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Abstract

Antibiotic resistance due to typhoid fever presents serious public health consequences due to the advent of extensively drug-resistant (XDR)
Salmonella enterica serovar Typhi, leading to treatment failure and further complications. Of all the serotypes of S. Typhi is the most prevalent
serotype and is capable of developing resistance. A worrying trend is the appearance of XDR S. Typhi in many parts of the world, especially
Pakistan. An updated summary of the current XDR Salmonella Typhi outbreaks in endemic and epidemic areas is being described due to
reports of treatment failure in both humans and animals when treating XDR Salmonella Typhi infections. However, strict preventative
measures can be put in place until the discovery of novel and alternative treatment options. Quick surveillance of pathogenic microorganisms
and an emphasis on antimicrobial stewardship are necessary to monitor the potential spread of epidemics in human and animal populations
alike. Despite the fact that certain areas are making headway against XDR Salmonella Typhi, a concerted and effective global effort is needed
to stop the XDR outbreak before it worsens and sends us back to the era before antibiotics.
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Introduction

Salmonella enterica serovar Typhi is a gram-negative bacterial gut pathogen that is limited to humans and causes severe bloodstream
infections, even sepsis, which are all referred to as enteric fever (Crump et al., 2015). Enteric fever is particularly common in low and middle-
income countries (LMICs) and is spread by tainted food or water (Parry et al., 2002; Crump et al., 2015). In South Asia, Southeast Asia, and
sub-Saharan Africa, it is a leading cause of feverish illnesses. A total of 14.3 million cases of enteric fever with 135000 mortalities were reported
in 2017 globally (Stanaway et al., 2019).

This bacterium is of great concern for public health in spite of the fact a number of efforts have been done in order to control the spread
of S. typhi, but it still cause’s public health. This hazardous effect is correlated with the resistance to the first-line and second-line drugs.
Multidrug-resistant (MDR) S. Typhi has rendered ampicillin, co-trimoxazole, and chloramphenicol ineffective. On the other hand, extensively
drug-resistant (XDR) S. Typhi do not respond to ampicillin, co-trimoxazole, chloramphenicol, fluoroquinolones, and third-generation
cephalosporins except azithromycin and carbapenems. The appearance of resistance to these antibiotics has rendered treatment strategies
against S. Typhi ineffective and created a difficult situation (Chatham-Stephens, 2019). The first sporadic outbreak of typhoid fever in Pakistan
was reported in Hyderabad, Sindh, in 2019 (Browne et al., 2024). A large number of population from South Asia contract this bacterium each
year, affecting 21 million people globally, causing 200,000 mortalities (War et al., 2022). People from Pakistan and Sindh are more affected by
typhoid because of its high endemicity. It is highly endemic in 16 Asian countries (Rasheed et al., 2019; ul Huda et al., 2024). 493 of every
100,000 people are affected by typhoid (Fatima et al., 2021). The incidence rate in Pakistan has increased from 77/100,000 to 15/100,000 in
areas of high endemicity (Ahmad et al., 2021; Rasheed et al., 2019). As per the public health authority of Sindh, Pakistan, 15,717/22,354 cases
of XDR typhoid fever were reported between 2016-2020 (War et al., 2022).

Farm animals are more vulnerable to Salmonella infections from the excrement of infected animals to the healthy ones (Fhuwa et al.,
2021). Infection due to S. Typhi is due to the consumption of contaminated food and water (Bell et al., 2014; Vt Nair et al., 2018). Tainted food
items may also cause the transmission of the bacterium (Abd El-Aziz et al., 2021). The schematic presentation of the transmission of Salimonella
is given in Fig. 1.
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Fig. 1: The Schematic
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Typhoid fever is characterized by abdominal pain, vomiting, high-grade fever, and diarrhea, Complications may sometimes lead to death
in immuno-compromised persons (Bell et al., 2014; Vt Nair et al., 2018). The current chapter emphasizes the threats linked with the emergence
of XDR typhoid fever, which render the available treatment options ineffective.

Furthermore, this chapter will highlight the alternative strategies to combat the rise of resistance to the available regimen and surveillance
programmes to address the challenges causing hurdles in the effective treatment of the resistant strains.

Progression of Typhoid Fever

Virulence in Salmonella is due to its pathogenicity islands (SPIs). Virulence factors associated with SPIs are capsule, flagella, adhesins,
invasions, fimbriae, haemagglutinins, exotoxins, endotoxins, plasmids, biofilm formation, and Type three secretion system (T3SS) (Sabbagh et
al., 2010; Chong et al., 2021). Through horizontal gene transfer, the bacteria also pick up virulent genes found on the SPI (Marcus et al., 2000;
Kombade & Kaur, 2021; Naushad et al., 2023). Bacteria escape the immunity barrier of the host, colonize, persist in host tissue, and induce
inflammation and tissue damage due to proteins generated by invA, sopE, sseL, and spvC proteins and other virulence determinants (Chami &
Bao, 2012; Dos Santos et al., 2019; Jajere, 2019). S. Typhi acquires resistant genes because of its high adaptability, which may lead to frequent
episodes of foodborne illnesses.

