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ABSTRACT.	 Extended spectrum β-lactamase producing Escherichia coli (ESBL-Ec) is recognized as 
an opportunistic pathogen with zoonotic potential, posing a threat to public health. This study 
aimed to identify virulence factor genes (VFGs), determine ESBL-Ec pathotypes and pathovars, and 
analyze their distribution in isolates from broiler cecum across eight Disease Investigation Center 
(DIC) areas in Indonesia. A total of 120 ESBL-Ec isolates were proportionally selected based on 
regional prevalence. The VFGs were detected using Oxford Nanopore Technologies (ONT) MinION 
sequencing and analyzed with bioinformatics pipelines. Of the total isolates, 113 met the quality 
threshold. A total of 4,269 non-redundant orthologs and alleles related to VFGs were detected, 
representing 99 VFG types grouped into 25 clusters, indicating substantial genetic diversity. The 
fim gene cluster was the most frequently detected (20.1%), whereas the esp cluster exhibited the 
highest allele diversity (18.2%). The VFGs encoding the ExPEC were predominant (66.7%), while the 
remaining VFGs encoded the InPEC (33.3%). Each isolate potentially encodes at least two pathovars, 
with nearly 80% encoding three or more. The diversity of VFGs and pathovar combinations highlights 
the disease potential and zoonotic risk of ESBL-Ec.
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INTRODUCTION

Extended spectrum β-lactamase producing Escherichia coli (ESBL-Ec) is a major public health concern because it can spread 
between species and cause serious infections that are difficult to treat. These bacteria produce extended spectrum β-lactamase enzymes 
that confer resistance to many antibiotics, including penicillins, third- and fourth-generation cephalosporins, and monobactams [37]. 
This resistance makes infections difficult to treat and can lead to severe complications or even death [23].

The World Health Organization recommends ESBL-Ec as a critical indicator for monitoring antimicrobial resistance (AMR) 
worldwide, using the One Health approach [39]. This approach recognizes that humans, animals, and the environment are closely 
interconnected in the spread of resistant bacteria. In poultry, ESBL-Ec commonly colonizes the intestinal tract but can also cause 
diseases such as colibacillosis, salpingitis, and omphalitis [14, 38]. These infections often lead to indiscriminate use of antibiotics in 
day-old chicks (DOCs), accelerating resistance development [34].

The pathogenic potential of ESBL-Ec largely depends on virulence factor genes (VFGs). These genes encode proteins that help the 
bacteria attach to host cells, evade the immune system, and survive inside the body [25]. Based on the site of infection and virulence 
characteristics, E. coli is classified into two major pathotypes: intestinal pathogenic E. coli (InPEC) and extraintestinal pathogenic 
E. coli (ExPEC). Each pathotype comprises several pathovars, such as enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli 
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(EHEC), and enteroaggregative E. coli (EAEC) within the InPEC group, whereas ExPEC includes pathovars such as uropathogenic 
E. coli (UPEC) and neonatal meningitis-associated E. coli (NMEC) [7].

The spread of pathotypes and pathovars has significant public health implications. The ExPEC pathotypes, particularly UPEC, are 
responsible for more than 90% of urinary tract infections (UTIs) in humans [31]. In contrast, InPEC pathotypes such as EHEC are the 
leading cause of bloody diarrhea and hemolytic uraemic syndrome (HUS) due to Shiga toxin production [27]. Several studies have 
shown that ExPEC strains isolated from broiler chickens are genetically similar to those found in human clinical cases, suggesting a 
zoonotic risk through potential exposure to contaminated poultry meat or its products [17, 38].

Despite its major public health impact, research on the distribution of VFGs and pathotypes of ESBL-Ec in poultry in Indonesia 
remains limited and lacks a comprehensive investigation. Most studies have focused only on detecting specific genes, such as fimA 
and papC, using Polymerase Chain Reaction (PCR) [38]. This method is insufficient to capture the broader genetic diversity and its 
potential risks to human, animal, and environmental health.

Therefore, to address this information gap, this study was conducted to provide a comprehensive overview of zoonotic risk by 
identifying virulence factor genes, pathotypes, and pathovars of ESBL-Ec isolates obtained from the cecum of broiler chickens in 
eight Disease Investigation Center (DIC) regions across Indonesia. Through this approach, this study aims to elucidate the distribution 
pattern of virulence genes associated with transmission potential and to provide insights for developing zoonotic disease control 
strategies, strengthening AMR surveillance programs, and formulating more targeted and risk-based veterinary public health policies.

MATERIALS AND METHODS

Ethics of animal research
This study did not require animal ethics approval because live animals were not used. All samples originated from the national 

surveillance archive, previously collected by official government agencies.

Selection of samples and isolates
Samples used in this study were obtained from the national archive of the AMR surveillance program coordinated by the Indonesian 

government. All isolates were ESBL-Ec obtained from broiler cecum samples collected at poultry slaughterhouses within the working 
areas of eight DICs. The DICs are technical units under the Directorate General of Livestock and Animal Health Services, Ministry 
of Agriculture, responsible for collecting samples as part of AMR surveillance in accordance with the Indonesian AMR Surveillance 
Guidelines [22].

Of the 835 confirmed E. coli isolates, 259 were identified as ESBL-Ec through active surveillance conducted by the eight DICs 
in Indonesia in 2023 and subsequently archived at the National Quality Control and Certification for Animal Products Laboratory 
(BPMSPH) [33]. Based on ESBL-Ec prevalence data, a representative subset of isolates were selected for this study using an expected 
prevalence of 50%, an acceptable error rate of 7%, and a 95% confidence level. The sample size was calculated using WinEpi software 
(http://www.winepi.net/), resulting in 120 isolates as the representative sample. The number of isolates assigned to each DIC was 
determined proportionally to the regional prevalence of ESBL-Ec reported in the national surveillance program, and isolates were 
selected using simple random sampling [28, 33].

Only isolates that met the quality criteria based on whole genome sequencing (WGS) results were included in the analysis, with 
genome completeness of ≥90% and contamination rate of ≤5% [4]. The distribution of isolates across the DIC working areas is shown 
in Fig. 1 and Table 1.

Identification and confirmation of ESBL-Ec
The isolates were initially identified using standard bacteriological culture techniques on MacConkey agar (Oxoid, Hampshire, 

UK), and presumptive E. coli colonies were confirmed by indole testing, biochemical assay, and Matrix-Assisted Laser Desorption/
Ionization–Time of Flight (MALDI–TOF) Mass Spectrometry (Bruker Daltonics, Bremen, Germany). The ESBL production was 
subsequently confirmed phenotypically using the double-disk diffusion test (Kirby–Bauer disk diffusion method) on Mueller–Hinton 
agar (Becton, Dickinson and Co., Franklin Lakes, NJ, USA), in accordance with Clinical and Laboratory Standards Institute (CLSI, 
Wayne, PA, USA) guidelines [39].

