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Background: The emergence of extensively drug-resistant (XDR) typhoid in Pakistan has endangered the treatment options available 
to manage this infection. Third generation cephalosporin were the empiric choice to treat typhoid fever in Pakistan, but acquisition of 
ESBLs have knocked them out of the arsenal. The current empiric choice is azithromycin which is vulnerable to resistance too. This 
study aimed to assess the burden of XDR typhoid and the frequency of resistance determinants in blood culture samples collected from 
different hospitals in Lahore, Pakistan.
Methods: A total of 835 blood cultures were collected from different tertiary care hospitals in Lahore during January 2019 to 
December 2021. Among 835 blood cultures, 389 Salmonella Typhi were identified, and 150 were XDR S. Typhi (resistant to all 
recommended antibiotics). Antibiotics resistance genes of the first-line drugs (blaTEM-1, catA1, sul1, and dhfR7) and second line drugs 
(gyrB, gyrA, qnrS, ParC and ParE) were investigated among XDR S. Typhi. There were different CTX-M genes isolated using the 
specific primers, blaCTX-M-U, blaCTX-M-1, blaCTX-M-15, blaCTX-M-2, blaCTX-M-8 and blaCTX-M-9.
Results: Antibiotic resistant genes of the first-line drugs were isolated with different frequency, blaTEM-1 (72.6%), catA1 (86.6%), sul1 
(70%), and dhfR7 (56%). Antibiotics resistance genes of second-line drugs were isolated as: gyrB (60%), gyrA (49.3%), qnrS (32.6%), 
parC (44%) and parE (28%). Among CTX-M genes, blaCTX-M-U (63.3%) was the most frequent followed by blaCTX-M-15 (39.3%) and 
blaCTX-M-1 (26%).
Conclusion: Our study concluded that XDR isolates circulating in Pakistan have acquired first-line and second-line antibiotic 
resistant genes quite successfully along with CTX-M genes (ESBLs) rendering them resistant to the third generation 
cephalosporins as well. Emergence of azithromycin resistance in XDR S. Typhi which is currently used as an empiric treatment 
option is worrisome and needs to be monitored carefully in endemic countries like Pakistan.
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Introduction
Typhoid fever is a prominent public health concern in low and middle-income countries, including Pakistan. 
Approximately 11 to 21 million cases of typhoid were reported worldwide, with 128,000 to 161,000 deaths.1 

Residents of the Punjab and Sindh provinces are the most vulnerable to contracting typhoid among the 16 Asian nations 
where the disease is endemic.2 According to a study reported in 2018, Pakistani citizens were estimated to have the 
highest infection rate of Salmonella Typhi among all other South East Asian countries. The reported cases per 100,000 
population were almost 493.5.3 In 2016, the southeastern province of Pakistan (Sindh) reported the first large-scale 
outbreak.4 Similar reports from Punjab Province5–7 and international travelers were soon being published.8–10 In specific 
regions of Pakistan where prevailing conditions exist, the prevalence of XDR typhoid has increased from 7/100,000 to 
15/100,000.2,11 Since September, 2020, 2883 cases have been reported in Pakistan and all of them were extensively 
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resistant isolates.12 According to an estimate by WHO, almost 10,365 cases of XDR S. Typhi have been identified by 
2019.13

Prior to this outbreak, there were sporadic cases of extended spectrum beta-lactamase producing S. Typhi reported 
from different places. Africa, Netherlands, France, Senegal, Latin America, Asia, and Europe reported cases of 
ceftriaxone-resistant isolates of S. Typhi.14,15 Bangladesh, India, and Pakistan have reported isolated cases of S. Typhi, 
resistant to third-generation cephalosporins.16 The emergence of an ESBL in S. Typhi poses a new contest and was 
a major cause for unease, particularly in developing countries.17,18 Prior to the development of this clone, ceftriaxone 
resistance was not widespread in S. Typhi, although it had been reported in other serovars such as S. Typhimurium, S. 
Stanley, and others.

From 2009 to 2011, laboratory monitoring data from Karachi, Pakistan, revealed an increase in multidrug-resistant S. 
Typhi and a very low incidence of occasional third-generation cephalosporin resistance ie 0.08%.19 Laboratory surveil-
lance is the most effective method for detecting a rise in antibiotic resistance, so the fact that this percentage is so low is 
concerning to the medical community. Following the publication of a report from Sindh province, similar cases were 
reported from Punjab province. The most prevalent reported variant was blaCTXM-15.5,6 In addition to Pakistan, 
neighboring countries including India, Bangladesh, Nepal, and Sri Lanka have reported similar cases of S. Typhi strains 
producing ESBL. In a recent study from India, 25% of S. Typhi isolates showed the production of ESBLs, and CTX types 
2 and 9 were the most prevalent.19–21