It has been proposed that MDR Salmonella develop resistant plasmids, changing into XDR Salmonella and gaining resistance to all
prescribed antibiotics. The H58 clade of Salmonella Typhi, a common serotype in South and Southeast Asia as well as areas of Africa and
Oceania, has been linked in reports to several local typhoid epidemics and is also the cause of the XDR Salmonella outbreak (Costa et al., 2012;
Feasey et al., 2015; Hendriksen et al., 2015; Klemm et al., 2018). The emergence of resistant strains of Salmonella in both humans and animals
should emphasize the urgent need for the development of novel strategies in order to treat these resistant strains and to prevent further spread
of these resistant strains (Sajid et al., 2025). The enormous number of data is available on the resistance of Salmonella to available antibiotics.
It is essential to understand different facets of transmission of S. Typhi from direct exposure to farm animals to the supply chain in order to
develop effective control strategies to tackle its further spread and safeguard Public health (Igbal et al., 2025).

Impact of XDR S. Typhi on Public Health

Other than causing increased morbidity and mortality due to low efficacy and availability of limited treatment options, it has long-lasting
consequences on human health, especially those with weakened immune systems (Popa & Papa, 2021). It may disseminate to the bloodstream,
bones, joints, brain, and sometimes other organs when invasive and can cause potentially life-threatening infections (CDC, 2023; Li et al.,
2023). One such consequences is the colonization of the organism which causes the shedding into the stool, hence causing risk to the community
and the individual itself (Wang et al., 2022).

People who have XDR S. Typhi infections are more likely to develop sepsis or other secondary infections, such as urinary tract infections.
These side effects can be serious and necessitate further medical care, increasing the initial Salmonella infection's health impact (Saeed et al.,
2019). The introduction of XDR S. Typhi has led to a substantial socioeconomic burden, especially for those from low-income families who are
more likely to contract typhoid fever, and the cost of treatment has increased (Mumtaz et al., 2024). Travelers from endemic to non-endemic
areas are subject to restrictions in order to stop the outbreak. According to the CDC, families are more likely to get infected with XDR S. Typhi
species when traveling to Pakistan. Additionally, alevel 2 notice for the outbreak is issued by the CDC, requiring heightened precautions (Akram
et al., 2020). According to reports, this pathogen has an impact on diagnosis, treatment, and cost. There have been reports of both the
concerning rate of azithromycin resistance and clinical treatment failures. Consequently, this has caused a delay in the creation of new
antibiotics for medical use (Hooda et al., 2019; Jabeen et al., 2023). Zakir et al. (2021) reported notable resistance among S. Typhi isolates. He
reported half of the blood culture-positive isolates in one of the tertiary care hospitals in Lahore.

Fatima et al. (2023) stated that veterinary medicine encounters multiple challenges as a result of the rising incidence of XDR Salmonella
in animals, such as higher rates of morbidity and mortality in impacted livestock populations, more difficult infection diagnosis and treatment
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because antimicrobials are less effective, and a higher risk of zoonotic transmission. In addition to having an impact on the health of individual
animals, XDR Salmonella can also pose financial difficulties for agricultural practices by lowering overall animal productivity, decreasing the
market value of animal products, and causing financial losses due to higher treatment and prevention costs. It may also contribute to
environmental contamination and the ensuing risks to human health (Teklemariam et al., 2023).

Furthermore, International cooperation is required to cope with the spread of the infection from Pakistan to other countries, as shown in
Table 1. Keeping in view the threats associated with the spread of XDR typhoid fever, WHO has initiated different surveillance programmes,
mitigation strategies of Salmonella, traveler advisories highlighting the impacts of vaccination in order to cope with the spread of these resistant
strains (Nadeem et al., 2025).

Despite collaborative efforts and immediate needs to develop effective treatment strategies to combat resistance and control measures,
there is still lack of comprehensive data on the dynamics of XDR S. Typhi outbreaks. This chapter focuses the ongoing outbreaks of the XDR S.
Typhi in Pakistan and trends to overcome the resistance.

