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Abstract 

Salmonella Typhi (S. Typhi) is a Gram-negative bacterium and the etiologic agent of typhoid 

fever. High rates of typhoid were historically associated with urban slums in South Asia with 

poor sanitation, but recent multicentre surveillance studies have demonstrated that typhoid 

is also a major problem of urban and rural areas in sub-Saharan Africa. Typhoid necessitates 

antimicrobial therapy; however, antimicrobial resistance (AMR) poses a serious threat to 

the effective clinical management of typhoid, particularly in South Asia, where resistance to 

all oral antimicrobials used to treat typhoid has been reported. New typhoid conjugate 

vaccines (TCVs) are highly efficacious and two have been prequalified by the World Health 

Organization (WHO); a small number of countries have introduced TCVs into their national 

immunization programs. However, many countries lack primary surveillance data to inform 

decision-making for TCV introduction. Here, aiming to aggregate and analyse globally 

representative whole genome sequencing (WGS) data to inform public health action, I 

conducted a genomic investigation of the global distribution and transmission dynamics of 

AMR S. Typhi. With colleagues from Pakistan and India, I conducted phylogenetic analyses 

of the first molecularly confirmed azithromycin-resistant S. Typhi isolated in Pakistan and 

India and put them into context with contemporaneous azithromycin-resistant isolates. I 

found that single point mutations in acrB (efflux pump) were emerging independently in 

these settings, potentially associated with selective pressure. AMR in S. Typhi is associated 

with the H58 lineage, which arose recently before becoming globally dominant within a 

relatively short time. Given this lineage’s association with AMR, I sought to investigate how, 

when, and where it emerged. Working with collaborators from the United Kingdom Health 

Security Agency (UKHSA), we performed phylogenetic and phylodynamic analyses using S. 
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Typhi from returning travellers to the UK between 1980 and 1995. This dataset, which 

contained the earliest described H58 S. Typhi, indicates that the prototype H58 organisms 

were MDR, and that they emerged spontaneously in India in 1987 and became radially 

distributed throughout South Asia. These early organisms were associated with a single long 

branch and possessed mutations associated with increased bile tolerance, suggesting that 

the first H58 organism was generated during chronic carriage. The subsequent increased use 

of fluoroquinolones led to several independent mutations in gyrA, leading to decreased 

fluoroquinolone susceptibility. The apparent ability of H58 to acquire and maintain AMR 

genes continues to pose a threat, suggesting that TCVs should be deployed across South 

Asia to minimise the potential emergence of new drug-resistant variants. I worked with a 

broad range of collaborators to establish the Global Typhoid Genomics Consortium (GTGC) 

to encourage sharing of S. Typhi genomic data and standardised metadata, and to enable 

analysis and visualisation of these data in context to support public health decision-making. 

Here, I engaged with groups sequencing S. Typhi genomes to analyse and draft a global 

update paper; the final dataset contained >13,000 sequences. This work provides an 

updated overview of AMR and genotype distribution and illustrates key international 

transmission events, with the aim of informing TCV introduction decision-making and 

treatment guidelines. To create a translational link between laboratory scientists, genomics 

experts, clinicians, and policy makers, I outlined use cases for WGS in surveillance, 

diagnostic development, clinical management, and informing vaccine introduction as well as 

typhoid control. I hope to advance this work by fostering broader participation in the GTGC, 

and by encouraging funding support for the generation and analysis of S. Typhi WGS data. I 

also intend to create greater visibility for, and advocate for the value of, such data in 

conversations with country decision-makers and other policymakers via the WHO.  
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Chapter 1: Introduction 

