). One 
isolate per sample was randomly selected for genetic analysis. 

WGS 
Sequencing generated 741.5 million paired-end reads with a vast 
majority (99.90%–99.96%) of bases scoring Q30 and above. 

Core genome analyses 
Sequencing all the 510 ESBL-Ec showed a prominent level of gen-
etic diversity composed of seven phylogroups and 84 different 
known STs (Figure 2). Phylogroup A and ST3489 were the most re-
presented (70.6% and 11.6%, respectively). Interestingly, 4.1% 
of strains were unknown from the searched ST database because 
they exhibited new allelic combinations unknown from the 
searched database (Table S1, available as Supplementary data 
at JAC Online). Those new STs accounted for most of the genetic 
diversity in the environment (water) and several animal hosts 
including pigs, ducks and geese. Phylogroups (chi-square test, 
P = 0.48) and STs (chi-square test, P = 0.17) were homogeneously 
distributed amongst hosts but marginally associated with house-
holds (chi-square test against phylogroups, P = 0.045; against ST, 
P = 0.02199) and significantly associated with fokotany (P = 0.0075 
with phylogroups and P = 0.0005 with STs). 

For the 4 563 001 sites in the O157:H7 Sakai strain reference 
genome, we obtained an average coverage of 75% (min = 71%, 
max = 88%) and an average depth of 45-fold (mean = 20×, 
max = 60×). A total of 205 139 sites (3.7%) were variable, among 
which 25 774 (12.5%) were found to fall within a recombining re-
gion, leaving 179 365 core and non-recombinant SNPs to build a 
robust maximum likelihood phylogenetic tree. The inferred phyl-
ogeny of the 510 ESBL-Ec represented a large genomic diversity 
with most strains distributed in many clades and subclades 
and some others being isolated on single branches (Figure 3a). 
Pairwise SNP number between strains (Figure S1) was 2914 on 
average and ranged from 0 (between 28 different strain pairs) 
to 8455. Human, animal and water isolates were intermixed 
amongst the whole phylogeny (Figure 3a). A similar pattern 
was observed for strains belonging to the same fokontany (ad-
ministrative unit) and households (Figures S2 and S3), hence de-
noting the absence of compartment, host and spatial clear 
phylogenetic structure of the ESBL-Ec identified but evoking ra-
ther stochastic events. To illustrate further this pattern, we com-
puted pairwise genetic distances between every single strain of 
the tree and compared within and between hosts distributions 
(Figure 3b and c). Interestingly, the distributions were not statis-
tically different (Wilcoxon test, P > 0.05), which confirms the ab-
sence of genetic structuration by host. Comparison of the 
within and between household distributions showed a slight 

but significant reduction of the pairwise phylogenetic distances 
within households (Wilcoxon test, P < 0.001), suggesting a prox-
imity of the ESBL-Ec strains sampled in some households 
(Figure S2) and thus confirming the existence of a moderate geo-
graphical structure. 

ESBL-Ec transmission clusters 
We inferred the presence of 104 clusters within the 510 ESBL-Ec 
phylogenetic tree with less than 20 SNPs between pairs of sam-
ples (Figure 4 and File S4). These clusters included two to five 
strains originating from one to five different hosts and house-
holds, including up to four different animal species. All transmis-
sion clusters were constituted of strains belonging to the same 
ST. Two clusters were composed of absolute clones with no 
SNPs between pairs (two pigs, one human and one chicken, 
both from two different households and belonging to an un-
known ST and ST3489, respectively). In total, 49/104 clusters 
(47.1%) were composed of strains of both human and animal 
sources; 9/104 (8.7%) clusters were composed of water only; 
and 43/104 clusters (41.3%) were composed of at least two 
strains from the same household. Of those, 28/43 (65.1%) in-
cluded pairs of strains both from animal sources, 7/43 (16.3%) 
from human/animal sources, 5/43 (11.6%) both from human 
sources, 2/43 (4.7%) from water/human sources and 1/43 
(2.3%) from water/animal sources. Fifteen of 104 clusters 
(14.5%) were restricted to a single household, and 67/70 house-
holds (95.7%) hosted at least one sample involved in a cluster. 
Host distribution amongst clusters did not show statistical devi-
ation from an expected random distribution calculated from 
the total dataset (multinomial test, P > 0.05). The composition 
of each cluster was independently compared with the global dis-
tribution and none showed significant departure from either glo-
bal host or household composition (multinomial tests, all P >  
0.05) (File S4). 