The emergence of XDR S. Typhi has created an enormous therapeutic challenge for physicians around the globe. The 
only oral option available to treat this superbug is azithromycin. Fearing its misuse in the current COVID-19 pandemic, 
acquiring a single resistance can change the treatment paradigm of typhoid fever from outpatient to hospitalization of 
every patient.22

Though azithromycin resistance is uncommon in S. Typhi, sporadic resistance to Salmonella species has been 
reported from all over the world. There are reports of clinical treatment failures, and antimicrobial resistance in the 
laboratory from different parts of the world.23 In a recent study from Karachi, Pakistan, where an XDR S. Typhi outbreak 
is happening, an alarming rate of azithromycin resistance (33%) was reported.24 S. Typhi and ParaTyphi A isolates were 
found to be resistant to azithromycin (MIC range: 32–64 µg/mL) in a Bangladeshi study. Using whole-genome 
sequencing data, it was impossible to identify the molecular basis of azithromycin resistance.25

Typhoid conjugate vaccines have been incorporated into routine immunization programs in five countries (Liberia, 
Nepal, Pakistan, Samoa, and Zimbabwe) with estimated high typhoid fever incidence (100 cases per 100,000 population 
per year), high antimicrobial resistance prevalence, or recent outbreaks since 2018. WHO advises that countries with 
endemic typhoid fever establish health facility-based surveillance with laboratory confirmation to assess the effectiveness 
of vaccines, monitor patterns of antimicrobial resistance, and determine the disease burden.26 The emergence and spread 
of Salmonella enterica subsp. enterica serovar Typhi lineages, which are resistant to many essential antimicrobial agents 
for therapy, complicate the treatment of typhoid fever. S. Typhi lineages with varying degrees of resistance to first- 
and second-line typhoid antimicrobial agents, including ampicillin (AMP), chloramphenicol, trimethoprim- 
sulfamethoxazole (SXT), ciprofloxacin (CIP), third-generation cephalosporins, and azithromycin, have emerged globally 
as a result of selection pressure from antibiotic use in regions where typhoid fever is endemic.27,28 In Enterobacteriaceae, 
carbapenem resistance is uncommon and likely first observed in S. Typhi from Faisalabad, Pakistan. The 2018 S. Typhi 
isolates contained the H58 haplotype, and the PCR-restriction fragment length polymorphism method determined that 
16.7% of the H58 strains belonged to lineage I, 19.4% to lineage II, and the remaining 63.9% to the node. Effective 
epidemiological studies are required to address the regional variation in the antimicrobial resistance trend.29

Previous studies on Salmonella from Lahore, Pakistan only focus on epidemiology, antimicrobial susceptibility 
testing (AST), detection of ESBL and these are usually from single centers with a small number of samples6,22,30,31 

Here we extended our study with collection of samples from all the major tertiary care hospitals in Lahore. In addition to 
this we used standard broth microdilution method and E-strips for AST and all the 150 XDR S. Typhi isolates were 
subjected to molecular analysis to get insight into the underlying molecular mechanism of resistance. Lahore lacks 
laboratory data regarding the current sensitivity pattern of azithromycin against typhoidal Salmonella. Laboratory 
surveillance is a crucial tool for predicting the emergence of resistance to any antibiotic. Consequently, it is urgent to 
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investigate the current susceptibility profile of typhoidal salmonellae, particularly XDR S. Typhi, which is currently 
treated with azithromycin alone.

Materials and Methods
Study Design and Setting
A cross-sectional descriptive study was conducted at the Microbiology and the Immunology departments, University of 
Health Sciences, Lahore, Pakistan from January 2019 to December 2021.

Sample Collection, Culturing and Identification of Bacteria
In this study eight hundred and thirty five (n=835) blood cultures were collected as part of hospital routine procedures 
from different tertiary care hospitals in Lahore and BacT/ALERT3D microbial Detection System (BioMérieux, France) 
was used. Bottles identified as positive by the BacT/ALERT3D system were subcultured on MacConkey and blood agar 
plates. Inoculated plates were incubated aerobically for 18–24 h in inverted position at 37°C. If after 24 h no growth was 
observed visually the plates were incubated again for an additional 24 h. The standard laboratory operating procedures 
for identifying the organism included colonial morphology, gram staining, serological and biochemical tests using the 
AP1–20E identification system (BioMérieux, France). Salmonella O, H, and Vi antigen (BD Difco, USA) was used to 
perform serological identification of S. Typhi according to the manufacturer’s instructions.