1.1  Salmonella Typhi, Epidemiology and Control 

1.1.1 Pathophysiology and clinical disease  

Salmonella enterica subspecies enterica serovar Typhi (S. Typhi) is a Gram negative, rod-

shaped bacterium that causes the clinical syndrome typhoid fever. S. Typhi was estimated to 

be responsible for 10.9 million cases and 116,800 deaths in 2017.1 S. Typhi is human-

restricted, and is spread via the faecal-oral route, typically through the ingestion of 

contaminated food or water.2 The incubation period is typically 7 to 14 days.3 Infecting 

bacteria adhere to the mucosa in the small intestine and invade the epithelial cells. After 

penetrating the mucosal layer, the bacteria translocate to the intestinal lymphoid follicles 

and mesenteric lymph nodes, and some may continue to the mononuclear phagocyte 

system in the spleen and liver. During the bacteraemia phase of infection, the bacteria 

become widely disseminated. Secondary infection can occur in the spleen, liver, bone 

marrow, Peyer’s patches, or gallbladder. The gallbladder is a major reservoir for chronic 

infection. In rare instances, typhoid fever may result in intestinal perforation and peritonitis 

following necrosis of Peyer’s patches, or toxic encephalopathy. The pathophysiology of S. 

Typhi infection is illustrated in Figure 1.3  

 

Symptomatic typhoid patients typically experience fever, headache, malaise, abdominal 

pain, and nausea. Hepatomegaly, splenomegaly, and a relative brachycardia are also 

common3. Without treatment, patients may experience increasing fever, weakness, weight 

loss, altered mental state, and other complications including intestinal bleeding, intestinal 

perforation, and toxic encephalopathy. Prior to the advent of antimicrobials, the estimated 
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case fatality rate (CFR) associated with typhoid fever was 10-30%.4 The estimated CFR is 

presently 1%, but this number has the potential to increase due to an increasing prevalence 

of antimicrobial resistance (AMR).  
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Figure 1. Dissemination of S. Typhi during systemic Infection (figure adapted from de Jong et 
al 2012).3   

S. Typhi is typically transmitted through the consumption of faecally-contaminated food or 
water and has a 7-14 day incubation period. Bacteria adhere to mucosal cells and invade 
epithelial cells, then translocate to intestinal lymphoid follicles and mesenteric lymph nodes, 
and potentially on to the mononuclear phagocyte system. Secondary infections can occur in 
the spleen, liver, bone marrow, Peyer’s patches, or gall bladder, which is also a major niche 
for chronic carriage.  
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In addition to causing acute disease, S. Typhi can lead to a chronic asymptomatic carriage 

state, during which time the bacteria can colonize the gallbladder for extended periods of 

time.5 Previous reports estimated the prevalence of chronic carriers to be 2-5% in typhoid-

endemic regions, but there are few studies from sub-Saharan Africa. Increased risk of 

chronic carriage is associated with advanced age, and the risk is higher in women than in 

men.6 

 

1.1.2 Typhoid diagnostics  

A lack of sufficiently sensitive diagnostic tests, as well as inconsistent usage of existing tests, 

poses a major impediment to appropriate treatment of typhoid fever, as well as an accurate 

view of global incidence of disease.7 Bone marrow culture was once considered the gold 

standard for diagnosis of typhoid fever, but given the invasive and challenging nature of 

obtaining bone marrow aspirates, it is now rarely performed.7 Some treating physicians rely 

solely on serological tests like the Widal test, which has limited accuracy and utility in 

endemic settings.8 Blood culture–based diagnostics are recommended for use in the 

surveillance of typhoid fever and other invasive Salmonella infections by the World Health 

Organization (WHO),9 but these tests are often not feasible to perform at scale in low-

resource setting; significant infrastructure and trained personnel are required to conduct 

these tests and interpret results.7 Where blood culture is available, it is only 40%–60% 

sensitive, depending in part on the volume of blood collected and prior antimicrobial 

usage.10 Furthermore, the concentration of S. Typhi in peripheral blood of typhoid patients 

is low and highly transient, further complicating diagnostic efforts.2 In addition, due to the 
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required incubation time, results are not usually available for several days, so they are not 

useful for rapid clinical decisions to inform empiric therapy.10 

 