DNA extraction and quality assessment
Deoxyribonucleic acid (DNA) was extracted from 120 ESBL-Ec isolates using the DNeasy® PowerWater® Kit (Qiagen, Hilden, 

Germany), following the manufacturer’s protocol. The DNA concentration was measured using a Qubit™ 4 Fluorometer (Thermo 
Fisher Scientific, Waltham, MA, USA), and samples with at least 1 ng/µL were selected for library preparation [30]. The purified 
DNA was subsequently end-repaired and ligated with sequencing adapters to generate libraries compatible with the Oxford Nanopore 
platform (Oxford Nanopore Technologies/ONT, Oxford, UK).

Whole genome sequencing
All DNA isolates that passed the selection were analyzed using MinION™ Sequencer (ONT), together with the Rapid Sequencing 

gDNA Barcoding Kit (SQK-RBK110.96; Oxford Nanopore Technologies). The prepared DNA library was loaded into a Flow Cell 
(FLO-MIN106D R9.4.1; Oxford Nanopore Technologies) for sequencing. Concerning library preparation, high molecular weight 
genomic DNA was used without mechanical shearing to preserve long fragments. The library was prepared following the manufacturer’s 
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protocol, which included DNA repair and end-preparation steps, adaptor ligation, and clean-up procedures before sequencing. These 
steps ensured optimal read length and sequencing quality. During sequencing, DNA molecules pass through nanopores, altering the 
ionic current, to generate long-read sequence data for downstream bioinformatic analysis. The long-read sequencing approach allows 
more comprehensive and accurate genome analysis, particularly for detecting complex virulence factors in bacteria [32].

Bioinformatic analysis
Sequencing data in FASTQ format were analyzed using Ubuntu operating system (Canonical Ltd., London, UK) and bioinformatics 

software such as NanoStat (Oxford Nanopore Technologies) for raw data quality checking, Filtlong (Ryan Wick, Melbourne, Australia) 
for isolate filtering based on completeness ≥90% and contamination ≤5%, Flye (Kolmogorov Laboratory, University of California, San 
Diego, CA, USA) for de novo assembly, Quast (St. Petersburg State University, St. Petersburg, Russia) and CheckM (Australian Centre 
for Ecogenomics, Brisbane, Australia) for quality evaluation of genome assembly results, Multi-Locus Sequence Typing (MLST; 
Torsten Seemann, Melbourne, Australia), and Platon (University of Würzburg, Würzburg, Germany) for genomic feature identification, 
and ABRicate (Torsten Seemann, Melbourne, Australia) with the VFDB database (Chinese Academy of Medical Sciences & Peking 
Union Medical College, Beijing, China) for virulence factor gene detection.

All VFG detection results were confirmed using a suitability standard of at least 95% for both coverage and identity [4]. Pathotypes 
and pathovars were identified using the VFDB platform (http://www.mgc.ac.cn/VFs/), which contains over 4,300 virulence factor 
genes based on experimental data. The collected data were then analyzed descriptively by counting how often each unique allele gene 
appeared, using Microsoft Excel (Microsoft Corp., Redmond, WA, USA).

RESULTS

DNA and genome quality of whole genome sequencing results
Of the 120 ESBL-Ec isolates, only 113 met the quality criteria and were subsequently included in bioinformatics analysis [4]. 

The genome quality of ESBL-Ec isolates obtained from broiler chicken cecum samples in Indonesia is summarized in Table 2. 
The genomic data supporting these findings of this study are publicly available in the European Nucleotide Archive (ENA) under 
accession number PRJEB97707.

Virulence factor genes
The identification of VFGs in 113 ESBL-Ec isolates revealed 99 gene types grouped into 25 main gene clusters based on 4,269 

non-redundant orthologs and allele occurrences (Table 3). The fim cluster had the highest gene frequency, reaching 20.1%. High 
gene frequencies were also observed in the ent cluster (16.2%) and the yag/ecp cluster (14.3%). Although the esp cluster contained 
the greatest diversity of gene types (18.2%), its occurrence frequency was only 9.3%, indicating that not all genes within a cluster 
are equally present in all isolates. Other clusters with high gene diversity include the fim cluster (9.1%) and the pap cluster (8.1%).

Conversely, clusters like sfa, vat, and pic were found with very low frequencies of <0.01%, indicating that these genes are only 
present in a small proportion of isolates with a low frequency of occurrence (Table 3). The nle gene cluster was divided into two 

Fig. 1.	 Sample distribution map of extended spectrum β-lactamase producing Escherichia coli (ESBL-Ec) isolates from broiler cecum collected 
at eight Disease Investigation Centers (DICs) in Indonesia in 2023. Number of whole genome sequencing (WGS) are samples tested by whole 
genome sequencing and those included in the analysis.
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subgroups, nle* and nle**. The nle* subgroup potentially encodes EHEC pathovars, while nle** (nleA and nleD) is associated with 
EPEC pathovars [2, 3, 24] (Tables 3 and 4).

Cluster profile of virulence factor genes that potentially encode pathotypes and pathovars
An analysis of gene occurrence frequency in 113 ESBL-Ec isolates showed that most VFGs were strongly linked to the ExPEC 

pathotype, accounting for 66.7%. Among these, the majority were from gene clusters likely encoding UPEC pathovars (63.8%), while 
the rest (2.9%) were associated with NMEC pathovars (Table 4).

The remaining VFGs were strongly associated with InPEC pathotypes, making up 33.3%. Most of these were from gene clusters 
likely encoding EHEC pathovars (30.3%), while the rest were associated with EAEC (2%) and EPEC (1%) pathovars (Table 4).

Prevalence of virulence factor gene clusters
Analysis of 113 ESBL-Ec isolates revealed varying prevalence levels among the detected VFG clusters, representing the proportion 

of isolates carrying each gene. This differs from gene frequencies, which represent the total number of specific genes detected 
across all isolates. Of the 25 identified gene clusters, 16 were classified as virulence genes linked to the ExPEC pathotype, while the 
remaining nine clusters potentially encode the InPEC pathotype. Notably, the esp and yag/ecp clusters exhibited high prevalence rates 
of 96.5% and 91.2%, respectively (Fig. 2). These results indicate a widespread presence of both ExPEC and InPEC virulence genes 
in the analyzed isolate population. The comprehensive distribution and prevalence of each gene cluster for both pathotype groups 
are shown in Fig. 2.

Distribution of virulence factor gene clusters in eight regions of DICs in Indonesia
The distribution of VFGs in ESBL-Ec exhibited 

varying patterns across DIC regions in Indonesia. Based 
on the frequency of VFG clusters in each DIC, the highest 
proportion was found in DIC Region 6 (Denpasar) at 20%, 
followed by Region 1 (Medan) at 17.6%, and Region 2 
(Bukittinggi) at 16.3%. In contrast, the lowest proportion 
was recorded in Region 4 (Subang), with only 7.1% 
(Table 5).