Mobilome and resistome analysis 
Among the samples 23 ESBL genes were identified (Figure 5). 
Among those, blaCTX-M-15 was the only one identified in all com-
partments (Figures 3a and 5) and represented 69.0% of all 
ESBL genes identified in the study. Multiple ESBL genes co- 
occurred on the same genomes, with up to four in a single sam-
ple (Files S1 and S3). We also screened for the presence of known 
antibiotic resistance-conferring mutations in gyrB and parC genes 
and found them in 26.3% and 12.0% of samples, respectively. 
Interestingly, we report the presence of SHV-13 in 20 ESBL-Ec iso-
lated from the three compartments (File S1), an enzyme that has 
previously only been detected in clinical Klebsiella pneumoniae 
isolates. Globally we confirmed the absence of host-specific re-
sistance genes structure in our dataset (chi-squared test with si-
mulated P value = 0.55). 

The most represented plasmid types, as identified from their 
incompatibility groups (Inc), were IncF (54.8%), IncY (26%) and 
IncI (8.9%). The most common associations between plasmid 
types and resistance genes were shown to be blaCTX-M-15/IncF 
(15.1%) and blaCTX-M-15/IncY (12.7%), as illustrated in Figure 6 
and in File S3. Figure 6 illustrates the absence of association be-
tween host and bacterial STs, the ability of plasmids to be trans-
ferred among different bacterial genomic backgrounds (ST) and  
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Figure 2. Distribution of detected ESBL-Ec STs both in the total dataset and amongst hosts. Percentages are relative to the total number of samples in 
each host. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.  

Figure 3. Global phylogeny of 510 ESBL-Ec and associated metrics. (a) Phylogenetic maximum likelihood tree of 510 ESBL-Ec genomes built from 179 365 
core and non-recombinant SNPs. Hosts for each isolate and compartments (human, animal, water) are indicated in the two most central internal rings, 
respectively, whereas inferred phylogroups are designed both on the phylogenetic tree and on the next ring. A matrix of the presence of the most common 
resistance genes (prevalence >1%) is depicted in the outer rings, with the names of the genes listed from the inner to the outer lines in the matrix. (b) 
Comparison of pairwise phylogenetic distances computed between strains within each host. (c) Comparison of pairwise phylogenetic distances computed 
between versus within hosts. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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Figure 4. Clusters of transmission inferred from the global ESBL-Ec phylogeny. (a) Zoom on a random section of the global ESBL-Ec phylogeny for illustrative 
purposes. On the righthand phylogeny subset, highlighted clades represents different transmission clusters, most of them being composed of strains isolated 
from different host types. (b) Pie charts of the 104 identified clusters showing their composition in terms of host origins (colours) and number of different 
households included (boxes). Pie sizes are scaled to the number of strains within a cluster, and mean pairwise numbers of SNPs between strains of each 
cluster are reported above each chart. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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the plasticity of plasmid incompatibility groups to harbour a large 
variety of resistance genes. 

Discussion 
Using a ‘One Health’ approach connecting humans, animals and 
the environment, we investigated the genetic relatedness and 
transmission of 510 ESBL-Ec isolated in a suburban rural area 
of Antananarivo, Madagascar. As previously suggested, per-
forming such studies in LMICs is particularly relevant to address 
gaps in our understanding of AMR transmission drivers in 
humans.2,13,32,50–52 Among the ESBL-Ec isolated, genomic di-
versity was investigated without revealing any structure at the 
compartment level (water, animal, human). Our findings em-
phasize the multiple sources of ESBL-Ec acquisition. 

