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 ABSTRACT 
Shigella flexneri increasingly poses a threat to public health in 

developing nations through the dissemination of multidrug-resistant (MDR) 
strains via contaminated raw vegetables in urban agriculture systems. 
Despite extensive characterization of clinical isolates, the mechanistic 
insights and therapeutic vulnerabilities of food-borne S. flexneri strains from 
Bangladesh remain underexplored. Therefore, this study aimed to 
characterize MDR S. flexneri from Bangladeshi raw vegetables retrieved 
from the NCBI genome database and identify core and essential antibiotic-
resistant genes as prioritized therapeutic targets. Whole-genome sequences 
of four S. flexneri strains isolated from tomatoes and green chilies across 
Gazipur and Dhaka were retrieved from NCBI GenBank and analyzed 
through comparative genomics to identify core genes and resistance 
determinants. Networks were constructed using the STRING database, 
followed by centrality-based topology analysis to identify hub genes that 
cross-referenced with the KEGG database and the Database of Essential 
Genes. Comparative analysis revealed 4273 core genes and 44 antibiotic 
resistance genes across all strains. Network topology analysis identified 
eight hub genes (tolC, acrA, emrK, yegO, yjcP, emrB, yjcR, evgS) based on 
degree, closeness, and betweenness centrality metrics. Five hub genes (tolC, 
acrA, emrK, emrB, evgS) were classified as essential for bacterial survival, 
representing critical nodes in efflux-mediated resistance and two-
component regulatory systems. These essential hub genes constitute high-
priority therapeutic targets whose disruption could compromise multidrug 
resistance mechanisms and bacterial viability in food-borne S. flexneri. 
Additionally, to mitigate their dissemination, raising public awareness on 
MDR pathogens from raw vegetables is recommended.  

INTRODUCTION 

Foodborne pathogens increasingly develop 
resistance to conventional antimicrobial 
therapies through complex mechanisms, 
presenting significant public health challenges 
that require novel therapeutic approaches 
(Berger & Loewy, 2024). Shigella flexneri, a 
Gram-negative enteropathogen responsible for 
endemic and epidemic bacillary dysentery, has 
emerged as a critical concern in low and middle-
income countries where inadequate sanitation 
infrastructure and contaminated food sources 

facilitate its transmission (Gharpure et al., 2021; 
Nisa et al., 2020). Globally, Shigella species (spp.) 
cause approximately 270 million diarrheal 
disease cases annually, with significant mortality 
concentrated among children under five years 
old (Lu et al., 2024). 

Although antibiotics have transformed 
modern medicine by successfully combating 
bacterial infections, the widespread overuse and 
misuse of these agents have driven the evolution 
of antibiotic resistance, enabling bacteria to 
develop survival mechanisms that significantly 
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diminish drug effectiveness (Ananna et al., 
2024). 

Shigella spp. in Bangladesh demonstrated 
substantial resistance to multiple first-line 
antibiotics, with the highest rates observed for 
fluoroquinolones (61.9%), trimethoprim–
sulfamethoxazole (60.8%), azithromycin 
(38.8%), nalidixic acid (36.2%), ampicillin 
(34.5%), and ciprofloxacin (31.1%) (Ahmed et 
al., 2023). 

Additionally, the environmental factors, 
including agricultural practices and 
contamination, contribute significantly to the 
emergence and dissemination of antimicrobial 
resistance (Sassi et al., 2025). 

However, recent epidemiological studies 
have reported the identification and 
characterization of antimicrobial-resistant S. 
flexneri isolates from raw vegetables (Islam et al., 
2024). Consequently, the consumption of these 
raw vegetables presents a substantial public 
health risk by serving as a potential vehicle for 
the dissemination of antibiotic resistance genes 
to humans (Kim & Ahn, 2022; Xiao et al., 2023) . 

 

Figure 1. Systematic workflow for antimicrobial 
resistance gene identification and therapeutic 

target prioritization in Shigella flexneri.  