Overall, most regions exhibited a prevalence of the 
fim cluster, a significant gene cluster potentially encoding 
the UPEC pathovar (ExPEC pathotype). The highest 
frequency of the fim gene cluster was found in Region 1 
(Medan) at 22.6%, followed by Region 4 (Subang), Region 
6 (Denpasar), and Region 7 (Maros) at 21.6%, 21%, 
and 20.3%, respectively. However, an exception exists 
in Region 3 (Lampung) where the most dominant gene 
cluster is not fim but ent, accounting for 16.2% (Table 5).

Fig. 2.	 Prevalence of virulence factor gene (VFG) clusters in extended 
spectrum β-lactamase producing Escherichia coli (ESBL-Ec) from broiler 
cecum (n=113); (A) Potentially encoding extraintestinal pathogenic E. 
coli (ExPEC), and (B) Potentially encoding intestinal pathogenic E. coli 
(InPEC).

Table 1.	 Distribution of extended spectrum β-lactamase 
producing Escherichia coli (ESBL-Ec) isolates and 
representative samples across Disease Investigation 
Center (DIC) regions

DIC regions
Confirmed  
ESBL-Ec 

isolates (N)

Representative 
isolates for 

WGS*

Isolates included 
in bioinformatics 

analysis**
1 Medan 61 28 23
2 Bukittinggi 39 18 18
3 Lampung 20 9 8
4 Subang 17 8 8
5 Wates 27 13 13
6 Denpasar 49 23 23
7 Maros 19 9 8
8 Banjarbaru 27 12 12

Total 259 120 113
Whole genome sequencing (WGS). *Representative samples 
proportionally allocated from confirmed ESBL-Ec isolates across 
DIC regions. **Isolates that met the quality criteria and were 
eligible for bioinformatics analysis.
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Cluster distribution pattern of potential virulence factor genes encoding pathovars of each isolate
Based on the analysis of 113 ESBL-Ec isolates, each isolate was found to potentially carry at least two types of pathovars encoded 

by VFG clusters. Interestingly, the majority of isolates—around 80%—had the potential to carry three or more pathovars. The 
distribution of the number of pathovars per isolate varied across regions, with the highest proportion observed in isolates carrying 
three pathovar types (46.9% of the total), followed by four pathovar types (27.4%), two pathovar types (20.4%), and five pathovar 
types (5.3%) (Table 6).

Table 2.	 Summary of genome quality of extended spectrum β-lactamase producing Escherichia coli 
(ESBL-Ec) isolates from broiler cecum in Indonesia (n=113 isolates)

Variable Mean SEMean StDev Minimum Maximum
Completeness (%) 98.28 0.14 1.44 90.52 99.51
Contamination (%) 1.41 0.07 0.76 0.36 4.59
Genome length fastq (bp) 418,124,977 19,909,803 211,644,106 51,598,774 924,360,929
Median read length (bp) 4,329 111 1,183 1,222 6,387
Mean read length (bp) 7,375 154 1,639 2,815 10,330
Genome size (bp) 5,508,883 31,005 329,588 4,757,790 6,613,543
N50 (bp) 4,597,676 119,936 1,274,938 305,168 5,670,062
Base pair (bp); standard error of the mean (SEMean); standard deviation (StDev); genome length refers to the total 
length of all genome reads; genome size refers to the length of a single genome, reflecting species variation; N50 
represents the contig length at which 50% of the genome is contained, with values ≥100 kilobase pairs (kbp) indicating 
high-quality assembly.

Table 3.	 Frequency and virulence factor genes (VFGs) cluster of extended spectrum β-lactamase producing Escherichia coli 
(ESBL-Ec) isolates in broiler cecum in Indonesia (n=113)

No VFG Types
VFGs 

clusters 
(n=25)

Variation clusters Gene occurrence 
frequency

Number 
(n)

Proportion 
(%)

Number 
(n)

Proportion 
(%)

1 fimA, fimB, fimC, fimD, fimE, fimF, fimG, fimH, fimI fim 9 9.1 857 20.1
2 entA, entB, entC, entD, entE, entF, entS ent 7 7.1 690 16.2
3 yagV/ecpE, yagW/ecpD, yagX/ecpC, yagY/ecpB, yagZ/ecpA, ykgK/ecpR yag/ecp 6 6.1 607 14.3
4 fepA, fepB, fepC, fepD, fepG fep 5 5.1 462 10.8
5 espFu/tccP, espJ, espK, espL1, espL4, espM1, espM2, espR1, espR3, espW, 

espX1, espX2, espX4, espX5, espY1, espY2, espY3, espY4
esp 18 18.2 398 9.3

6 iroB, iroC, iroD, iroE, iroN iro 5 5.1 208 4.9
7 escD, escF, escO, escR, escS, escU, escV esc 7 7.1 193 4.5
8 chuS, chuT, chuU, chuV,chuW,chuX,chuY chu 7 7.1 184 4.3
9 iucB, iucC, iucD iuc 3 3.0 147 3.4

10 fes fes 1 1.0 113 2.6
11 astA ast 1 1.0 85 2
12 ompA omp 1 1.0 71 1.7
13 nleA/espI, nleB2, nleD, nleF, nleG7, nleH1, nleH2 nle* 7 7.1 51 1.2
14 papB, papC, papD, papF, papG, papI, papJ, papK pap 8 8.1 48 1.1
15 cesD2, cesT ces 2 2.0 40 0.9
16 aslA asl 1 1.0 25 0.6
17 cif cif 1 1.0 27 0.6
18 fyuA fyu 1 1.0 11 0.3
19 fdeC fde 1 1.0 14 0.3
20 kpsD, kpsM kps 2 2.0 12 0.3
21 nleA, nleD nle** 2 2.0 14 0.3
22 paa paa 1 1.0 8 0.2
23 pic pic 1 1.0 2 0.05
24 sfaX sfa 1 1.0 1 0.02
25 vat vat 1 1.0 1 0.02

Total 99 100 4,269 100
The nle gene cluster was divided into two subgroups: nle*, potentially encoding enterohemorrhagic E. coli (EHEC) pathovars, and nle** (nleA 
and nleD), associated with enteropathogenic E. coli (EPEC) pathovars.
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Table 5.	 Distribution of virulence factor genes (VFGs) of extended spectrum β-lactamase producing Escherichia coli (ESBL-
Ec) from broiler cecum in eight regions Disease Investigation Centers (DICs) in Indonesia

Potential 
pathotype

Potential 
pathovar

VFGs 
clusters

Regions (%)
1  

(n=753)
2  

(n=696)
3  

(n=315)
4  

(n=301)
5  

(n=513)
6  

(n=854)
7  

(n=315)
8  

(n=522)