Table 1: Drugs specified for the treatment of multi drug resistant (MDR) and extensively drug resistant (XDR) strains causing typhoid fever in Pakistan

Antibiotic Route of Administration Effective Against MDR Typhoid Effective Against XDR Typhoid References
Chloramphenicol Oral, intravenous No No (Walker et al., 2023)
Co-trimoxazole  Oral, intravenous No No (Walker et al., 2023)
Ampicillin Oral, intramuscular, intravenous No No (Nadeem et al., 2025)
Ciprofloxacin Oral, intravenous Yes No (Nadeem et al., 2025)
Ceftriaxone Intramuscular, intravenous Yes No (Hooda et al., 2019)
Azithromycin Oral Yes Yes (Hooda et al., 2019)
Meropenem Intravenous Yes Yes (Hooda et al., 2019)
Tigecycline Intravenous Yes Yes (Hooda et al., 2019)
Challenges

There are significant challenges in the way of diagnosis, treatment, and prevention of XDR S. Typhi, which pose serious threats to public
health globally. A number of variables are complicating the diagnosis of the infection. Conventional culture-based techniques are more
laborious, time-consuming, and have reduced sensitivity and specificity and more chances of false negative results, which may delay treatment
(Neupane et al., 2021). Expertise in the study of resistance profiles is required, and these working facilities should be readily available in
healthcare settings (Memon et al., 2022). Due to the overlapping clinical presentation of Salmonella with other pathogens, it is sometimes
difficult to diagnose it, resulting in false diagnoses and antimicrobial therapy (Neupane et al., 2021). Symptoms of many diseases are comparable
to each other as salmonellosis and enteric fever. When antimalarial medications no longer work, the disease is sometimes diagnosed as enteric
fever or Salmonellosis (Antillén et al., 2017; Bashir et al., 2024). Limited treatment choices have made the treatment of XDR typhoid fever a
challenge for health professionals, which has led to the use of last resort antibiotics, rendering them ineffective (Hughes et al., 2021). As in the
case of azithromycin, becoming challenge because of acquiring resistance (Butt et al., 2022). Furthermore, self-medication and over the counter
medication in the endemic areas has also made the management of typhoid fever more difficult thereby making antimicrobial resistance more
prevalent (Butt et al., 2020; Butt et al., 2022).

Another factor contributing to the spread of XDR typhoid fever is the lack of funding in endemic nations like Pakistan to construct
basic healthcare facilities for their populace, the majority of whom live in overcrowded areas and below the poverty line (Tharwani et al.,
2022). Finally, because XDR S. Typhi is a novel disease, there are few existing treatments and no information on how well XDR Typhoid
treatments work. Health officials worldwide should be aware that the XDR H58 strain of S. Typhi, which is found in Sindh, has the ability
to invade, disseminate, and possibly displace native strains in other areas (Akram et al., 2020). Given the likelihood of the disease spreading
quickly on a worldwide scale, the WHO has designated the pathogen as a target for the development of novel drugs (Andrews et al., 2018;
Akram et al., 2020).

Prevention and Control

Salmonella infection must be prevented and controlled using a variety of methods, such as vaccination, better hygiene, the use of
bacteriophages, preserving the safety of human consumables, addressing environmental deficiencies, identifying and treating chronic carriers
of the infection, making sure that food safety measures are adequate, protecting drinking and treated water, removing antibiotics from food
animals, and the One Health approach. The following provides a sufficient summary of each tactic (Walker et al., 2023).

Food Hygiene

In wealthy nations, preventing salmonellosis requires strict adherence to food hygiene from farm to plate. Implementing evidence-based
prevention strategies requires an understanding of the causes and processes of Salmonella transmission in low- and middle-income nations
(Yesigat et al., 2020). Foodborne outbreaks are uneasy to manage. Reducing the number of people without access to clean drinking water is a
consistent goal of Millennium Development Goal 77 (Riahi et al., 2018). The relevant government officials in developing nations should make
sure that the infrastructure required to remove human waste from water supplies is put in place and that the general public is taught the need
to practice good hygiene (Khan, 2019; Akram et al., 2020).

Prebiotics, Probiotics, Synbiotics, and Postbiotics
Synbiotics are a combination of probiotics and prebiotics. The combined benefits of probiotics and prebiotics prevent or lessen the
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symptoms of Salmonella via altering gut microbiota, reducing pathogen count, inducing immune system synergistic activities, and other
mechanisms. Prebiotics are utilized by the host microorganisms as a food substrate. Prebiotics cause the formation of biofilm on the epithelium
of the intestine, thereby preventing the pathogen from causing adhesion (Fatima et al.). When administered in the recommended dosage,
probiotics are advantageous microorganisms that improve the host's health. Lactobacillus, Bifidobacterium, Bacillus, Enterococcus, and
Pediococcus species are among the probiotics (Kwoji et al., 2021). Because they increase the host immune system, compete with infections for
resources, and suppress them by secreting lactic acid, probiotics are good for your health (Latif et al., 2023).