Despite substantial advances in 
understanding the pathogenicity and MDR 
profiles of S. flexneri (Hossain et al., 2024), 
critical knowledge gaps persist regarding the 
foodborne MDR patterns, molecular 
mechanisms of resistance, and therapeutic 
strategies applicable to S. flexneri isolated from 
raw vegetables. 

Therefore, this study aimed to characterize 
the MDR S. flexneri strains present in raw 
vegetables from Bangladesh and assess the 

potential risk of resistance gene dissemination, 
and identify essential hub genes within the 
resistance network that could serve as 
prioritized targets for therapeutic intervention. 
The flow diagram of this study is presented in 
Figure 1. 

RESEARCH METHODS  

Retrieval of Genomic Data of S. flexineri  
To investigate the genome of S. flexneri strains 

contaminating raw vegetables in Bangladesh, 
sequences were retrieved from the NCBI 
Genome database 
(https://www.ncbi.nlm.nih.gov/datasets/geno
me/) (accessed September 13, 2025) (Pruitt et 
al., 2005). The NCBI genome database was 
selected as the primary data repository due to 
verified S. flexneri isolates from Bangladeshi raw 
vegetable sources and complete genome 
sequences with high-quality assembly metrics. 

Screening of core genes from the genome 
To identify core genes from these S. flexneri 

strains, we performed genomic annotation and 
pan-genome analysis. The genome sequences 
were annotated using Prokka 
(https://github.com/tseemann/prokka.git), a 
rapid prokaryotic genome annotation pipeline 
that identifies protein-coding sequences, tRNAs, 
rRNAs, and functional elements through 
integrated protein databases and sequence 
search tools, including UniProtKB, BLAST+, and 
HMMER3 (Seemann, 2014). The annotation was 
performed using default parameters with --
kingdom Bacteria and --genus Shigella options. 
Pan-genome analysis was conducted using 
Roary (https://github.com/sanger-
pathogens/Roary.git), selected for its 
computational efficiency in analyzing multiple 
bacterial genomes (Page et al., 2015). Roary was 
run with default parameters using a 95% 
sequence identity threshold (≥ 95) of 
homologous gene clustering for core gene 
definition.    

Identification of Core Antimicrobial 
Resistance Genes 

To identify the antimicrobial resistance 
(AMR) genetic determinants conferring 
multidrug resistance in S. flexneri strains and 
establish their conservation patterns, the 
previously screened core proteins that are 
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common to all S. flexneri strains from raw 
vegetables were interrogated against the 
Comprehensive Antibiotic Resistance Database 
(CARD; https://card.mcmaster.ca/) (Alcock et 
al., 2023). CARD was selected as the reference 
database for AMR gene identification due to its 
curated collection of experimentally validated 
resistance determinants and comprehensive 
coverage of known resistance genes. It also 
organized the associated molecular mechanisms 
and phenotypes through the Antibiotic 
Resistance Ontology framework, and regular 
updates that enable detection of both 
established and emerging resistance genes 
through robust sequence homology-based 
algorithms. AMR gene prediction was performed 
using the Resistance Gene Identifier (RGI) tool 
integrated within CARD, applying stringent 
filtering criteria of perfect and strict hit 
classifications with sequence identity ≥95% and 
high coverage parameters to ensure high-
confidence gene annotations while minimizing 
false-positive predictions. Perfect hits represent 
exact matches to reference resistance sequences 
in CARD's curated dataset, whereas strict hits 
indicate close variants of known resistance 
genes based on detection models derived from 
homolog sequences, thereby balancing 
sensitivity and specificity in resistance gene 
identification.  

Protein-Protein Interaction Network 
Construction 

To elucidate the functional interconnections 
among AMR-associated proteins and identify 
critical nodes that may serve as potential 
therapeutic targets, protein-protein interaction 
(PPI) network analysis was conducted using the 
STRING database version 12.0 (https://string-
db.org/) (Szklarczyk et al., 2023). STRING is a 
comprehensive resource that integrates 
experimentally validated interactions, curated 
pathway knowledge, and computationally 
predicted associations from co-expression, gene 
fusion, and phylogenetic co-occurrence data 
across numerous organisms. The core AMR 
genes were submitted to the STRING database 
with a minimum required interaction confidence 
score of 0.400 (medium confidence) to construct 
a balanced PPI network. 

