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Abstract: Salmonella enterica serovar Typhi, is one of the major infection spreading from consuming 
contaminated food and water. The poor sanitation is one the major cause for successful infection. S. 
typhi is responsible for causing typhoid fever, which is a growing public health concern in 
developing countries. This bacterium has acquired antimicrobial resistance to many promising 
which is a growing health concern for community.  This study is aim to elucidate the molecular 
complexity of flouroquinolone resistance in S. Typhi isolates  (n=286). Genomic data was 
downloaded from NCBI and analysis was done by Resfinder. The Genomic analysis unveils a 
complex resistance profile, featuring antimicrobial resistance genes (ARG) including blaCTXM-15, 

blaTEM-1D, catA1, dfrA7, qnrS1, sul1, sul2, and tetA(B). The investigation focuses on mutations in 
DNA gyrA, parC, and qnrS1 genes which plays an important role in quinolone resistance. Mutation 
analysis reveals mutations such as DNA gyrA_S83F, DNA gyrA_D87N, DNA gyrA_S83Y, DNA 
gyrB_S464F, parC_S80I, and parE_L416F with the presence of qnrS1 gene produces resistance 
against quinolones. The Docking studies was conducted by “Autodock vina” and visualize by 
“Discovery studio” which demonstrate that these mutations leads to ciprofloxacin resistance, 
indicating reduced binding affinity, and altered solvent accessibility which indicates the structural 
changes at mutation sites.  This study provides crucial insights into the molecular mechanisms 
driving flouroquinolone resistance in S. typhi, guiding future strategies to combat antibiotic 
resistance. Further validation through experimental mutagenesis is recommended,  for targeted 
therapeutic interventions against the mounting threat of antibiotic-resistant S. typhi. 

Keywords: flouroquinolone resistance; docking analysis; antimicrobial resistance; Salmonella typhi; 

Mutation analysis  
 

1. Introduction: 

Salmonella enterica serovar Typhi is a Gram-negative bacterium causing typhoid fever in humans, 
transmitted through contaminated food or water [1]. It exhibits human specificity,  causing systemic 
infection characterized by prolonged fever, headache, nausea, loss of appetite, and abdominal 
discomfort, and potential life-threatening complications [2,3]. The primary treatment for typhoid 
fever includes the use of antibiotics to inhibit  the Salmonella Typhi bacteria. Commonly prescribed 
antibiotics include ciprofloxacin, ceftriaxone, and azithromycin. In severe cases, when antibiotic 
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resistance is a concern, healthcare professionals may need to adjust the treatment plan based on 
individual circumstances and regional resistance patterns [4,5] 

Antimicrobial resistance in S. Typhi has become a significant health concern. Over the years, 
strains of S. Typhi have developed resistance to multiple antibiotics which limits the effectiveness of 
commonly used antibiotics, such as chloramphenicol, ampicillin, and trimethoprim-
sulfamethoxazole. Furthermore, Fluoroquinolones and third-generation cephalosporins has been the 
widely used for treatment of typhoid fever [6,7]. However, resistance to these antibiotics are also well 
reported. This has led to an increased reliance on azithromycin and carbapenems for treating cases 
of multidrug resistant (MDR) typhoid fever [8]. Surveillance and understanding the prevalence of 
antimicrobial resistance (AMR) patterns are crucial for determining the effective treatment options 
in specific regions. The spread of antimicrobial resistance (AMR) in S. Typhi is driven by numerous 
factors such as the overuse and misuse of antibiotics, limited healthcare access, poor sanitation, and 
global travel [9–11]. These elements contribute to the development and dissemination of resistant 
strains, especially in regions where typhoid fever is endemic. The transmission of resistant bacteria 
through contaminated water and food sources is worsen by inadequate hygiene practices. Global 
travel and migration further facilitate the introduction of resistant strains to new areas. The exchange 
of mobile genetic elements among S. Typhi strains also enhances the rapid spread of resistance [12].  