Another recently developed idea is "postbiotics." Non-viable bacteria, their cell fragments, and health-promoting metabolites are the
ingredients of postbiotic treatments (Salminen et al., 2021). Postbiotic preparations can make use of a variety of bacterial metabolites, such as
peptides, organic acids, short-chain fatty acids, exopolysaccharides, enzymes, and plasmalogens. Postbiotic-treated animals exhibited improved
nutritional absorption and decreased Salmonella counts (Humam et al., 2019).

Bacteriophages

These are the viruses that infect bacteria. Phages may be able to stop the emergence of resistant Salmonelia because of their bacteriolytic
activity, stability throughout a wider range of salt concentrations, pH, temperature, ability to self-limit, environmental friendliness, genetic
amenability, etc. (Khan & Rahman, 2022). They attack multiple strains rather than a single one; phage mixtures with restricted host ranges
are better at reducing germs in different foods. SalmoLyseR, PhageGuardS, Salmo Fresh, SalmonFREER, and other phages are examples of
those used in the food business to combat Salmonella (Mkangara, 2023).

The peptidoglycan layer inside and outside of pathogenic bacteria is hydrolyzed by virion-associated peptidoglycan hydrolases and
endolysins derived from bacteriophages, which are produced following lytic cycles. Because of their great efficacy, quick action, specificity, and
low likelihood of resistance development, they are a promising alternative therapy against multidrug-resistant bacteria in a variety of
disciplines, including food safety and medicine (Lin et al., 2017).

One Health Approach

This method is transdisciplinary, multisectoral, and collaborative. Optimal local, regional, national, and global health outcomes are attained
by acknowledging the connections among humans, animals, plants, and their shared environment (CDC, 2024). Fighting drug-resistant
Salmonella requires a multipronged approach on several fronts. To lessen antibiotic dependency, especially in cattle production, alternative, non-
antibiotic techniques must be employed. Further research on the existing alternative control measures, as well as newer strategies, is required.
The One Health paradigm must be the foundation for interdisciplinary and global collaborative initiatives since Salmonella's growing antibiotic
resistance impacts not only human health but also animal and environmental health (McEwen & Collignon, 2018).

One approach to health is to increase funding for vaccines and non-antimicrobial-based interventions. Use multiomics (metagenomics,
transcriptomics, proteomics, etc) as a surveillance tool to determine the origin, pattern, and epidemiology of antimicrobial resistance genes.
Take part in antimicrobial stewardship programs to ensure that antibiotics are used responsibly in both humans and animals to improve
sanitation and infection prevention measures (Chernov et al., 2019).

Vaccination

Immunization is a crucial technique for preventing typhoid fever infections and is crucial for protecting both human and animal
populations. Typhoid conjugate vaccines (TCVs) licensed by the WHO for humans include Typbar TCVTM, which uses tetanus toxoid as a
carrier, and Vi CMR197, which uses CMR197, a non-toxic mutant of diphtheria toxin as a carrier (WHO, 2019). These vaccines provide sufficient
protection against typhoid fever and have decreased the prevalence of XDR Salmonella in both endemic and epidemic areas (Sirima et al., 2021).

Because TCVs enhance immunological qualities, are safe for kids, and offer a long-lasting period of protection, they are given to people of
all ages. In national vaccination regimens, the vaccine has demonstrated negligible immune interference and is well tolerated, particularly in
endemic nations (Sirima et al., 2021). Everyone traveling to areas of the world where typhoid is endemic should get vaccinated against the
disease, according to the most recent CDC recommendations (WHO, 2019; Akram et al., 2020; CDC, 2021a). The CDC advises individuals
visiting endemic regions to get either the Ty21a or ViPS vaccines (Appiah, 2019). Because vaccine efficacy varies, further precautions, including
better cleanliness and food safety procedures, may be required (Vanderslott et al., 2023).

In addition, current research and development initiatives to create vaccines against typhoid fever infections (Hanumunthadu et al., 2023;
Smith et al., 2023) have the potential to slow the spread of these diseases and lower the morbidity and fatality rates that go along with them.
Vaccines are also being administered to animals and poultry (Li et al., 2020). Immunization against typhoid fever is necessary in order to
prevent typhoid fever.

Conclusion

XDR Salmonella poses serious and constantly changing challenges to public health and animal health globally. There is a dire need to
initiate certain surveillance programmes, immunization, one health programmes, environmentally friendly agriculture techniques, and the
development of different technological advancements in combating the disease.

Furthermore, interdisciplinary research, public awareness programmes, and strong policies are the need of the time to create a Salmonella-
free, healthier, and resilient future for the healthcare department. Coordinated international approaches are necessary to protect human and
animal health and to mitigate hazards caused by XDR Salmonella.
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