Hub Gene Identification 
The balanced PPI network was subsequently 

exported and visualized using Cytoscape version 
3.9.1, an open-source bioinformatics platform 
widely employed for network visualization, 
integration, and analysis of complex molecular 
interaction networks (Cline et al., 2007). Hub 
genes, defined as highly connected nodes that 
occupy central positions within the network 
topology and potentially play crucial regulatory 
or functional roles in maintaining multidrug 
resistance, were identified using the CytoHubba 
plugin integrated within Cytoscape. It employs 
multiple topological algorithms, including 
Degree, Closeness, and Betweenness, to rank 
nodes based on their network connectivity and 
centrality measures (Saito et al., 2012).  

Gene Ontology and Pathway Enrichment 
Analysis 

To systematically characterize the functional 
roles and biological pathways associated with 
the identified AMR genes and hub proteins, Gene 
Ontology (Biological Process) and KEGG 
pathway enrichment analyses were performed 
using the integrated analytical framework 
within the STRING database (https://string-
db.org/) (Szklarczyk et al., 2023). STRING was 
employed for enrichment analysis due to its 
seamless integration with the PPI network data, 
its statistical framework that accounts for 
network topology in enrichment calculations, 
and its curated mappings to multiple functional 
classification systems, including GO terms 
(Biological Process). Subsequently, KEGG 
pathways were examined to represent 
molecular interaction and reaction networks 
(Kanehisa et al., 2025). Statistical significance of 
enrichment was assessed using hypergeometric 
tests with false discovery rate (FDR) correction 
to control for multiple hypothesis testing, with a 
significance threshold of FDR < 0.05.  

Identification and Prioritization of 
Essential Genes as Therapeutic Targets 

To identify clinically relevant therapeutic 
targets among the AMR genes that are 
indispensable for bacterial survival and 
virulence, essentiality analysis was conducted by 
cross-referencing the identified resistance genes 
and hub proteins against the Database of 
Essential Genes (DEG) 
(http://origin.tubic.org/deg), a manually 
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curated repository that catalogs experimentally 
validated essential genes from systematic gene 
knockout studies, transposon mutagenesis 
screens, and RNA interference experiments 
across diverse bacterial species under various 
growth conditions (Luo et al., 2021). This 
essentiality-guided target identification 
approach can reveal AMR-associated proteins 
whose inhibition would simultaneously 
compromise both antimicrobial resistance 
mechanisms and fundamental cellular processes 
critical for bacterial viability. Therefore, this 
approach could help reduce the likelihood of 
compensatory resistance evolution, facilitate the 
discovery of narrow-spectrum therapeutic 
interventions specific to S. flexneri while 
minimizing disruption to commensal microbiota, 
and provide a rational foundation for structure-
based drug design efforts targeting essential 
resistance determinants. 

RESULTS AND DISCUSSION 

Retrieval and Genomic Information of 
MDR S. flexneri strains  

The analysis of publicly available genomic data 
from foodborne pathogens is necessary to 
facilitate epidemiological surveillance and to 
identify potential therapeutic targets without 

the constraints of primary sample collection, 
particularly in regions where antimicrobial 
resistance poses a growing public health threat. 
In this study, four complete genome sequences of 
S. flexneri strains isolated from raw vegetables 
cultivated in rooftop gardens across Bangladesh 
were retrieved from the NCBI GenBank database 
(Table 1). Two strains were originally isolated 
from tomato samples (Tomato_1: 
GCA_032359965.1 from Gazipur; Tomato_2: 
GCA_032359825.1 from Dhaka), while the 
remaining two strains were recovered from 
green chilies (Green Chilies_1: 
GCA_032359905.1 from Gazipur; Green 
Chilies_2: GCA_032360065.1 from Dhaka), with 
all sequences submitted to GenBank on 04-10-
2023. Genome size analysis revealed a narrow 
range from 4619435 bp to 4624521 bp, with the 
largest genome observed in the Green Chilies_1 
strain (4624521 bp) and the smallest in the 
Green Chilies_2 strain (4619435 bp). The 
tomato-derived strains exhibited nearly 
identical genome sizes of 4623426 bp and 
4623419 bp, differing by only 7 bp, which 
suggests high genomic conservation among 
strains from the same vegetable source and 
geographic proximity. These findings align with 
previous studies documenting the presence of 
MDR S. flexneri strains in Bangladesh (Azmi et al., 
2014; Kar et al., 2025).