Quinolones are widely use antibiotic for management of infection but S. typhi has develop 
resistance to this antibiotic. There are numerous factors involve at the genetic level for quinolone 
resistance,  that includes mutations in the target genes responsible for DNA replication and repair, 
namely gyrase (gyrA and gyrB) and topoisomerase IV (parC and parE) [13–15]. These mutations 
result in alterations to the structure of these enzymes, particularly in the quinolone-binding regions, 
reducing the affinity for quinolone antibiotics. The most common mutations associated with 
quinolone resistance are located in the quinolone resistance-determining regions (QRDRs) of these 
genes. Additionally, the acquisition of plasmids or mobile genetic elements carrying quinolone 
resistance genes, such as qnrS genes, through horizontal gene transfer, contributes to the 
dissemination of resistance within bacterial populations [16,17]. Understanding the genetic 
mechanisms underlying quinolone resistance is crucial for surveillance efforts and the development 
of effective strategies to combat the spread of antibiotic resistance in Salmonella [18].  

This study is aim to elucidate the genetic and molecular dynamics involves in quinolone 
resistance. To achieve the aim of study genetic data was extracted from databases and antimicrobial 
resistance profile was generated. Furthermore docking analysis was conducted elucidate the 
molecular dynamics involve in quinolone resistance. The findings provide valuable insights into the 
intricate mechanisms underlying resistance and contribute to a deeper understanding of the 
molecular basis of quinolone resistance, which is crucial for informing future strategies in combating 
antimicrobial resistance. 

2. Results and Discussions: 

Salmonella typhi is known for producing resistance against many promising antibiotics like 
Ampicillin, Broad-Spectrum Cephalosporins, Chloramphenicol, Ciprofloxacin, Sulfonamides, 
Trimethoprim, and Co-Trimoxazole [19,20]. The resistance is mainly acquired by the presence of 
plasmid, horizontal gene transfer and mobile genetic elements [21]. In this study Salmonella typhi draft 
genomes were downloaded with having travel history to Pakistan. The isolates were isolated from 
different sample type like blood (23.07%), stool (4.9%) and unknown sample type (72.02%).  
furthermore,  88.8% of isolates have travel history to Pakistan which is one of the alarming aspect 
for the prevalence of S. typhi  in the local communities. 

Antibiogram which shows the profile of the susceptibilities of specific pathogenic bacteria to 
antimicrobial agents. The analysis of data in antibiogram reveals that all isolates are multidrug 
resistant and shows variable range of resistance to specific antibiotic class [22,23].  The phenotypic 
resistance for different antibiotic classes was noted as Ampicillin (n=183), Broad-Spectrum 
Cephalosporins (n=108), Chloramphenicol (n=190), Ciprofloxacin (n=122), Sulfonamides(n=194), 
Trimethoprim (n=189),  Co-Trimoxazole (n=189),  Tetracycline (n=2),  While, there was no 
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resistance reported for Azithromycin, Colistin and Meropenem (Figure 1). Furthermore, the 
ciprofloxacin resistance belongs to quinolone class of antibiotic and has very well understood mode 
of action [24]. The antibiogram data also report  intermediate resistance (n=161) and Sustainable 
(n=3)  for Ciprofloxacin (Figure 2).  Ciprofloxacin has very well studied mode of action. Bacterial 
DNA gyrase and topoisomerase IV, act as crucial enzymes involved in DNA replication and repair. 
By binding to these enzymes, ciprofloxacin disrupts DNA synthesis, leading to bacterial cell death 
[25–27]. This mode of action makes ciprofloxacin an effective broad-spectrum antibiotic against 
various bacterial infections.  

 

Figure 1. Phenotypic resistance profile of Salmonella typhi. 

 
Figure 2. Frequency of quinolone resistance in Salmonella typhi. 