Febrile patients may not always present to healthcare facilities for diagnostic testing and 

treatment, particularly during the ongoing COVID-19 pandemic.11 Potential constraints to 

healthcare seeking include distance to and accessibility of the closest healthcare facility, or 

costs associated with treatment and/or hospitalization, combined with ease of access and 

affordability of antimicrobials in the community. As a result, the true number of invasive 

Salmonella infections may be severely underestimated.12 

 

1.1.3 Global burden of disease 

1.1.3.1 Systematic reviews and modelled estimates  

A 2019 systematic review and meta-analysis conducted by Marchello et al. provides an 

overview of 33 surveillance studies reporting estimated typhoid fever incidence rates 

published between 1954 and 2018, stratified by method - either population-based or hybrid 

surveillance, which uses one of several multipliers to account for under-ascertainment of 

cases at sentinel surveillance sites.13 High incidence rates were reported in Africa and Asia, 

but with considerable variation in rates over time, including in the same location over time, 

and geography. Major regional data gaps were noted. Figures 2 & 3 show forest plots of 

incidence rates from population-based studies conducted in Asia and Africa, while Figure 4 

shows incidence rate estimates from multiplier studies from Africa. 
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Figure 2. Typhoid fever incidence rate estimates among population-based studies in Asia 
1954 -2018 (Marchello et al 2019).13 
 

Incidence rate estimates are split into two time periods – pre-2000 and 2000-2013. 
Estimates range from 19.7 cases (Vietnam 2002-2003) to 1,279.1 cases (India 2012 – 2013) 
per 100,000 person-years. Grey shading indicates a range of 100-500 cases per 100,000 per-
year, within which range most of the estimates fall. CI = confidence interval.   
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Figure 3. Typhoid fever incidence rate estimates among population-based studies in Africa, 
1954 – 2018 (Marchello et al 2019).13 
 

Incidence rate estimates are split into two time periods – pre-2000 and 2000-2014. 
Estimates range from 0 cases (Sudan 2012-2013) to 845.6 cases (South Africa 1985) per 
100,000 person-years. Grey shading indicates a range of 100-500 cases per 100,000 per-
years. CI = confidence interval.   
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Figure 4. Typhoid fever incidence rate estimates among multiplier studies in Africa, 1954 – 
2018. (Marchello et al 2019).13 
 

Estimates range from 0 cases (Sudan 2012-2013) to 822 cases (Kenya 2007-2009) per 
100,000 person-years. Grey shading indicates a range of 100-500 cases per 100,000 per-
years. CI = confidence interval.  
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The Institute for Health Metrics and Evaluation at the University of Washington and 

collaborators have generated updated modelled estimates of typhoid fever burden as a 

component of the Global Burden of Disease Study 2019, which are publicly available on the 

Global Health Data Exchange (GHDx) website (https://ghdx.healthdata.org). Authors 

estimated that S. Typhi was responsible for 9.24 million (95% CI 5.94, 14.13) cases, 8.05 

million (95% CI 3.86, 13.93) Disability-Adjusted Life Years (DALYs), and 110,029 (95% CI 

52,810, 191,205) deaths in 2019.14 The estimated age distribution of disease is shown below 

in Figure 5. These estimates suggest that there is low disease incidence during the early, 

late, and post neonatal periods, but that incidence of disease is 124 cases per 100,000 

person-years among 1–4-year-olds, and peaks at 333 cases per 100,00 person-years in 10–

14-year-olds. This has important implications for vaccination policy in terms of when to 

target children in routine immunisation programs, which ages to include in catch-up 

vaccination campaigns, and potentially when to provide booster vaccinations if these are 

deemed necessary. 
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Figure 5. Typhoid fever incidence per 100,000 person-years by age group in 2019 (GHDx - 
http://vizhub.healthdata.org/gbd-compare/).  
 