Antimicrobial Susceptibility Testing
Using commercially available antimicrobial discs, the antimicrobial susceptibility pattern of S. Typhi was performed 
using the Kirby–Bauer disc diffusion method using Mueller–Hinton agar (Oxoid, UK), in accordance with the Clinical 
and Laboratory Standard Institute 2021 (CLSI) guidelines. Antimicrobial disks with standard antibiotic content were used 
(Oxoid, USA). For all antimicrobial susceptibility tests, Escherichia coli (ATCCR 25922) and Pseudomonas aeruginosa 
(ATCCR 27853) was used as the control strain.

Determination of Minimum Inhibitory Concentrations (MICs) of Recommended 
Antibiotics
MICs of antibiotics against XDR isolates were determined using the automated VITEK 2 compact system (BioMe´rieux, 
France) and interpretation was carried out as per the clinical laboratory standards institute (CLSI) 2021 guidelines 
(https://clsi.org). S. Typhi that had high MICs against ceftriaxone and cefotaxime (>4 µg/mL) were considered as XDR. 
Staphylococcus aureus (ATCC 29213) was used for quality control of E-strip method for azithromycin as per 
recommendation.

MICs of azithromycin were determined by E-strips according to manufacturer’s instructions (Liofilchem, Italy). 
Bacterial suspension was adjusted according to 0.5 McFarland’s standard. Isolates were inoculated on the surface of 
Mueller–Hinton agar plate using a sterile cotton swab. E-strips were applied to the surface of agar by using sterile 
forceps. After placing E-strips, plates were incubated at 37°C aerobically for 18–24 h. MIC results were interpreted 
according to CLSI 2021 guidelines. For azithromycin MIC >32 µg/mL was taken as resistant.

Molecular Confirmation of H58 Haplotype, S. Typhi and XDR S. Typhi
Isolates phenotypically identified as S. Typhi were molecularly confirmed by PCR amplification of the target genes. 
Molecular identification of S. Typhi, XDR S. Typhi and S. Typhi H58 haplotype was carried out using specific primers.32

Molecular Detection of Antibiotic Resistant Genes Including Azithromycin Resistant 
Genes
Molecular identification of antibiotic resistant genes of first-line drugs was performed using the specific primers: 
blaTem-1, catA1, sul1, and dhfR7 were amplified by PCR. Antibiotic resistant genes of second-line drugs were isolated 
using the specific primers for gyrB, gyrA, qnrS, ParC and ParE. Different CTX-M genes were isolated using the specific 
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primers, blaCTX-M-U,blaCTX-M-1,blaCTX-M-15,blaCTX-M-2,blaCTX-M-8 and blaCTX-M-9.5,6,33 Molecular identification of azithro-
mycin resistant genes (mefA, msrA, macA, mphA, mphB, ermA, ermB, ermC, ereA, ereB, and acrB) was carried out using 
specific primers in three azithromycin resistant isolates.34,35 Sequences of the primers are given in the Table S1–S7.

The reaction mixture of 25 µL for a single reaction included the following: master mix 12.5 µL (1X) (DreamTaq 
DNA polymerase, 2X DreamTaq green buffer, dATP, dCTP, dGTP and dTTP, 0.4 mM each, and 4 mM MgCl2), forward 
and reverse primers 0.5 µL (0.2 µM) each, DNA 2 µL (50 ng), dH2O (nuclease-free) 9.5 µL. Negative control was made 
by adding all mixture content excluding DNA. Positive control was made by adding extracted DNA of all XDR isolates. 
After optimization, amplification of the DNA fragments was performed in a thermal cycler (Bio-Rad PCR system 
T100TM 621BR 35960).

The cycling conditions for PCR were 1 cycle of pre-denaturation at 94°C for 5 min, 35 cycles each of denaturation at 
94°C for 1 min, annealing at different optimized temperatures for different genes and extension at 72°C for 1 min. This 
was followed by final extension of one cycle at 72°C for 5 min and final holding at 4°C. The PCR products were 
analyzed using gel electrophoresis (Thermofisher Scientific).

Statistical Analysis
Statistical analysis of the data was performed by using Statistical Package for Social Sciences (SPSS) software version 
26. The presentation of categorical data is in the form of frequencies and percentages. Chi-squared test was applied to 
conduct comparative analysis among different sets. A P-value of ≤0.5 was taken as statistically significant. The heatmap 
was created in R package by the basic heatmap function. A distance matrix was produced using UPGMA clustering 
(http://genomes.urv.cat/UPGMA), and a picture was envisioned using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). 
On Adobe Illustrator CS5 version 15.0.0, trees and graphs were labeled or colored differently to make visualization of 
variants and their characteristics possible (Adobe Systems, Inc., San Jose, CA, USA). CorrPlot R package and the basic 
hclust R function were used to construct correlation between antibiotics and resistant genes.