ExPEC

UPEC

fim 22.6 19.4 15.2 21.6 19.5 21 20.3 18.4
ent 18.9 16.4 16.2 15.9 15 16 13 15.3
fep 12.2 10.6 10.2 11.3 10.3 10.7 11.1 9.8
iro 2 3.6 12.7 5 2.7 2.9 7.9 9.4
chu 2.7 4 4.8 7.6 4.3 2.6 6 6.7
iuc 1.6 1.6 6.3 7 2.9 2.3 6.7 5.2
fes 3.1 2.6 2.5 2.7 2.5 2.7 2.5 2.3
pap 1.1 0 0.6 0.3 2.9 1.3 0.3 1.9
fyu 0 0.1 0.6 0.3 0.2 0.1 0.6 0.6
pic 0 0 0 0 0.2 0 0 0.2
sfa 0.1 0 0 0 0 0 0 0
vat 0 0 0 0 0 0 0 0.2

Sub-subtotal UPEC 64.3 58.3 69.1 71.7 60.5 59.6 68.4 70

NMEC

omp 1.3 1.6 1.6 2 1.8 1.4 1.9 2.3
asl 0.4 0.4 0.6 1 0.8 0.2 1 1
fde 0.1 0 0.3 1 0.4 0.1 1 0.6
kps 0.4 0 0 0 0.2 0.2 1.3 0.4

Sub-subtotal NMEC 2.2 2 2.5 4 3.2 1.9 5.2 4.3
Subtotal ExPEC 66.5 60.3 71.6 75.7 63.7 61.5 73.6 74.3

InPEC

EHEC

yag/ecp 15.7 13.6 13.3 13.6 15.2 15.3 15.2 10.3
esp 9.2 10.6 7 9 9 10 10.2 8.2
esc 3.7 7.5 4.4 0 6.8 5 0 4
nle* 0.7 2.3 1.3 0 1.6 1.4 0 1.1
ces 0.7 1.3 1.3 0 1.2 1.3 0 1
paa 0 0.7 0 0 0 0.2 0 0.2

Sub-subtotal EHEC 30.0 36.0 27.3 22.6 33.8 33.2 25.4 24.8
EAEC ast 2.8 2.2 0.3 1.7 0.6 4.1 1 0.4
Sub-subtotal EAEC 2.8 2.2 0.3 1.7 0.6 4.1 1 0.4

EPEC cif 0.5 1 0.6 0 1.2 0.7 0 0.4
nle** 0.4 0.4 0 0 0.8 0.4 0 0.2

Sub-subtotal EPEC 0.9 1.4 0.6 0 2.0 1.1 0 0.6
Subtotal InPEC 33.7 39.6 28.2 24.3 36.4 38.4 26.4 25.8

Total percentage (%) 17.6 16.3 7.4 7.1 12 20 7.4 12.2
This data is presented as a proportion based on the frequency of genes detected in each DIC; extra-intestinal pathogenic E. coli (ExPEC); 
intestinal pathogenic E. coli (InPEC); uropathogenic E. coli (UPEC); neonatal meningitis-associated E. coli (NMEC); enterohemorrhagic E. coli 
(EHEC); enteroaggregative E. coli (EAEC); enteropathogenic E. coli (EPEC).

Table 4.	 Cluster of virulence factor genes (VFGs) potentially encoding pathovars and pathotypes of extended 
spectrum β-lactamase producing Escherichia coli (ESBL-Ec) from broiler cecum in Indonesia (n=113)

No. VFGs cluster
Potential pathovar Potential pathotype

Type Proportion (%) Type Proportion (%)
1 fim, ent, fep, iro, chu, iuc, fes, pap, fyu, pic, sfa, vat UPEC 63.8 ExPEC 66.72 omp, asl, fde, kps NMEC 2.9
3 yag/ecp, esp, esc, nle*, ces, paa EHEC 30.3

InPEC 33.34 ast EAEC 2
5 cif, nle** EPEC 1

Extra-intestinal pathogenic E. coli (ExPEC); intestinal pathogenic E. coli (InPEC); uropathogenic E. coli (UPEC); 
neonatal meningitis-associated E. coli (NMEC); enterohemorrhagic E. coli (EHEC); enteroaggregative E. coli (EAEC); 
enteropathogenic E. coli (EPEC).



N NURBIYANTI ET AL.

1490J Vet Med Sci 87(12): 1484–1493, 2025

DISCUSSION

This study represents one of the first comprehensive efforts in Indonesia to identify VFGs in ESBL-Ec isolates obtained from broiler 
cecum. The findings revealed considerable diversity in cluster types, gene frequencies, prevalence, and the number of pathovars within 
a single isolate. This diversity suggests the potential for the pathogens to cause disease, expand their host range, enhance adaptability, 
and facilitate transmission, and the combination of these factors may contribute to the emergence of hybrid pathogens with enhanced 
virulence [1, 40].

In particular, it was found that the esp cluster was twice as abundant as the fim cluster, but fim showed the highest frequency of 
occurrence, being twice that of esp (Table 3). The presence of the esp cluster is not necessarily indicative of pathogenic potential, as it 
may also be found in commensal or environmental E. coli strains [8, 25]. The observed genetic diversity is likely driven by mechanisms 
such as point mutations, genetic recombination, horizontal gene transfer (HGT) via plasmids, transposons, or bacteriophages, as well 
as gene duplication and deletion [7]. Within the One Health framework, the variation of virulence gene clusters reflects the adaptive 
flexibility of bacteria when responding to diverse pressures, including antibiotic exposure, host immune defenses, and microbiota 
shifts [6]. This adaptability facilitates the spread of pathogens across species and geographical boundaries, thereby increasing the risk 
of foodborne transmission from animal-derived products and complicating effective pathogen control [17].

In contrast, high-frequency genes such as fim, which encode proteins involved in fimbrial structure and host cell adhesion, play a 
critical role in the early stages of bacterial colonization [16]. The high prevalence of fim suggests an enhanced capacity for adhesion 
to the host epithelium, thereby potentially facilitating rapid and efficient colonization. However, the presence of this gene does not 
necessarily lead to its phenotypic expression. This mechanism can promote intensive infection within a short time frame and enable 
pathogen dissemination before detection in the early stages of infection [10, 12]. Therefore, the resulting infections are likely to be 
acute and progressive, with the potential to cause systemic complications such as HUS and UTIs [9, 16].

The ent, fep, and fes gene clusters were highly prevalent across all isolates, while fim, esp, and yag/ecp were found in almost all 
isolates (Fig. 2). Functionally, these gene clusters contribute to diverse virulence mechanisms, including iron uptake, adhesion, the 
type III secretion system (T3SS) activity, and biofilm formation—all essential for bacterial survival, colonization, and establishment 
of infection [7, 21, 25]. In Enterobacteriaceae, the most common virulence-associated clusters are those linked to iron uptake, which 
enable bacteria to adapt and compete successfully within the gastrointestinal tract and host tissues [21, 31]. At the population level, 
the high prevalence of clusters can drive widespread infections, reduce the effectiveness of treatments, and support the spread of 
pathogens in the environment, such as in food-processing areas and wastewater systems [17, 39].