Table 1. Shigella flexneri strains from raw vegetables from Bangladesh 

GenBank Accession Sample Source 
Geographic 
Location 

Genome 
Size (bp) 

Submission 
Date to 
GenBank 

GCA_032359965.1 Tomato_1 
Rooftop  
of Garden 

Gazipur 4623426 04-10-2023 

GCA_032359825.1 Tomato_2 
Rooftop  
of Garden 

Dhaka 4623419 04-10-2023 

GCA_032359905.1 Green Chilies_1 
Rooftop  
of Garden 

Gazipur 4624521 04-10-2023 

GCA_032360065.1 Green Chilies_2 
Rooftop  
of Garden 

Dhaka 4619435 04-10-2023 

Common genes and Core Antibiotic 
Resistance Determinants 

The identification of core genomic features and 
antibiotic resistance genes across multiple 
strains is necessary to understand the conserved 
genetic architecture and resistance mechanisms 
that facilitate the persistence and spread of S. 
flexneri in contaminated food sources. 
Comparative genomic analysis of the four S. 

flexneri strains revealed a core genome 
comprising 4273 common genes shared across 
all isolates, which indicates substantial genetic 
homogeneity among strains from different 
vegetable sources and geographic locations. 
Subsequently, comprehensive screening for 
antibiotic resistance determinants identified 44 
antibiotic resistance genes distributed across the 
genomes, encompassing multiple efflux pump 
systems, transcriptional regulators, and 
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modification enzymes. The resistance gene 
repertoire included critical multidrug efflux 
pump components such as acrAB-tolC, emrAB, 
emrE, mdtABC, mdtEF, mdtGH, mdtMNOP, mdfA, 
and msbA, as well as their associated regulatory 
elements, including marA, emrR, evgAS, soxRS, 
leuO, CRP, and gadX. Additional resistance genes 
identified were acrD, acrEF, acrS, tolC, bacA, 
cpxA, baeR, kdpE, eptA, pmrF, H-NS, yojI, and EC-
18, which collectively confer resistance to a 
broad spectrum of antimicrobial agents through 
diverse mechanisms, including active drug 
extrusion, membrane modification, and stress 
response modulation. The presence of multiple 
overlapping efflux systems and their cognate 
regulators suggests that these strains possess 
highly redundant resistance mechanisms, which 
may contribute to their survival under selective 
antibiotic pressure in agricultural environments.  

Our findings align with previous studies such as 
the efflux-associated genes acrAB-tolC, mdfA, and 
marA, which confer multidrug resistance in 

Shigella through reduced intracellular 
antimicrobial accumulation (Ayele et al., 2025; 
Ranjbar & Farahani, 2019). Thus, these 
prominent genes, acrAB-tolC, mdfA, and marA, 
validated our computational analysis and 
findings. 

Therefore, the identification of MDR S. flexneri 
harboring 44 antibiotic resistance genes in raw 
vegetables from urban rooftop gardens in 
Gazipur and Dhaka highlights a substantial 
public health risk associated with the 
consumption of raw vegetable produce in 
Bangladesh. Hence, the consumption of 
uncooked vegetables could be a potential route 
for widespread MDR pathogen dissemination 
due to contaminated irrigation water, 
inadequate post-harvest handling, and 
insufficient sanitation infrastructure in densely 
populated urban centers is a major concern that 
necessary to be mitigated through rising public 
awareness in Bangladesh.