Results
Distribution of S. Typhi and XDR S. Typhi in Blood Cultures
Among 835 blood cultures, 389 (47%) were identified as S. Typhi. During 2019–20 isolation frequency was 34%, while 
it increased by 57% during2020–21. A rising trend was seen in isolation frequency of S. Typhi in blood cultures (P<0.05) 
(Table 1). Out of these 389 S. Typhi, 150 (40%) were identified as extensively drug resistant (XDR), 126 (32%) as 
multidrug resistant (MDR), and only three (2%) as azithromycin resistant (AZM resistant), on the basis of their 
antimicrobial susceptibility testing (Table 1). Out of 150 XDR isolates, 70 (46%) were collected in year 2019–20, 
whereas 80 (54%) were collected during 2020–21 (Table 1).

Antimicrobial Sensitivity Testing and Phenotypic Confirmatory Testing of XDR S. Typhi
All XDR isolates 150 (100%) were resistant to ampicillin, ciprofloxacin, ceftriaxone, cefixime and cefepime according to 
CLSI 2021 guidelines, as shown in Table 2. There were only four (2.7%) isolates sensitive to chloramphenicol. Another 
first-line drug co-trimoxazole showed resistance in 146 (97.3%) isolates. Most effective antibiotics were carbapenems ie 
imipenem and meropenem with sensitivity of 100%. Out of all isolates, only three (2%) were resistant to azithromycin 

Table 1 Distribution of XDR S. Typhi in Blood Cultures (n=835)

S. Typhi isolates  
n (%)

XDR S. Typhi  
n (%)

MDR S. Typhi  
n (%)

AZM resistant XDR S. Typhi  
n (%)

Total 389 (47) 150 (40) 126 (33) 3 (2)

2019–20 260 (57) 70 (27) 105 (40) 1 (0.67)

2020–21 129 (34) 80 (62) 21 (16) 2 (1.33)
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with MIC of ˃32 µg/mL. Piperacillin-tazobactam was sensitive in all the isolates except three (2%) were resistant. Mean 
MIC of antibiotics against XDR S. Typhi were shown in Figure 1. Ampicillin and chloramphenicol showed ≥32.00 µg/ 
mL against XDR S. Typhi which were resistant according to CLSI 2021. The MIC of ciprofloxacin was 03.22±0.07 µg/ 
mL and ceftriaxone were 25.39±01.16 µg/mL.

Table 2 MIC Distribution of Various Antibiotics in XDR S. Typhi

Antibiotic Breakpoint ≤0.06 0.125 0.25 0.5 01 02 04 08 16 32 64 ≥128 Total 
n

Resistant (%)

Ampicillin ≥32 0 0 0 0 0 0 0 0 0 0 95 55 150 100

Cefepime ≥16 0 0 0 0 0 0 0 0 0 31 73 46 150 100

Cefixime ≥4 0 0 0 0 0 0 0 38 15 48 29 20 150 100

Cefotaxime ≥4 0 0 0 0 0 0 0 20 12 48 33 37 150 100

Ceftriaxone ≥4 0 0 0 0 0 0 0 30 42 35 15 28 150 100

Meropenem ≥4 5 13 32 55 45 0 0 0 0 0 0 0 150 0

Imipenem 4 0 30 28 80 12 0 0 0 0 0 0 0 150 0

Piperacillin-tazobactama ≥128/4 0 0 0 8 12 10 45 33 6 13 20 3 150 2

Azithromycin ˃32 0 0 0 0 67 74 0 6 3 0 0 150 2

Notes: aThe MIC value of piperacillin-tazobactam is expressed as MIC values of piperacillin with an equal (4 μg/mL) concentration of tazobactam. All the MIC concentration 
are in µg/mL.

Figure 1 Mean MICs of antibiotics against XDR S. Typhi. This figure is showing mean MICs of all the recommended antibiotics against XDR S. Typhi. The MICs of first-line 
and second-line antibiotics along with third generation cephalosporin and azithromycin are shown in µg/mL.
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Heatmap in R
A rearranged heatmap was created to represent the resistance phenotypes of every isolate according to the colored code 
given and shown in the Figure 2 key (red = resistant and blue = sensitive). Four clusters of interest representing different 
resistance patterns were visible representing few sensitive isolates to chloramphenicol and trimethoprim- 
sulfamethoxazole in the bottom portion where all other isolates were resistant to these antibiotics. The other two clusters 
in top portion represent resistance where all other isolates were sensitive to these plotted drugs except TZP and AZI.

Molecular Confirmation of S. Typhi, XDR S. Typhi and H58 Haplotype
All 150 (100%) isolates harbored target genes confirming their origin from H58 haplotype. The presence of specific 
genes also confirmed the phenotypically identified S. Typhi and XDR S. Typhi.