The fep, iro, esc, and chu gene clusters also exhibited moderate diversity and prevalence among the isolates (Table 3). These gene 
clusters contribute to iron acquisition and protein secretion, which can enhance the bacterium’s ability to establish infections in various 
tissues [27, 31]. Although less frequently observed, their presence remains important because they may contribute to diarrhea and 
other gastrointestinal issues, particularly in immunocompromised or otherwise vulnerable individuals [27]. Other gene clusters with 
potential invasive function include asl, omp, kps, and toxins such as ast [10, 31]. The asl and omp clusters may facilitate translocation 
across host cell barriers, especially during systemic infection like meningitis [10]. The kps gene product mediates capsule biosynthesis, 
helping the bacteria evade host immune defenses, including phagocytosis and complement-mediated killing [19]. Meanwhile, ast was 
the only gene cluster found that may be linked to the EAEC pathovar; it encodes a heat-stable enterotoxin 1 (EAST1), which can 
trigger fluid secretion in the intestines, leading to diarrhea [15]. These variations in virulence profiles among isolates highlight the 
need to consider specific genomic traits when assessing infection risk and designing genome-informed control strategies.

Notably, this study demonstrates that each ESBL-Ec isolate may harbor multiple pathovars, with most carrying three or more 
(Table 6). This means that different types of pathovars can combine in a single isolate, possibly leading to the formation of hybrid 
pathovars. The presence of hybrid pathogens that may use complex virulence strategies, expand their host range, and become more 
difficult to control [1]. Furthermore, ESBL production confers resistance to β-lactam antibiotics, compounding infection risks and 

Table 6.	 Distribution patterns of the number of potential pathovars based on virulence factor genes 
(VFGs) clusters present in each extended spectrum β-lactamase producing Escherichia coli (ESBL-
Ec) isolate from broiler cecum in eight regions Disease Investigation Centers (DICs) in Indonesia

DIC regions Number 
of isolates

Proportion of pathovars (%)
1 2 3 4 5

1 Medan 23 0.0 34.8 39.1 21.7 4.3
2 Bukittinggi 18 0.0 16.7 33.3 33.3 16.7
3 Lampung 8 0.0 37.5 37.5 12.5 12.5
4 Subang 8 0.0 12.5 62.5 25.0 0.0
5 Wates 13 0.0 0.0 69.2 30.8 0.0
6 Denpasar 23 0.0 26.1 43.5 26.1 4.3
7 Maros 8 0.0 25.0 37.5 37.5 0.0
8 Banjarbaru 12 0.0 0.0 66.7 33.3 0.0

Average of total isolates (%) 113 0.0 20.4 46.9 27.4 5.3
Each isolate was found to potentially contain at least two pathovars, and the dominant consisted of three pathovars.
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making treatment more difficult in both animals and humans [39]. These findings are important for improving early detection and 
monitoring of possible hybrid pathogens through national surveillance systems, as well as developing genomic-based treatment 
guidelines to improve the management of severe infections.

Geographically, the distribution of virulence genes varied across regions. The highest proportion was observed in isolates from 
Denpasar DIC, whereas the lowest was from Subang DIC (Table 4).In most regions, fim genes predominated, except in Lampung 
DIC, where ent genes were more frequent. These variations in VFG distribution among Escherichia coli isolates may be influenced 
by differences in environmental selective pressures, such as climate, temperature, humidity, rainfall, or chemical exposure, as well as 
farm and slaughterhouse management practices, including waste management [6, 17, 26, 36].

Environmental factors can affect bacterial survival and proliferation, shaping microbial communities [6, 17] and influencing 
the presence or expression of virulence genes. Moreover, differences in sanitation and waste management practices at farms and 
slaughterhouses can create selective pressures that either promote or limit the spread of pathogenic bacteria [36, 42]. In practical 
terms, this indicates that each region has its own microbiological characteristics, and therefore, control efforts should be adjusted to 
fit the local context. Collectively, these data reveal that ESBL-Ec from broiler cecum in Indonesia are not only antibiotic resistant but 
also possess diverse and multifaceted virulence profiles.

From a public health perspective, the predominance of ExPEC pathotypes—approximately twice as frequent as InPEC (Table 4), 
represents a significant risk of severe extraintestinal infections, including UTIs, pyelonephritis, sepsis, and meningitis. These finding 
highlights that the threat extends beyond the digestive system to systemic disease. Accordingly, effective control strategies should 
follow a One Health approach that integrates human, animal, and environmental health. Most gene clusters identified were associated 
with UPEC pathovars, which encode fimbriae that promote adhesion to the urogenital tract, initiate colonization, and lead to urinary 
tract infections [31]. These findings support the concern that broiler chickens may serve as a reservoir for human transmission. 
Previous studies have also confirmed that UPEC strains from chickens are genetically similar to those found in human infections [13]. 
Additionally, genes related to NMEC pathovars were also detected, implying the potential to cross the blood–brain barrier (BBB) and 
cause meningitis, especially in newborns [5].

In contrast, genes that encode InPEC pathotypes, primarily from EHEC pathovars, were implicated in biofilm formation and 
adherence to the intestinal epithelium. These functions are important for colonization and the establishment of gastrointestinal disease 
[25]. Although their frequency was relatively low (≤2%), the detection of EAEC and EPEC pathovars remains clinically important, 
as both are recognized as major contributors to diarrheal diseases in vulnerable populations, particularly young children [27]. Certain 
virulence gene clusters, such as esp, nle, and ces, were even found to be linked with bloody diarrhea, colitis, and serious complications 
like HUS [11, 18]. The major outbreak in Germany in 2011, caused by EHEC-EAEC hybrid strains, suggests that the coexistence of 
multiple pathovars within a single isolate may have contributed to the observed severity of the outbreak [1].

Overall, this study demonstrates that ESBL-Ec isolated from broiler farms in Indonesia are antimicrobial resistant and simultaneously 
harbor multiple virulence traits associated with pathogenicity. Importantly, the mere presence of virulence genes does not necessarily 
result in infection, as their expression is influenced by host condition (the organism being infect), environmental factors (where the 
pathogen resides), and epigenetic regulation (the regulation of gene expression at the epigenetic level). For example, the fimbrial 
expression can occur in the ON (fimbriated) and OFF (non-fimbriated) phases, regulated by the fimS, fimB, and fimE genes [12].  
In addition, the host immune response, imbalance in gut microbiota, temperature, pH, nutrient levels, and other environmental stresses 
also affect the bacteria’s ability to cause disease [6]. These findings indicate a relatively high level of virulence complexity among 
the isolates.

From a veterinary epidemiology perspective, these findings are critical because broiler chickens may serve as reservoirs for 
zoonotic transmission [17, 38]. The ESBL-Ec can spread to humans through several pathways, including consumption of undercooked 
poultry products, direct contact with animals or contaminated environments, and exposure to farm wastewater [38]. The likelihood 
of transmission increases when hygiene and sanitation measures are inadequate [17].