This figure shows the age distribution of typhoid fever incidence rate estimates generated 
by the Institute for Health Metrics and Evaluation (IHME) as part of the Global Burden of 
Disease 2019 study. Highest age-specific incidence rates are observed among 10–14-year-
olds (<300 cases per 100,000 person-years), followed by 5–9-year-olds, and 15–19-year-
olds. Incidence is still estimated as high (<100 cases per 100,000 person-years) among 1–4-
year-olds as well.   
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In the previously published GBD 2017 study, authors estimated that highest estimated 

incidence rate overall was observed in South Asia, followed by Southeast Asia, western sub-

Saharan Africa, eastern sub-Saharan Africa, and Oceania.1 Authors noted that while overall 

estimated numbers of cases and deaths were similar to those reported in previously 

published estimates,15–17 regional estimated differed significantly, particularly for Oceania 

and central sub-Saharan Africa, from whence data are relatively scarce.  

 

IHME and other modelled estimates suggest that both typhoid fever incidence (Figure 6) 

and mortality (Figure 7) are declining from 1990 to 2019, although incidence is declining 

more sharply than mortality, perhaps owing in part to increasing prevalence of AMR in S. 

Typhi, which renders antimicrobial therapy less effective.  
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Figure 6. Typhoid fever incidence rates (per 100,000) per year, 1990 – 2019 (GHDx - 
http://vizhub.healthdata.org/gbd-compare/).  
 

This figure shows the estimated annual incidence rates from 1990 – 2019. The number has 
declined dramatically over the thirty-year period, from over 300 cases per 100,000 person-
years in 1990 to just over 100 cases per 100,000 person-years in 2019.  
 
 

 
 
Figure 7. Typhoid fever deaths per year, 1990 – 2019 (GHDx - 
http://vizhub.healthdata.org/gbd-compare/). 
 

This figure shows the estimated number of deaths attributable to typhoid fever ever year 
from 1990 – 2019. This number has declined steadily.   
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1.1.3.2 Background and overview of global population-based surveillance studies and 
methods  

In 2009, the WHO recommended the generation of additional data on the burden of 

invasive Salmonella disease.18 Existing disease burden estimates were based on the 

extrapolation of data obtained from a small number of surveillance studies conducted in 

limited geographical regions, which did not represent the full diversity of epidemiological 

settings in which typhoid is endemic.19 A paucity of population-based surveillance studies 

has also contributed to uncertainty around disease burden, particularly in Africa. Indeed, a 

systematic review of the global burden of enteric fever conducted in 2004 showed that 

systematic, population-based surveillance had only been conducted in two African countries 

between 1954 and 2000 – South Africa and Egypt.19 

 

Several standardized, multisite surveillance studies have been established over the past 

decade, funded primarily by the Bill & Melinda Gates Foundation and the Wellcome Trust, 

to address these regional data gaps as well as other important research questions. One of 

these studies was the Typhoid Fever Surveillance in Africa Program (TSAP), which was 

coordinated by the International Vaccine Institute (IVI) and partners from 2010 to 2014. The 

TSAP study, which was conducted at thirteen different sites in ten different countries in 

Africa, demonstrated high overall incidence rates of typhoid fever in several sub-Saharan 

African (both rural and urban), as well as high incidence rates of invasive non-typhoidal 

Salmonella (iNTS) disease across multiple sites.20 Following the TSAP study, several 

additional surveillance studies were initiated to further elucidate burden of disease in 

diverse epidemiological settings and to interrogate additional questions about clinical 
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manifestations of enteric fever, such as the clinical spectrum of severity, and prevalence of 

severe disease and chronic intestinal carriage. These studies included the Severe Typhoid 

Fever Surveillance in Africa program (SETA, IVI); the Surveillance for Enteric Fever in Asia 

Project (SEAP, Sabin Vaccine Institute); the Strategic Typhoid Alliance Across Africa and Asia 

(STRATAA, University of Oxford); and the Surveillance of Enteric Fever in India (SEFI, 

Christian Medical College, Vellore) study. Preliminary data from these studies informed the 

WHO Strategic Advisory Group of Experts (SAGE) recommendation for typhoid conjugate 

vaccine (TCV) use in the control of typhoid fever in endemic settings that was published in 

2018,21 and additional data generated by these studies was discussed in the 2022 SAGE 

Typhoid session and can be used to inform TCV introduction decision-making and 

identification of optimal vaccination strategies in the future. 