Molecular Basis of Resistance to First-line Antibiotics
Among first-line antibiotics resistant genes, catA1 was the most prevalent 130 (86.6%) followed by blaTEM1 109 (72.6%), 
and sul1 105 (70%). The gene, dhfR7 was only detected among 84 (56%) XDR isolates of S. Typhi as shown in Table 3. 
We believed that XDR S. Typhi has adopted first-line antibiotic-resistant genes present in MDR S. Typhi.

Molecular Basis of Resistance to Second-line (Fluoroquinolone) Antibiotics
Fluoroquinolone resistance in S. Typhi has been attributed to the one or more point mutations in quinolone resistant 
determining region. The most frequently reported AMR genes are gyrB 90 (60%), gyrA 74 (49.3%), parC 66 (44%), and 
parE 42 (28%). In addition acquisition of IncY plasmid related qnrS has been implicated in resistance against 
fluoroquinolones especially in 49 (32.6%) XDR isolates (Table 3).

Figure 2 Transposed heatmap representing the resistance phenotypes. A rearranged heatmap was created to represent the resistance phenotypes of every isolate according 
to the colored code given and shown in the figure key (red = resistant and blue = sensitive). Isolates are shown on the x-axis and antibiotics on the y-axis. 
Abbreviations: TZP, piperacillin-tazobactam; AZI, azithromycin; CEF-AVI, ceftazidime-avibactam; IMP, imipenem; MER, meropenem; CHL, chloramphenicol; COT, 
cotrimoxazole; CIP, ciprofloxacin; cefixime, CFX; AMP, ampicillin; CRO, ceftriaxone.
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Molecular Basis of Resistance to Third-generation Cephalosporins
Third-generation cephalosporin resistance has been attributed to an IncY plasmid carrying blaCTX-M-15 gene. But in our 
study we screened for the presence of additional CTX-M variants. CTX-M gene blaCTX-M-U was detected among 79 
(63.3%) S. Typhi isolates, while blaCTX-M-1 was present in 39 (26%) isolates as shown in Table 3.

Genotype-phenotype Correlation
A distance matrix was produced using UPGMA clustering (http://genomes.urv.cat/UPGMA), and a tree was visualized 
using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). On Adobe Illustrator CS5 version 15.0.0, trees and graphs were 
labeled or colored differently to make visualization of variants and their characteristics possible (Adobe Systems, Inc., 
San Jose, CA, USA).

UPGMA clustering lead to the formation of different clusters, according to genotype and phenotypes of the isolates. 
Trees illustrated relationship between diverse isolates according to their antibiotic susceptibility phenotypes (Figure 3). 
Circular trees were created by the unweighted pair group with arithmetic mean method (UPGMA). Figures were abridged 
as 1/0 values representative of 10 resistant phenotypes and seven resistant genotypes (Figure 3).

Tree tips (isolates IDs) are coded with different colors conferring to their blaCTX-M genotype (indicated in the figure 
key). Twigs of the genotype tree (Figure 4) are colored and then labeled according to their genotype identity 
(+/−patterns); while three major clades (Figure 4) are colored according to their resistance pattern in the phenotype tree.

Cluster 1 was the most prominent; these isolates were sensitive to IMP (imipenem), MER (meropenem), AZM 
(azithromycin), CEF-AVI (ceftazidime-avibactam) and TZP (piperacillin-tazobactam). Cluster 2 was sensitive to cluster 1 

Table 3 Frequency of First-line Antibiotics, 
Fluoroquinolone Resistant, and CTX-M Genes

Gene Present  
n (%)

Absent  
n (%)

First-line antibiotic-resistant genes

blaTEM1 109 (72.6) 41 (27.4)

catA1 130 (86.6) 20 (13.4)

dhfR7 84 (56) 66 (44)

sul1 105 (70) 45 (30)

Second-line antibiotic-resistant genes

qnrS 49 (32.6) 101 (67.4)

ParC 66 (44) 84 (56)

ParE 42 (28) 108 (72)

gyrA 74 (49.3) 76 (51.7)

gyrB 90 (60) 60 (40)

CTX-M genes

blaCTX-M-U 79 (63.3) 71 (52.7)

blaCTX-M-1 39 (26) 111 (74)

blaCTX-M-15 59 (39.3) 91 (60.7)

blaCTX-M-2 2 (1.3) 148 (98.7)

blaCTX-M-8 4 (2.6) 146 (97.4)
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Figure 3 Circular trees created by the UPGMA (unweighted pair group method with arithmetic mean) method (http://genomes.urv.cat/UPGMA). This figure is showing 
UPGMA clustering lead to the formation of different clusters, according to genotype of the isolates. Trees illustrate the relationship between diverse isolates according to 
their beta-lactamase genotypes. Branch labels are mentioned at the bottom as ±, while tip labels are color-coded according to presence of CTXM genes.