Since 2020, the rising prevalence of ESBL-Ec in Indonesian poultry farms has mirrored global trends. Both the World Health 
Organization (WHO) and the Food and Agriculture Organization (FAO) have underscored the importance of integrated monitoring 
systems for antimicrobial resistance [39]. The Indonesian government has also responded through cross-sector regulations that highlight 
the importance of AMR surveillance [28]. However, systematic monitoring of virulence factor genes remains limited, despite evidence 
that the coexistence of resistance and virulence determinants enhances bacterial survival and dissemination in the environment [41]. 
The reported incidence of urinary tract infections is approximately 90 to 100 cases per 100,000 people annually [20], which serves 
as a reminder that the presence of UPEC-associated genes from poultry sources should not be ignored [35]. Without effective control 
measures, the circulation of pathogenic bacteria through poultry products represents a significant zoonotic risk and may contribute to 
the rising burden of infectious diseases in the community.

Therefore, this study highlights the genetic complexity and zoonotic potential of ESBL-Ec isolates from broilers in Indonesia. 
Considering the public health risks, practical One Health measures are recommended to limit pathogen transmission. These include 
improving hygiene and sanitation practices in slaughterhouses, implementing prudent and regulated use of antibiotics in poultry 
production, and enhancing biosecurity measures on farms to prevent the spread of antimicrobial-resistant and virulent strains. 
Collectively, these strategies can help mitigate the potential transmission of pathogenic ESBL-Ec to humans and the environment.

Conclusions
The ESBL-producing Escherichia coli from broiler cecum in Indonesia exhibited high genetic diversity, with VFGs predominantly 

associated with ExPEC. All isolates harbored multiple VFG combinations spanning several pathovars, suggesting the potential for 
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hybrid pathogens. These findings highlight that broiler chickens in Indonesia can act as reservoirs of antimicrobial-resistant and virulent 
E. coli, posing a significant threat to public health.

CONFLICT OF INTEREST. We declare that there is no conflict of interest with any financial organization regarding the material 
discussed in the manuscript.

ACKNOWLEDGMENTS. We would like to express our sincere gratitude to the Ministry of Research, Technology, and Higher 
Education (Kemenristek Dikti) for supporting this study through the BIMA Master’s Thesis Research Grant (No. 22247/IT3.D10/
PT.01.03/P/B/2024), as part of research and community service activities in higher education. We also extend our appreciation to 
the Directorate General of Livestock and Animal Health Services, Ministry of Agriculture, and the BPMSPH for providing access 
to national ESBL-Ec archival isolates and facilitating laboratory testing for this research. This study was conducted under official 
research agreements between IPB University and the Ministry of Agriculture of the Republic of Indonesia, based on Cooperation 
Agreement Numbers 117/IT3/HK.01/2019 and 4838/HK.220/A/12/2019, which cover education, research, and community service in 
the agricultural sector.

REFERENCES

	 1.	 Bielaszewska M, Mellmann A, Zhang W, Köck R, Fruth A, Bauwens A, Peters G, Karch H. 2011. Characterisation of the Escherichia coli strain 
associated with an outbreak of haemolytic uraemic syndrome in Germany, 2011: a microbiological study. Lancet Infect Dis 11: 671–676. [Medline]  
[CrossRef]

	 2.	 Chinese Academy of Medical Sciences and Peking Union Medical College (CAMS & PUMC). 2025. VFDB: nleD. Beijing: CAMS & PUMC; https://
www.mgc.ac.cn/cgi-bin/VFs/gene.cgi?GeneID=VFG033805 [accessed on June 20, 2025].

	 3.	 Chinese Academy of Medical Sciences and Peking Union Medical College (CAMS & PUMC). 2025. VFDB: nleA/espI. Beijing: CAMS & PUMC; 
https://www.mgc.ac.cn/cgi-bin/VFs/gene.cgi?GeneID=VFG002121 [accessed on June 20, 2025].

	 4.	 Dong W, Fan X, Guo Y, Wang S, Jia S, Lv N, Yuan T, Pan Y, Xue Y, Chen X, Xiong Q, Yang R, Zhao W, Zhu B. 2024. An expanded database and 
analytical toolkit for identifying bacterial virulence factors and their associations with chronic diseases. Nat Commun 15: 8084. [Medline]  [CrossRef]

	 5.	 Edison LK, Kariyawasam S. 2025. From the gut to the brain: transcriptomic insights into neonatal meningitis Escherichia coli across diverse host 
niches. Pathogens 14: 485. [Medline]  [CrossRef]

	 6.	 Foster-Nyarko E, Pallen MJ. 2022. The microbial ecology of Escherichia coli in the vertebrate gut. FEMS Microbiol Rev 46: fuac008. [Medline]  
[CrossRef]

	 7.	 Geurtsen J, de Been M, Weerdenburg E, Zomer A, McNally A, Poolman J. 2022. Genomics and pathotypes of the many faces of Escherichia coli. 
FEMS Microbiol Rev 46: fuac031. [Medline]  [CrossRef]

	 8.	 García A, Fox JG. 2021. A one health perspective for defining and deciphering Escherichia coli pathogenic potential in multiple hosts. Comp Med 71: 
3–45. [Medline]  [CrossRef]

	 9.	 Ha JH, Shin JI, Kim KM, Choi JG, Trinh MP, Anh WJ, Kang KM, Kang HL, Byun JH, Boonyanugomol W, Kwon KW, Jung MH, Baik SC, Lee 
WK, Shin MK. 2025. Prevalence and virulence profiles of ESBL-producing Escherichia coli in urinary and blood infections in South Korea. Folia 
Microbiol (Praha) 70: 589–600. [Medline]  [CrossRef]

	10.	 Hoffman JA, Badger JL, Zhang Y, Huang SH, Kim KS. 2000. Escherichia coli K1 aslA contributes to invasion of brain microvascular endothelial cells 
in vitro and in vivo. Infect Immun 68: 5062–5067. [Medline]  [CrossRef]

	11.	 Hua Y, Chromek M, Frykman A, Jernberg C, Georgieva V, Hansson S, Zhang J, Marits AK, Wan C, Matussek A, Bai X. 2021. Whole-genome 
characterization of HUS-causing STEC in Sweden. Virulence 12: 1296–1305. [Medline]  [CrossRef]

	12.	 Isidro-Coxca MI, Ortiz-Jiménez S, Puente JL. 2024. Type 1 fimbria and P pili: regulatory mechanisms of the prototypical members of the chaperone-
usher fimbrial family. Arch Microbiol 206: 373. [Medline]  [CrossRef]

	13.	 Jakobsen L, Spangholm DJ, Pedersen K, Jensen LB, Emborg HD, Agersø Y, Aarestrup FM, Hammerum AM, Frimodt-Møller N. 2010. Broiler 
chickens, broiler chicken meat, pigs and pork as sources of ExPEC related virulence genes and resistance in Escherichia coli isolates from community-
dwelling humans and UTI patients. Int J Food Microbiol 142: 264–272. [Medline]  [CrossRef]