Our results show a high level of ESBL-Ec carriage in human, 
animal and water compartments in the highlands of 
Madagascar. ESBL-Ec global prevalence is 37.3%, ranging from 
17.5% in water, 30.3% in humans to 42.2% in animals (the high-
est prevalence was observed for pigs, with 75.0% of individual 
carriers). Previous findings focusing on human carriage in 
Madagascar reported similar prevalences (between 18.5% and 
34% on average) although the data are not readily comparable 
because they were obtained from patients recruited in health 
centres or hospitals without any specific criterion about their con-
tacts with animals.53–55 High levels of ESBL occurrence were pre-
viously reported in pigs, poultry and cattle farms in 
Madagascar.56 To our knowledge, ESBL-Ec presence in drinking 
water in Madagascar had not been tested before, but 

comparable values have been described in other LMIC countries, 
such as Bangladesh,57 the Democratic Republic of Congo58 and 
Tanzania.31 

Sequencing the whole set of 510 detected ESBL-Ec allowed us 
to report a prominent level of genetic diversity for such a small 
spatial scale (7.4 km²). Most (70.6%) ESBL-Ec belonged to the A 
phylogroup, in accordance with a previous survey targeting hu-
mans in both community and hospital settings in Antananarivo, 
Madagascar.59 Our results also highlighted a large diversity of 
STs, with up to 84 different known STs and 4% of samples bearing 
new allelic combinations. The most prevalent, ST3489 (11.6%), 
has previously been observed in Madagascar as one of 
the most prevalent clones in human rectal carriage 
(N. Rabenandrasana, Pasteur Institute of Madagascar, personal 
communication). Few studies have characterized this clone60–62 

but public data available on EnteroBase (https://enterobase. 
warwick.ac.uk/) describe its presence in several ecosystems (hu-
man, poultry, livestock, food, companion animal, environment, 
shellfish, wild animals) and several countries (Bangladesh, 
Cambodia, India, Japan, Vietnam, USA, the Netherlands, 
Denmark, Thailand, France and China). Our study confirms the 
broad host range of ST3489 and its ability to capture many resist-
ance genes encoding ESBLs. Importantly, our reconstructed phyl-
ogeny showed a lack of association between genomic diversity 
and compartments, as illustrated by the comparison of pairwise 
phylogenetic distances between strains either within or between 
host groups. This finding is consistent with a recent study per-
formed in Tanzania31 but contrasts strikingly with most studies 
conducted in high-income countries25–27,63,64 in which ESBL-Ec 

Figure 5. Frequency of detected ESBL genes and mutations (gyrB and parC) both in the total dataset and amongst hosts. Percentages are relative to 
the total number of samples in each host. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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tended to be structured by compartment. Furthermore, our findings 
revealed frequent and multiple transmission events between all 
compartments in this rural area of Madagascar, with a total of 
104 clusters of putative transmission events inferred. Our ana-
lyses did not show any statistical deviation from expected ran-
dom distributions, suggesting effective transmission of ESBL-Ec 
between humans, animals and the environment without high-
lighting any specific behaviour or risk factor associated with this 
process. The observed cases of ESBL-Ec transmission across 
households could reflect the fact that keeping animals is not re-
stricted to a single household and that animal/human move-
ments are frequent at such a small spatiotemporal scale. It is 
also expected that alternative paths of dissemination are used 
by ARB to colonize their hosts. Notably, food routes of ESBL-Ec 
and ARB should be explored in LMIC to better enlighten patterns 
of transmission as hypothesized in Cambodia29 and in a system-
atic review.50 

Screening the whole set of 510 detected ESBL-Ec revealed a 
high diversity of ESBL AMR genes in each compartment while 
highlighting the absence of any host-specific structure. 
Amongst the β-lactamase detected genes, blaCTX-M-15 identified 
in all compartments was the most frequent, in accordance with 

a previous report from Madagascar.59 As formerly described,65 

we observed multiple ESBL genes co-occurring in the same gen-
omes (File S3). Investigating our dataset at the plasmid level, we 
gathered information on putative associations between resist-
ance genes, incompatibility loci, the bacterial ST and the 
EBSL-Ec carrier hosts. Interestingly, the most common associ-
ation observed here, between the blaCTX-M-15 resistance gene 
and the IncF plasmid, has previously been reported in a study 
performed on ESBL-Ec strains isolated from healthy pregnant wo-
men in Madagascar.55 Importantly, no specific association was 
observed between hosts and bacterial and plasmidic features, 
highlighting the common occurrence of transfer between com-
partments, whatever the level of observation. A thorough ana-
lysis of the specific associations between ST, incompatibility loci 
and resistance genes would be interesting, but we chose not to 
delve into this subject for two reasons. First, it is beyond the scope 
of this article, which was to study transmission of ESBL-Ec be-
tween human, animal and environmental compartments. 
Second, caution should be exercised in this matter due to the 
complexity of de novo reconstruction of plasmid sequences using 
short reads.49 Although we can be confident in the overall ob-
served content of resistance genes and incompatibility loci in 