Figure 4 Circular trees created by the UPGMA (unweighted pair group method with arithmetic mean) method (http://genomes.urv.cat/UPGMA). This figure is showing 
UPGMA clustering lead to the formation of different clusters, according to antimicrobial susceptibility of isolates and CTX-M genotype. Cluster labels are mentioned at the 
bottom as different colors, while tip labels are color-coded according to presence of CTXM genes in these clusters.
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and CHL (chloramphenicol). Isolate IDs in this cluster were, UHS 070, UHS 079, UHS 102 and UHS 138. All of these 
isolates except UHS138 had one or more CTX-M genes present in them and phenotypically were XDR isolates. Cluster 3 
comprising of isolate IDs, UHS 074, UHS 088, UHS 110 and UHS 139 were sensitive to cluster 1 and COT (co- 
trimoxazole). All of these isolates were phenotypically XDR isolates with resistance to all first-line, second-line and 
third-line drugs except co-trimoxazole.

CorrPlot Correlation Between First-line, Second-line Antibiotic-resistant and 
CTX-M Genes
A false colored disproportionate relationship medium representing the correlations among each antibiotic resistant gene 
pairs according to their presence in all 150 isolates was made using the basic hclust R function and the CorrPlot 
R package (Figures 5 and Figure 6). For each pair of genes, Spearman’s rank correlation coefficients (rs) are shown.

The genes are clustered hierarchically, and the grouping is signified by the tree. Tree branches represent 1-rs. The 
Spearman's correlation coefficient (rs) was 1 for same pair of genes. The significant value of Spearman's correlation 
coefficient (rs) was ≥0.5. This means that genes having value of ≥0.5 have a positive correlation. The analysis indicated 
that catA1and gyrB, parE and qnrS, gyrA and Sul1 and dhfR7 and gyrA were the most correlated genes. All of them had 
value of Spearman's correlation coefficient (rs) =1. However, there was no significant correlation between CTX-M genes 
as all of them had value of Spearman's correlation coefficient (rs) <0.5 (Figure 6).

Figure 5 CorrPlot correlations between first-line and second-line antibiotic-resistant genes. Positive and negative correlations are represented by green and purple colors 
respectively. The shades of the color reflect the strengths of correlation between pairs of genes. Colors range from bright green (strong positive correlation; ie rs = 1.0) to 
bright purple (strong negative correlation; ie rs = −1.0).
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Discussion
XDR S. Typhi outbreak started from Sindh province in 2016, has taken over the Punjab province as well. In this study 
antibiotic resistance genes were investigated located in the IncHI1 (catA1, blatem1, dhfR7, and sul1), QDRD (gyrB, gyrA, 
qnrS, ParC and ParE) and IncY (qnrS and blaCTX-M-15) regions, which contribute to resistance to first and second-line 
antibiotics, respectively, in order to understand the molecular basis of the antibiotic resistance mechanisms among these 
XDR S. Typhi.

Our MIC results and other findings correlated with the molecular determinants of MDR and XDR phenotypes among 
the recently reported XDR S. Typhi isolates from typhoid patients, except for azithromycin.4,5 With limited treatment 
options, emerging azithromycin resistance would create a further problem. In the present study frequency of azithromy-
cin resistant XDR isolates was found to be 2%. During 2019–20 it was 0.67%, while during 2020–21 it was 1.33%. This 
showed a significant increasing trend in azithromycin-resistant isolates by 140% from the years 2019–20 to 2020–2021. 
An explanation of this finding could be the unwarranted and unjudicial use of this antibiotic for the treatment of the 
COVID-19 pandemic in Pakistan where there is over- the-counter availability of multiple antibiotics.

A report from Lahore, Pakistan by Ahmad et al reported 7.3% azithromycin resistance in XDR isolates which was 
quite higher than the present study.11 Hussain et al from Karachi (2019), reported 3% azithromycin resistance in XDR 
S. Typhi.36 A similar report stated 2% azithromycin resistant XDR isolates from CMH, Lahore.37 Another study from 

Figure 6 CorrPlot correlations between CTX-M genes. Positive and negative correlations are represented by green and purple colors respectively. The shades of the color 
reflect the strengths of correlation between pairs of genes. Colors range from bright green (strong positive correlation; ie rs = 1.0) to bright purple (strong negative 
correlation; ie rs = −1.0).
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Agha khan hospital, Karachi reported 4.5% azithromycin treatment failure cases in XDR S. Typhi.38 An alarming study 
from Karachi,24 reported 32.8% resistance to azithromycin in XDR which was very high compared to the present study.