	14.	 Joseph J, Zhang L, Adhikari P, Evans JD, Ramachandran R. 2023. Avian pathogenic Escherichia coli (APEC) in broiler breeders: An overview. 
Pathogens 12: 1280. [Medline]  [CrossRef]

	15.	 Kashima K, Sato M, Osaka Y, Sakakida N, Kando S, Ohtsuka K, Doi R, Chiba Y, Takase S, Fujiwara A, Shimada S, Ishii R, Mizokoshi A, Takano M, 
Lee K, Iyoda S, Honda A. 2021. An outbreak of food poisoning due to Escherichia coli serotype O7:H4 carrying astA for enteroaggregative E. coli 
heat-stable enterotoxin1 (EAST1). Epidemiol Infect 149: e244. [Medline]  [CrossRef]

	16.	 Kim B, Kim JH, Lee Y. 2022. Virulence factors associated with Escherichia coli bacteremia and urinary tract infection. Ann Lab Med 42: 203–212. 
[Medline]  [CrossRef]

	17.	 Klaharn K, Pichpol D, Meeyam T, Harintharanon T, Lohaanukul P, Punyapornwithaya V. 2022. Bacterial contamination of chicken meat in 
slaughterhouses and the associated risk factors: a nationwide study in Thailand. PLoS One 17: e0269416. [Medline]  [CrossRef]

	18.	 Li M, Wang K, Tang A, Tang A, Chen A, Huang Z. 2021. Investigation of the genes involved in the outbreaks of Escherichia coli and Salmonella spp. 
in the United States. Antibiotics (Basel) 10: 1274. [Medline]  [CrossRef]

	19.	 Maniam L, Vellasamy KM, Ong TA, Teh CSJ, Jabar KA, Mariappan V, Narayanan V, Vadivelu J, Pallath V. 2023. Genotypic characteristics of 
Uropathogenic Escherichia coli isolated from complicated urinary tract infection (cUTI) and asymptomatic bacteriuria-a relational analysis. PeerJ 
11: e15305. [Medline]  [CrossRef]

	20.	 Megawati R, Prasetya D, Sanjiwani AAS. 2023. Identifikasi bakteri penyebab infeksi saluran kemih pada pasien di laboratorium klinik prodia blitar. 
Prosiding AIPTLMI IASMLT 2: 100–109.

	21.	 Mey AR, Gómez-Garzón C, Payne SM. 2021. Iron Transport and Metabolism in Escherichia, Shigella, and Salmonella. Ecosal Plus 9: eESP00342020. 
[Medline]  [CrossRef]

	22.	 Ministry of Agriculture. 2021. National guidelines for antimicrobial resistance surveillance in the livestock and animal health sector, 2021. Jakarta, 
Indonesia: Directorate of Veterinary Public Health, Directorate General of Livestock and Animal Health Services, Ministry of Agriculture, Republic 

http://www.ncbi.nlm.nih.gov/pubmed/21703928?dopt=Abstract
http://dx.doi.org/10.1016/S1473-3099(11)70165-7
http://www.ncbi.nlm.nih.gov/pubmed/39278950?dopt=Abstract
http://dx.doi.org/10.1038/s41467-024-51864-y
http://www.ncbi.nlm.nih.gov/pubmed/40430805?dopt=Abstract
http://dx.doi.org/10.3390/pathogens14050485
http://www.ncbi.nlm.nih.gov/pubmed/35134909?dopt=Abstract
http://dx.doi.org/10.1093/femsre/fuac008
http://www.ncbi.nlm.nih.gov/pubmed/35749579?dopt=Abstract
http://dx.doi.org/10.1093/femsre/fuac031
http://www.ncbi.nlm.nih.gov/pubmed/33419487?dopt=Abstract
http://dx.doi.org/10.30802/AALAS-CM-20-000054
http://www.ncbi.nlm.nih.gov/pubmed/39433645?dopt=Abstract
http://dx.doi.org/10.1007/s12223-024-01205-9
http://www.ncbi.nlm.nih.gov/pubmed/10948126?dopt=Abstract
http://dx.doi.org/10.1128/IAI.68.9.5062-5067.2000
http://www.ncbi.nlm.nih.gov/pubmed/33939581?dopt=Abstract
http://dx.doi.org/10.1080/21505594.2021.1922010
http://www.ncbi.nlm.nih.gov/pubmed/39127787?dopt=Abstract
http://dx.doi.org/10.1007/s00203-024-04092-3
http://www.ncbi.nlm.nih.gov/pubmed/20656368?dopt=Abstract
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.06.025
http://www.ncbi.nlm.nih.gov/pubmed/38003745?dopt=Abstract
http://dx.doi.org/10.3390/pathogens12111280
http://www.ncbi.nlm.nih.gov/pubmed/34726137?dopt=Abstract
http://dx.doi.org/10.1017/S0950268821002338
http://www.ncbi.nlm.nih.gov/pubmed/34635614?dopt=Abstract
http://dx.doi.org/10.3343/alm.2022.42.2.203
http://www.ncbi.nlm.nih.gov/pubmed/35675365?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0269416
http://www.ncbi.nlm.nih.gov/pubmed/34680854?dopt=Abstract
http://dx.doi.org/10.3390/antibiotics10101274
http://www.ncbi.nlm.nih.gov/pubmed/37361034?dopt=Abstract
http://dx.doi.org/10.7717/peerj.15305
http://www.ncbi.nlm.nih.gov/pubmed/34910574?dopt=Abstract
http://dx.doi.org/10.1128/ecosalplus.ESP-0034-2020


VIRULENCE FACTOR GENES IN ESBL-E. COLI

J Vet Med Sci 87(12): 14931484–1493, 2025

of Indonesia.
	23.	 Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, Han C, Bisignano C, Rao P, Wool E, Johnson SC, Browne AJ, et 

al. Antimicrobial Resistance Collaborators. 2022. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet 399: 
629–655. [Medline]  [CrossRef]

	24.	 Ontosight.ai 2025. Escherichia coli EPEC C342-62−Bacterium characteristics. https://ontosight.ai/glossary/term/escherichia-coli-epec-c342-62-
bacterium-characteristics–67a35a384abad8c08230059d. London, Ontosight [accessed on June 20, 2025].

	25.	 Pakbin B, Brück WM, Rossen JWA. 2021. Virulence factors of enteric pathogenic Escherichia coli: a review. Int J Mol Sci 22: 9922. [Medline]  
[CrossRef]

	26.	 Qiu Y, Zhou Y, Chang Y, Liang X, Zhang H, Lin X, Qing K, Zhou X, Luo Z. 2022. The effects of ventilation, humidity, and temperature on bacterial 
growth and bacterial genera distribution. Int J Environ Res Public Health 19: 15345. [Medline]  [CrossRef]

	27.	 Rausch-Phung EA, Nguyen AD, Aziz M. 2025. Enterohemorrhagic Escherichia coli. In: StatPearls. Treasure Island: StatPearls Publishing; 2025 
[accessed on June 20, 2025].