The phenotypic resistance was validated by genotypic study of the draft genomes. The genotypic 
findings unveil the presence of multiple antimicrobial resistance genes (ARG) such as, blaCTXM-15 
(55.30%),  blaTEM-1D (91.79%), catA1 (97.43%), dfrA7 (96.82%), qnrS1 (54.35%), sul1 (98.46%), sul2 
(65.64%)  and tetA(B) (1.02%) (Figure 3). These genes are responsible for conferring resistance to a 
majority of antibiotics belonging to the classes of Beta-lactamases, Chloramphenicols, 
Sulphonamides, Trimethoprim, Quinolones, and Tetracycline[28,29]. Notably, no resistance was 
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detected for carbapenems and macrolides. The identified antimicrobial resistance genes exhibit 
diverse modes of action, contributing to the multidrug resistance observed in Salmonella typhi 
isolates. The blaCTXM-15 gene, a member of the extended-spectrum beta-lactamases (ESBLs), confers 
resistance by hydrolyzing a broad range of beta-lactam antibiotics. blaTEM-1D, another beta-
lactamase gene, similarly targets beta-lactam antibiotics [30,31]. The catA1 gene provides resistance 
by encoding a chloramphenicol acetyltransferase that inactivates chloramphenicol [32]. The dfrA7 
gene confers resistance to trimethoprim by encoding a dihydrofolate reductase enzyme [33]. qnrS1, 
associated with quinolone resistance, protects DNA gyrase from inhibition by quinolone antibiotics 
[34]. sul1 and sul2 genes mediate resistance to sulfonamides by encoding di-hydropteroate synthase 
enzymes [35]. The tetA(B) gene, conferring tetracycline resistance, is associated with efflux pump 
mechanisms that extrude tetracycline from bacterial cells [36]. An in-depth analysis of the phenotype 
and genotype of isolates reveals instances where the antimicrobial resistant gene is present, but the 
phenotype is absent. This discrepancy may arise from factors such as the non-expression of the gene 
or limitations in the Antimicrobial susceptibility test.  These genes are mostly acquired by plasmids, 
Mobile genetic elements (MGE), and horizontal gene transfer [37,38] 

 

Figure 3. Prevalence of antimicrobial resistance genes that confirms antimicrobial resistance to 
promising  antibiotics. 

Flouroquinolones are widely used antibiotic for the treatment of infection caused by S. typhi but 
quinolone resistance is widely observed. The quinolone resistance is achieved by multiple factors 
such as mutation in quinolone resistance determining regions (QRDR) of DNA gyrase Subunit A 
(DNA gyrA), HTH-type topoisomerase IV (parC),  and DNA gyrase Subunit B (DNA gyrB) [39,40]. 
Mutation analysis of these gene reveals mutation at DNA gyrA_S83F(n=258),  DNA gyrA_D87N 
(n=20),  DNA gyrA_S83Y (n=3), DNA gyrB_S464F (n=18),  parC_S80I (n=16),  parE_L416F (n=4) 
and no mutation detected in n=3 isolates that eventually make these isolates susceptible to 
ciprofloxacin (Figure 4).  Furthermore, the effect of combinations of mutations and qnrS gene was 
investigated to elucidate the mechanism involve in ciprofloxacin resistance. The available data unveil 
that  presence of mutation at  DNA gyrA_S83F,  DNA gyrA_D87N,  DNA gyrA_S83Y,  and 
DNA gyrB_S464F leads to intermediate resistance.  While,  mutation at DNA gyrA_S83F, and 
presence of qnrS1  gene leads to antibiotic resistance. Furthermore mutation at DNA gyrA S83F & 
D87N and  parC S80I also leads to antibiotic resistance (Figure 5).  In addition to that,  the isolated 
were reported susceptible when there is no mutations at QRDR.  QRDR act as a active site for 
quinolone and mutation leads to change in conformation of protein which also effect the binding 
affinity of quinolones [41]. 
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Figure 4. Prevalence of Mutations in quinolone resistance determining genes. 

 

Figure 5. Effect qnrS gene and Mutation in DNA gyrA, DNA gyrB, andParC on resistance profile of 
Salmonella Typhi. 