Typing antibiotic-resistant bacterial strains can help identify clonal spread. The S. Typhi H58 haplotype is globally 
associated with MDR. A previous study confirmed haplogroup diffusion with 47.4% of H58 S. Typhi.29 In our study all 
150 (100%) isolates were of H58 haplotype, also called 4.3.1 genotype confirming that there was smooth transition from 
MDR to XDR in this most prevalent haplotype. This haplotype is dominant in South Asia as well as globally as reported 
by Jamilah et al.39 This haplotype has been reported to be most prevalent in the South Asia, Africa, Indonesia, UK, 
Zimbabwe, and Australia.40 So this could help in global spread of this XDR clone.

Molecular determinants of first-line and second-line antibiotic resistance in XDR isolates were isolated with variable 
frequency. For ampicillin resistance blaTem-1 was found in 72.6% isolates and for chloramphenicol resistance, catA1 gene 
was detected in 86.6% isolates. For trimethoprim-sulfamethoxazole, dhfR7 and sul1 were detected in 56% and 70% 
isolates, respectively. A recent study from Lahore, Pakistan reported 42 (51%) isolates were blaTem-1 positive.6 Another 
study reported that all 18 XDR isolates harbored blaTem-1.5 Regarding fluoroquinolone resistance genes, gyrB was the 
most frequent gene present in 60% isolates, gyrA, qnrS, ParC and ParE were present in 49.3%, 32.6%, 44% and 28% 
isolates, respectively. Recently, Chen et al used whole genome sequencing (WGS) for the detection of antimicrobial 
resistance genes in non-typhoidal Salmonella, who detected of 50 genes encoding resistance to 11 different categories in 
addition to four mutations affecting the gyrA gene.28

An outbreak of XDR S. Typhi was recently reported in China, with five XDR S. Typhi isolates recovered from water 
sources. These five XDR S. Typhi isolates all carried the same IncY plasmid recovered by WGS, which contained a Type 
4 secretion system gene cluster and six resistance elements, including sul2, blaTem-1B, blaCTX-M-15, and the qnrS 
fluoroquinolone resistant gene.41

A report published in 2019 exploring genetic profiling of antimicrobial resistant genes in S. Typhi isolates from 
Bangladesh stated that blaTem-1 was present in ampicillin sensitive isolates and was absent in some resistant isolates, 
similar to our study.42 Its absence could suggest alternate mechanisms of resistance such as presence of blaTem-1B.41 

A study established that the presence of beta-lactam genes was associated with ampicillin resistance in 15.79% of the 
isolated strains tested by WGS, blaTem-1B, the most common beta-lactam resistant gene, was found in 19 strains, blaTem-1 

in 16 strains, and blaTem-116 in one strain.43 A recent study from Lahore, reported that 121 (67%) of the Salmonella 
isolates were MDR, and 62 (34%) were XDR. The ampC gene, which has a 47% prevalence, was the most common 
resistance gene, followed by the gyrA, catA1, tet(A), aac (3)-la, qnrS, blaNDM-1, and blaCTX-M-15 genes in isolates with 45, 
40, 21, 6, 18, 3, 11, 6, and 2%, respectively.44 This study did not report presence of blaTEM-1 or any other variants in their 
XDR isolates.

Mobile genetic elements, which transfer resistance and virulence genes between bacteria, are major contributors to the 
rapid spread of antimicrobial resistance.28 Regarding resistance determinants of third-generation cephalosporin, in our 
study we reported different types of CTX-M for the very first time. Many studies have reported high prevalence of 
blaCTX-M-15 in XDR isolates5,41,44–46 but in our study other types were also identified. In our study blaCTX-M-U was the most 
frequent gene present in 63.3% XDR isolates followed by blaCTX-M-15 (39.3%). blaCTX-M-1, blaCTX-M-2, blaCTX-M-8 and 
blaCTX-M-9 present in 26%, 1.3%, 2.6%, 0.6% respectively. Previously the beta-lactamase gene was reported including 
blaSHV-12 from Norway and the Netherlands, blaCTX-M-U from Bangladesh, and blaCTX-M-15 from UAE.14,47–49 This could 
possibly explain findings of our study and presence of CTX-M variants and this highlights the importance of regional and 
geographical variation in genotyping. Comparative genomic analysis and thorough plasmid characterization show that in 
India (4.3.1 lineage II), ceftriaxone resistance is caused by the short-term persistence of resistance plasmids like IncX3 
harboring blaSHV-12 or IncN having blaTEM-1B and blaDHA-1, whereas in Pakistan (4.3.1 lineage I), the XDR trait is 
associated with the blaCTX-M-15 gene on IncY plasmid.50