 

Figure 2. Hub gene networks. (A), (B), (C) Hub genes based on Degree, closeness, and betweenness 
centrality metrics, respectively. (D) Common hub genes from the three distinct centrality metrics 

Protein-Protein Interaction Network and 
Hub Genes  

The construction of PPI networks and the 
identification of hub genes are necessary to 
prioritize key nodes within the antibiotic 

resistance machinery that may serve as potential 
therapeutic targets for combating MDR S. 
flexneri. An interaction network was constructed 
using the STRING database, which incorporated 
30 antibiotic resistance genes from the S. flexneri 
genomes, revealing complex interconnections 

https://journals2.ums.ac.id/index.php/pharmacon/


 

 Pharmacon: Jurnal Farmasi Indonesia, Vol. 22 No. 2 (2025), pp. 112-121 117 

 

 

https://journals2.ums.ac.id/index.php/pharmacon/ 
 

among efflux pump components, regulatory 
proteins, and stress response elements. Network 
topology analysis was performed using three 
distinct centrality metrics: degree, closeness, 
and betweenness, to identify hub genes that 
occupy critical positions within the resistance 
network architecture. The degree centrality 
analysis identified genes with the highest 
number of direct interactions, closeness 
centrality revealed genes with the shortest paths 
to all other nodes, and betweenness centrality 
highlighted genes that serve as critical bridges in 
network communication (Figure 2A-C). The 
intersection of these three complementary 
centrality measures identified 8 common hub 
genes: tolC, acrA, emrK, yegO, yjcP, emrB, yjcR, 
and evgS (Figure 2D), which represent the most 
interconnected and functionally critical 
components of the resistance network. Notably, 
tolC and acrA, which encode essential 
components of the acrAB-tolC multidrug efflux 
system, emerged as central nodes across all 
three metrics, suggesting their indispensable 
roles in coordinating multiple resistance 
pathways. The hub gene acrAB-tolC is also 
conserved in several Shigella species reported 
previously (Ranjbar & Farahani, 2019). The 
identification of these hub genes indicates that 
they function as critical control points in the 
resistance network and may represent high-
priority targets for therapeutic intervention 
strategies aimed at disrupting the MDR 
phenotype in S. flexneri.  

Functional Enrichment and Pathway 
Analysis  

The functional characterization of antibiotic 
resistance genes through pathway enrichment 
analysis is necessary to elucidate the biological 
processes and molecular mechanisms 
underlying multidrug resistance in S. flexneri and 
to identify coordinated resistance strategies. 
Gene Ontology (GO) enrichment analysis of 
biological processes revealed two major 
functional categories: "Response to stimulus" 
and "Response to antibiotic" (Figure 3A). The 
"Response to stimulus" category was 
significantly enriched with 8 genes (yjcF, yjcQ, 
yjcR, bacA, marA, evgA, evgS, and soxR) at a false 
discovery rate (FDR) of 0.0055, while the 
"Response to antibiotic" category encompassed 
5 genes (yjcF, yjcQ, yjcR, bacA, and marA) with an 

FDR value of 0.00053, indicating robust 
statistical significance. Furthermore, KEGG 
pathway enrichment analysis identified three 
critical resistance-associated pathways (Figure 
3B): the "Two-component system" pathway was 
the most prominent with 11 genes (acrD, tolC, 
baeR, cpxA, crp, emrY, evgA, evgS, mdtA, and 
yegO) at FDR values of 1.81e-07, followed by 
"Cationic antimicrobial peptide (CAMP) 
resistance" with 5 genes (acrA, acrB, tolC, marA, 
and cpxA) at FDR of 0.00031, and "beta-Lactam 
resistance" with 3 genes (acrA, acrB, and tolC) at 
FDR of 0.0151. Notably, the hub genes tolC, acrA, 
evgS, and yegO were represented across multiple 
enriched pathways, confirming their central 
roles in coordinating diverse resistance 
mechanisms. The identified pathway-specific 
genes: marA, tolC, acrA, acrB, and emrA are also 
aligned with previous studies (Ayele et al., 2025; 
Jin et al., 2002; Ranjbar & Farahani, 2019). These 
findings demonstrate that the multidrug 
resistance phenotype in S. flexneri is mediated 
through interconnected pathways involving 
two-component regulatory systems, efflux-
mediated drug extrusion, and adaptive 
responses to antimicrobial stress, which 
collectively enable bacterial survival under 
antibiotic pressure. 