The effect of mutation at Quinolone resistance determining region (QRDR) and its role in 
resistance was elucidated by docking analysis. The docking results offer valuable insights into the 
potential impact of specific mutations in the DNA gyrA and parC genes on the binding affinity of 
ciprofloxacin. The wild-type DNA gyrA exhibited a relatively strong binding affinity with 
ciprofloxacin, reflected by a binding energy of -7.2 Kcal/mol (Table 1). This suggests a stable and 
effective interaction between ciprofloxacin and the unmutated DNA gyrA, supporting the drug's 
efficacy against the wild-type strain. However, when mutations were introduced into the DNA gyrA 
gene, such as the S83F, S83Y, and D87N mutations, a consistent decrease in binding affinity was 
observed. The S83F mutation resulted in the lowest binding affinity among the single mutations, 
indicating that this specific change in the DNA gyrA gene could significantly impact the drug's 
binding efficacy [42,43]. The combination of S83F and D87N mutations did not further decrease the 
binding affinity, suggesting a saturation effect or potential structural changes that hinder effective 
drug binding. The solvent accessibility values provide additional context. Solvent accessibility 
reflects the degree to which the binding site is accessible to the surrounding solvent molecules [44,45]. 
In the wild-type DNA gyrA, a solvent accessibility of 2830.99 was observed, suggesting a reasonably 
accessible binding site. The mutations, however, showed a decrease in solvent accessibility, 
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indicating potential alterations in the local environment, which might hinder ciprofloxacin 
accessibility to the binding site (Figure 6a-e). 

 
(a) 

 
(b) 
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(c) 

 
(d) 
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(e) 

Figure 6. (a): DNA gyrA Wild type. (b): DNA gyrA_S83F. (c): DNA gyrA_S83Y. (d): DNA 
gyrA_D87N. (e): DNA gyrA_S83F, D87N. 

Table 1. Effect of mutation on binding Affinity of Ciprofloxacin. 

Gene Variants 
Binding Affinity in QRDR 

(Kcal/mol) 

Solvent Accessbility in QRDR 

(Ao) 

GyrA Wild type -7.1 2830.99 
gyrA_S83F -6.2 2731.51 
gyrA_S83Y -6.4 2741.95 
gyrA_D87N -6.4 2756.78 

gyrA_S83F,  D87N -6.3 2758.2 
ParC Wild type -6.7 3326.01 

parC_S80I -6.0 3014.57 

Furthermore, the parC wild-type gene demonstrated a binding affinity of -6.7 Kcal/mol, slightly 
lower than that of the unmutated DNA gyrA. Despite this, it still indicates a relatively strong 
interaction. The introduction of the S80I mutation in parC resulted in a further decrease in binding 
affinity, suggesting that this mutation could confer resistance to ciprofloxacin in a manner similar to 
the mutations in the DNA gyrA gene (Figure 7a,b). Visualization of the docking results provided an 
important observation that there were no direct interactions between ciprofloxacin and the molecules 
at the mutation sites. This suggests that the decrease in binding affinity may be attributed to 
conformational changes induced by the mutations rather than direct interactions with the drug 
[46,47]. The decrease in binding affinity, coupled with changes in solvent accessibility and the absence 
of direct interactions at mutation sites, suggests that these mutations could indeed contribute to 
reduced effectiveness of ciprofloxacin, possibly leading to antibiotic resistance. The findings 
underscore the importance of understanding molecular interactions in the context of antibiotic 
resistance, providing valuable information for the development of more effective therapeutic 
strategies against resistant bacterial strains. 
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(a) 

 
(b) 

Figure 7. (a): parC wild-type. (b): parC_S80I. 
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3. Material and Methodology: 

3.1. Data Extraction: 

Multi drug-resistance Salmonella enterica serovar Typhi  draft genomes was extracted from NCBI 
database while, raw sequence reads was excluded from the study. These isolates (n=286) was 
exclusively from Pakistan reported from 2019 to 2023. Travel history to Pakistan and phenotypic 
resistance profiles was also put under consideration for corelation with genetic profile. Antibiogram 
of these isolates was downloaded from pathogenwatch for effective corelation with genotype. 