Azithromycin is the only oral treatment option available to treat XDR typhoid. Other treatment options are injectable 
carbapenems (imipenem and meropenem). Our XDR isolates were 100% susceptible to carbapenems, but 2% were 
resistant to azithromycin with MIC value >32 µg/mL which is quite alarming. Reports of carbapenem resistance are quite 
rare in this part of the world as well as globally. In a recently reported study from Punjab, Pakistan, 48% isolates were 
resistant to carbapenems.51 Global data from various countries reported 2.5% resistance to carbapenems in S. Typhi 
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isolates between 1972 and 2018.52 The results of this study support the idea that host variation and transmission 
procedures may differ in patients belonging to different geographical locations. These findings also suggest that, over 
time, nearly all locally circulating S. Typhi would likely adopt molecular determinants for azithromycin and carbapenem 
resistance and this could be a global phenomenon in near future.

Our current study indicates that our XDR isolates do not carry any molecular determinants that have been attributed 
to the azithromycin resistance in typhoidal Salmonellae. Regarding molecular determinants of azithromycin resistance 
we tried to detect all possible genes, but were not able to identify any molecular determinants of resistance. In this study 
no azithromycin resistant XDR isolates harbored, acrB, mphA, mphB, ermA, ermB, ermC, ereA, ereB, mefA, msrA and 
macA genes. A recent report from India reported 0.75% azithromycin resistance in MDR S. Typhi with presence of 
R717Q mutation on the acrB efflux pump by PCR.43

A recent study from Bangladesh reported azithromycin resistance among MDR isolates, conferred by acrB in 54 
isolates across eight different genotypes that seemed to be spontaneous emergence of azithromycin resistance in 
Bangladeshi population highlighting the importance of population diversity and epidemiological factors.46 The apparent 
mechanism of higher MIC against azithromycin was a mutation in the gene encoding acrB (R717Q).53 Presence of 
R717Q mutation in the acrB gene was thought to be spontaneous mutant rather than a clone of resistant isolates 
spreading.54

Macrolide resistant genes have been identified as cause of azithromycin resistance in enteric bacteria like E. coli. The 
plasmid borne mphA gene found in azithromycin resistant S. sonnei, was the commonest macrolide resistance gene found 
in E. coli. The gene was mostly found in isolates from patients who had received antimicrobial drugs or had been 
hospitalized, particularly in ESBL producers.34 This study highlighted the chances of its spread to Salmonella species 
especially S. Typhi as this is a target of azithromycin as well. But to our knowledge none of the study has reported these 
genes in azithromycin resistance isolates to date including our study.

In some S. Typhi and S. ParaTyphi A clinical isolates, a point mutation or mutations on the antibiotic binding subunit 
(AcrB) of the tripartite efflux pumps (AcrAB-TolC), such as R717Q or R717L, has recently been linked to azithromycin 
resistance.55 Point mutations on the promoter of macA of the tripartite efflux pump (macAB-TolC) have been linked to 
azithromycin resistance in Neisseria gonorrhoeae, a gram-negative bacterial pathogen similar to S. Typhi.56

S. Typhi resistance to macrolides is a serious global health concern that requires close monitoring for local and global 
spread. We were not able to screen molecular determinants of azithromycin resistance but development of phenotypic 
resistance can change the paradigm of XDR typhoid management in endemic countries like Pakistan.

The current study has several limitations. First, we did not look into Salmonella resistance mechanisms using whole- 
genome sequencing. Because this is a hospital-based study that is only limited to S. Typhi, we recommend that 
nontyphoidal Salmonella be studied for the molecular basis of drug resistance. Although outside the scope of the current 
study, additional animal studies would have been useful in predicting resistant mechanisms and possible antibiotic 
resistant links.

Conclusions
It is clearly evident that MDR, XDR S. Typhi along with the emergence of azithromycin resistance is present in the 
Punjab province. Almost all XDR S. Typhi have acquired resistance to the first-line and second-line antibiotics and to the 
third generation cephalosporins. The potential azithromycin resistance in XDR Salmonella Typhi is imminent and may be 
attributed to its extensive use in the COVID-19 pandemic. Sensitivity patterns should be reported with MICs values, and 
if possible higher values should be screened for the presence of any potential resistance genes. Antibiotic stewardship 
should be strictly implemented. Some of the methods used in the current study to detect key molecular determinants of 
the antibiotic resistance in S. Typhi could be developed as a surveillance and point-of-care testing strategy. Future 
surveillance could include additional molecular traits predicted to be associated with resistance to macrolides as 
described in this study.
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