Identification of Essential Genes as Potential 
Therapeutic Targets 

The identification of essential genes within the 
antibiotic resistance network is necessary to 
prioritize therapeutic targets whose disruption 
would compromise bacterial viability and 
overcome multidrug resistance in S. flexneri. 
Cross-referencing the hub genes with the 
Database of Essential Genes (DEG) revealed that 
5 of the 8 hub genes were classified as essential 
for bacterial survival (Table 2).  

These essential genes included tolC 
(DEG10260061), which encodes the outer 
membrane channel protein critical for multiple 
efflux systems; acrA (DEG10260004), encoding 
the acridine efflux pump periplasmic adaptor; 
emrK (DEG10560870), a multidrug efflux MFS 
transporter periplasmic adaptor subunit; emrB 
(DEG10050322), the multidrug resistance 
protein B component; and evgS (DEG10560871), 
an acid-sensing system histidine kinase involved 
in two-component regulatory networks. The 
resistance mechanisms associated with these 
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essential genes encompassed both structural 
components of efflux machinery (tolC, acrA, 
emrK, and emrB) and a regulatory element (evgS) 
that coordinates adaptive responses to 
environmental stress and antimicrobial agents. 
The dual criteria of high network centrality and 
essentiality for bacterial survival indicate that 
these genes represent high-priority targets for 
therapeutic intervention, as their inhibition 

would simultaneously disrupt multiple 
resistance pathways while compromising 
fundamental cellular processes required for S. 
flexneri viability. Among these genes, acrA, emrK, 
and tolC were identified as essential genes in 
previous studies (Freed et al., 2016; Pasqua et al., 
2019). Thus, these previous observations 
confirm the validity of our computational 
findings.

 

Figure 3. Pathway analysis of core antimicrobial resistant genes. (A) Biological process. (B) KEGG 
pathways. Red indicates core genes. 

Table 2. Identification of essential genes that are responsible for bacterial survival from the core genes 
Essential Gene ID Genes Resistance Mechanism 

DEG10260061 tolC Outer membrane channel protein 

DEG10260004 acrA Acridine efflux pump 

DEG10560870 emrK Multidrug efflux MFS transporter periplasmic adaptor subunit 

DEG10050322 emrB Multidrug resistance protein B 

DEG10560871 evgS Acid-sensing system histidine kinase 

CONCLUSIONS  

This study provides the first systematic 
integration of comparative genomics, network 
topology analysis, and essentiality screening to 
identify therapeutic targets in foodborne MDR S. 
flexneri from South Asian agriculture. Through 
comprehensive genomic characterization of 
MDR S. flexneri strains isolated from raw 

vegetables in Bangladesh, we identified five 
essential hub genes (tolC, acrA, emrK, emrB, and 
evgS) that occupy critical network positions 
coordinating efflux-mediated resistance and 
two-component regulatory systems. Disruption 
of these targets would simultaneously 
compromise multiple resistance pathways and 
bacterial viability, offering a strategic 
vulnerability for therapeutic exploitation. These 
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findings have immediate translational 
implications, such as the identified essential hub 
genes can guide rational design of novel 
antimicrobials, efflux pump inhibitors, or 
combination therapies targeting conserved 
vulnerabilities in MDR strains, potentially 
restoring efficacy of existing antibiotics while 
preventing further resistance evolution. 
However, validation through larger-scale studies 
across diverse geographic regions of South Asia, 
gene knockout experiments, PPI assays, and in 
vitro antimicrobial susceptibility testing remains 
essential. Future investigations should also 
examine whether similar essential hub genes 
represent universal targets across Shigella 
species and related Enterobacteriaceae, 
integrating genomic surveillance with 
phenotypic characterization, structural biology, 
and clinical trial frameworks to translate 
computational predictions into effective 
interventions. Therefore, these findings 
highlight the urgent need for expanded 
microbiological surveillance of raw vegetables 
and food matrices across Bangladesh, 
implementation of stringent food safety 

protocols throughout the agricultural supply 
chain, and targeted public health education 
campaigns to mitigate risks associated with 
consuming raw vegetables. 
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