3.2. Genomic Analysis: 

The draft genomes was used to investigate the presence of antimicrobial resistance genes 
(ARGs), by using Resfinder 4.1 for the identification and annotation of ARGs within the genomic 
data[48]. The genotypic profiles, encompassing ARGs results, were then correlated with the 
phenotypic profiles to provide a comprehensive understanding of the relationship between genetic 
markers and observed resistance patterns.  

3.3. Mutation analysis in DNA gyrA, and parC genes: 

Quinolone resistance is a central focus of this study, prompting the investigation of mutation 
analysis. Protein sequences of the DNA gyrA, DNA gyrB, parE, and parC genes were extracted from 
annotated files. Subsequently, multiple sequence alignment was conducted using MEGA 11 to 
identify and characterize mutations in these genes [49]. The impact of these mutations was then 
assessed by considering the genotypic antimicrobial resistance gene (ARG) profile and the 
phenotypic resistance profile. This comprehensive approach aimed to elucidate the role of mutations 
in the development of quinolone resistance, providing valuable insights into the genetic mechanisms 
influencing bacterial response to these antibiotics. 

3.4. Protein Structure Modeling: 

Protein models, particularly for DNA gyrA and parC, were prepared using Swissmodel for 
subsequent docking analysis. The protein models were obtained and downloaded in PDB format, 
facilitating their utilization in docking studies. Ciprofloxacin, selected as the ligand molecule, was 
sourced from the DrugBank database. This ligand molecule, essential for the docking analysis, was 
downloaded to explore its interaction with the prepared protein models. 

3.5. Docking Analysis: 

Molecular dynamics involve in quinolone resistance molecular docking simulations were 
conducted using AutoDock Vina, complemented by docking analysis in Discovery Studio, to 
investigate the interactions between quinolone antibiotics and the DNA gyrase A subunit receptor 
and parC receptor [50]. Ligands and receptor structures were prepared, and a grid for docking was 
generated by using Autodock vina around the Quinolone resistance determining region. AutoDock 
Vina was employed for docking simulations, exploring various ligand conformations and 
orientations to predict binding affinities. Post-docking analysis in Discovery Studio facilitated the 
visualization of binding poses, identification of key binding residues, and assessment of potential 
interactions.  

4. Conclusion:  

This study unveils a complex landscape of antimicrobial resistance in Salmonella typhi, 
particularly emphasizing quinolone resistance. The genotypic analysis identified a plethora of 
antimicrobial resistance genes, including blaCTXM-15, blaTEM-1D, catA1, dfrA7, qnrS1, sul1, sul2, 
and tetA(B), contributing to multidrug resistance against various antibiotic classes. Furthermore, 
quinolone resistance was associated with mutations in quinolone resistance determining regions 
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(QRDR) of DNA gyrA and parC genes. The mutation analysis and subsequent docking studies 
revealed a significant impact on the binding affinity of ciprofloxacin, with specific mutations such as 
DNA gyrA_S83F playing a crucial role in reducing efficacy.  The absence of direct interactions at 
mutation sites, coupled with changes in solvent accessibility, suggests a structural basis for reduced 
drug effectiveness. Importantly, the study highlights instances where the presence of resistance genes 
does not necessarily correlate with phenotypic resistance, emphasizing the need for caution in 
interpreting genotypic data. To further validate and understand these findings, mutagenesis studies 
are recommended to experimentally confirm the impact of specific mutations on ciprofloxacin 
resistance. This multifaceted approach will provide a more comprehensive understanding of the 
mechanisms driving antibiotic resistance in Salmonella typhi, guiding the development of targeted 
therapeutic strategies to counteract the rising threat of resistant bacterial strains. 
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