	28.	 Republic of Indonesia (RI). 2021. Regulation of the Coordinating Minister for Human Development and Cultural Affairs of the Republic of Indonesia 
Number 7 of 2021 concerning the national action plan for antimicrobial resistance control for 2020–2024. Jakarta: Coordinating Ministry for Human 
Development and Cultural Affairs.; https://cdn.who.int/media/docs/default-source/searo/indonesia/20221115_nap-on-amr.pdf?sfvrsn=20f27da3_1&d
ownload=true [accessed on June 15, 2025].

	29.	 Rode CK, Melkerson-Watson LJ, Johnson AT, Bloch CA. 1999. Type-specific contributions to chromosome size differences in Escherichia coli. Infect 
Immun 67: 230–236. [Medline]

	30.	 Sayeb M. 2021. Guidance document for WGS-Benchmarking, 1st ed. https://sitesv2.anses.fr/en/system/files/NGS%20EURL%20WG%20-%20
Del5%20-%20Benchmarking.pdf. Maisons-Alfort: Inter-European Union Reference Laboratories (EURLs) Working Group on NGS [accessed on 
June 25, 2025].

	31.	 Sora VM, Meroni G, Martino PA, Soggiu A, Bonizzi L, Zecconi A. 2021. Extraintestinal pathogenic Escherichia coli: Virulence factors and antibiotic 
resistance. Pathogens 10: 1355. [Medline]  [CrossRef]

	32.	 Sørensen LH, Pedersen SK, Jensen JD, Lacy-Roberts N, Andrea A, S M Brouwer M, Veldman KT, Lou Y, Hoffmann M, Hendriksen RS. 2024. Whole-
genome sequencing for antimicrobial surveillance: species-specific quality thresholds and data evaluation from the network of the European Union 
Reference Laboratory for Antimicrobial Resistance genomic proficiency tests of 2021 and 2022. mSystems 9: e0016024. [Medline]  [CrossRef]

	33.	 Suandy I. 2024. Presentation on the evaluation of the implementation of the national action plan (NAP) for AMR control program: Progress on input 
indicators of the surveillance Working Group, Jakarta, September 3, 2024. Directorate General of Livestock and Animal Health Services, Ministry of 
Agriculture.

	34.	 Sunandar, Suandy I, Nurbiyanti N, Arief RA, Rachmawati AD, Pertela G, Purwanto B, Daradjat H, Speksnijder D, Sani RA, Dinar T, Naipospos TSP, 
Wagenaar J. 2025. Pola penggunaan anti mikrob pada peternakan mandiri ayam broiler di Kabupaten Bogor. Acta Vet Indones 12: 83–90.

	35.	 Tanaka M, Hanawa T, Suda T, Tanji Y, Minh LN, Kondo K, Azam AH, Kiga K, Yonetani S, Yashiro R, Ohmori T, Matsuda T. 2025. Comparative 
analysis of virulence-associated genes in ESBL-producing Escherichia coli isolates from bloodstream and urinary tract infections. Front Microbiol 
16: 1571121. [Medline]  [CrossRef]

	36.	 Telussa R, Rahayu P, Yunindika T, Kapsak CJ, Rahayu KP, Susanti O, Suandy I, Triwijayanti N, Niasono AB, Ma’arif S, Wibawa H, Lestari L, Utomo 
GB, Zenal FC, Schoonman L, Voth-Gaeddert LE. 2025. Integrating nanopore MinION sequencing into national animal health AMR surveillance 
programs: An Indonesian pilot study of chicken slaughterhouse effluent and rivers. Antibiotics (Basel) 14: 624. [Medline]  [CrossRef]

	37.	 Wang Z, Lu Q, Mao X, Li L, Dou J, He Q, Shao H, Luo Q. 2022. Prevalence of extended-spectrum β-lactamase-resistant genes in Escherichia coli 
isolates from central China during 2016–2019. Animals (Basel) 12: 3191. [Medline]  [CrossRef]

	38.	 Wibisono FJ, Effendi MH, Wibisono FM. 2022. Occurrence, antimicrobial resistance, and potential zoonosis risk of avian pathogenic Escherichia coli 
in Indonesia: A review. Int J One Health 8: 76–85.  [CrossRef]

	39.	 World Health Organization (WHO). 2021. Global Tricycle Surveillance ESBL E. coli WHO integrated global surveillance on ESBL-producing E. coli 
using a One Health approach: Implementation and opportunities, Geneva. https://www.who.int/publications/i/item/9789240011007 [accessed on June 
21, 2025].

40.	 World Health Organization (WHO). 2023. Antimicrobial resistance: Fact Sheet. Geneva: WHO; https://www.who.int/news-room/fact-sheets/detail/
antimicrobial-resistance [accessed on May 20, 2025].

	41.	 Yar A, Choudary MA, Rehman A, Hussain A, Elahi A, Ur Rehman F, Waqar AB, Alshammari A, Alharbi M, Nisar MA, Khurshid M, Khan Z. 2022. 
Genetic diversity and virulence profiling of multidrug-resistant Escherichia coli of human, animal, and environmental origins. Antibiotics (Basel) 11: 
1061. [Medline]  [CrossRef]

	42.	 Yasmin A, Rahman MS, Kador SM, Ahmed MM, Moon MEK, Akhter H, Sultana M, Begum A. 2025. Metagenomic insights into microbial diversity 
and potential pathogenic transmission in poultry farm environments of Bangladesh. BMC Microbiol 25: 318. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/35065702?dopt=Abstract
http://dx.doi.org/10.1016/S0140-6736(21)02724-0
http://www.ncbi.nlm.nih.gov/pubmed/34576083?dopt=Abstract
http://dx.doi.org/10.3390/ijms22189922
http://www.ncbi.nlm.nih.gov/pubmed/36430064?dopt=Abstract
http://dx.doi.org/10.3390/ijerph192215345
https://pubmed.ncbi.nlm.nih.gov/9864220/
http://www.ncbi.nlm.nih.gov/pubmed/34832511?dopt=Abstract
http://dx.doi.org/10.3390/pathogens10111355
http://www.ncbi.nlm.nih.gov/pubmed/39105591?dopt=Abstract
http://dx.doi.org/10.1128/msystems.00160-24
http://www.ncbi.nlm.nih.gov/pubmed/40342604?dopt=Abstract
http://dx.doi.org/10.3389/fmicb.2025.1571121
http://www.ncbi.nlm.nih.gov/pubmed/40723927?dopt=Abstract
http://dx.doi.org/10.3390/antibiotics14070624
http://www.ncbi.nlm.nih.gov/pubmed/36428418?dopt=Abstract
http://dx.doi.org/10.3390/ani12223191
http://dx.doi.org/10.14202/IJOH.2022.76-85
http://www.ncbi.nlm.nih.gov/pubmed/36009929?dopt=Abstract
http://dx.doi.org/10.3390/antibiotics11081061
http://www.ncbi.nlm.nih.gov/pubmed/40405096?dopt=Abstract
http://dx.doi.org/10.1186/s12866-025-03970-0