Figure 6. Sankey plot displaying association between hosts, STs, plasmids, incompatibility groups and resistance genes. Co-occurence of ESBL resist-
ance gene, plasmid incompatibility locus and ST within each sampled host, highlighting the absence of host specificity in terms of genomic, plasmid 
and resistance features. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.   
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each putative plasmid, we are far less confident in the reality of 
their associations when plasmid assemblies are fragmented. 
Nonetheless, we have provided extensive supplementary 
material for anyone willing to investigate these lower-level asso-
ciations further. 

Our study has several limitations. First, for each pair of sam-
ples, we measured the genetic distance between two randomly 
drawn ESBL-Ec among the gut microbiota, potentially missing 
any direct link between samples harbouring recently transmitted 
bacteria. This could lead to a systematic underestimation of the 
transmission events between and among compartments. 
Although the effect of this bias on the observed absence of gen-
etic structure in our dataset is not straightforward to assess, we 
hypothesize that our observations are an underestimation of the 
bacterial network’s connectedness. Exhaustive sampling of 
ESBL-Ec in each sample would alleviate this bias and could be in-
teresting to conduct in the future, albeit representing a tremen-
dous amount of sequencing to fund and process. Second, we 
specifically chose a study design susceptible to favouring the ob-
servation of transmission among compartments, with a house-
hold inclusion criterion of at least three species (human and 
animals), in a limited geographical setting where direct contacts 
of humans with animals are frequent. Replication of our protocol 
in other areas of Madagascar as well as in other LMIC would pro-
vide a broader view of the phenomenon. Third, we designed this 
study at the household scale, gathering epidemiological data 
with questionnaires in order to discriminate between households 
where transmission occurred versus the others. Unexpectedly, 
we observed a large amount of potential transmission between 
individuals sampled in different households, partially impairing 
our ability to analyse risk factors associated with transmission 
at the household level as hypothesized at first. Although it would 
be interesting to analyse the potential determinants of transmis-
sion between households, we lack information on potential con-
tacts of individuals and animals through food markets, 
commercial exchange of animals, and animal and human move-
ments in the area. Overall, we recommend using contrasting set-
tings (e.g. rural versus periurban or even urban) in order to gather 
sufficient samples that could be analysed using case-control and 
longitudinal designs to infer risk factors, while acknowledging 
that the variety of possible transmission paths for resistant bac-
teria among compartments could render such a design difficult 
to draw (e.g. sanitation,66 soil,67 wildlife13). Finally, we acknow-
ledge that defining transmission solely through genetic proximity 
of ESBL-Ec samples using a transversal survey, albeit possible 
using the cutting-edge clustering tool chosen in this study, is un-
orthodox. Epidemiological studies based on phylodynamic ap-
proaches need a longitudinal design in order to infer rates of 
transmission in a canonical sense50 and document the direction 
of AMR transmission.13 Thus, we advocate that future studies 
construct sampling schemes allowing the deployment of phylo-
dynamic methodologies in order to alleviate any doubt on our 
ability to discriminate between direct, recent transmission and 
older events. Future work aiming to further characterize the typ-
ology of main transmission routes between the three compart-
ments and investigating patterns at a larger spatial scale in 
Madagascar and LMIC will be essential. If antibiotic stewardship 
intervention in LMIC is highly recommended, these interventions 
targeting antibiotic use might be insufficient to curtail AMR, as 

observed in England.68 Actions to control the main AMR transmis-
sion routes between humans, animals and the environment 
should be implemented. This survey is a first step toward those 
actions in LMIC. 
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