Each of the described studies aimed to address slightly different questions relating to 

invasive Salmonella disease burden in different epidemiological settings, using different 

approaches to sampling (eligibility criteria, samples collected, sample collection schedule, 

duration of follow-up) and different adjustment factors to calculate incidence rates. I have 

compared the methodological similarities and differences between these diverse and 

complementary studies, which are summarised in Table 1 below.12 We also identified early 

lessons learned and outstanding data gaps and issued recommendations for optimizing 

sustainable surveillance systems going forward. These key findings included the 

spatiotemporal heterogeneity of typhoid fever incidence, even in settings that are 

considered highly endemic, and the difficulty of extrapolation of disease burden estimates 

within regions or even within countries. Another key insight is that identifying study 

facilities that serve a large proportion of the population catchment area can help reduce 
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uncertainty around incidence rate estimates by reducing the magnitude of the healthcare 

seeking adjustment factor. These difficulties, as well as those detailed in the diagnostics 

section of this chapter, underscore the need for new, easy-to-use, low-cost diagnostics, 

both for point of care (to inform appropriate diagnosis and antimicrobial therapy) and for 

surveillance (to understand regional disease incidence and inform vaccine prioritisation 

discussions).
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Table 1. Comparison of Surveillance Methods (Carey et al 2020)12 
 SETA SEAP SEFI STRATAA 

Design Prospective passive, facility-based 
surveillance paired with population-based 
healthcare utilization surveys; 
Prospective case-controlled cohort for long-
term follow-up 

Retrospective and prospective passive, facility-
based surveillance paired with population-
based healthcare utilization surveys.  

Tier 1: Prospective population-based cohort 
with active surveillance 
Tier 2:  Prospective passive, hospital-based 
paired with population-based healthcare 
utilization surveys 
Tier 3: laboratory-based surveillance 

Prospective population-based cohort with 
passive surveillance paired with population-
based healthcare utilization surveys and 
seroincidence surveys 

Eligibility 
criteria 

Primary / Secondary Health Facilities  
• Objective fever of >38°C OR 
• Subjective fever ≥ 3 consecutive days in 

the last week, 
• AND reside in the nested catchment 

area;  
Referral Hospitals  
• Subjective fever ≥ 3 consecutive days in 

the last week, OR 
• Clinically suspected typhoid fever  
• AND reside in the catchment area  
• OR pathognomonic gastrointestinal 

perforations even in the absence of 
laboratory confirmation and regardless 
of catchment area (special cases)  

Outpatient 
• 3 days of consecutive fever in the last 7 

days,  
• AND reside in the study catchment area  
• AND physician must advise blood culture 
Inpatient 
• Clinical suspicion of enteric fever AND 

physician must advise blood culture OR 
• Confirmed diagnosis of enteric fever at any 

time during hospitalization OR 
• Non-traumatic ileal perforations, even in 

the absence of laboratory confirmation 
Laboratory: 
• Blood culture positive for S. Typhi or 

Paratyphi A only 

Tier 1 
• Subjective fever ≥ 3 consecutive days 

(families given thermometers and diary 
cards to record) 

• AND reside in census population area 
• AND fever in the last 12 hours before 

presentation,  
Tier 2 
• All inpatients presenting with fever OR 
• Patient with non-traumatic ileal 

perforation  
• AND residing in geographic catchment 

area 
Tier 3 
• Blood culture positive for S. Typhi or 

Paratyphi A only 

• Objective fever of >38°C OR 
• Subjective fever of ≥ 2 days 
• AND reside in census population area 
 

Sample 
collection 
and follow-
up  

• Blood samples taken from enrolled 
subjects at baseline 

• For blood culture confirmed cases of 
S.Typhi and iNTS and associated 
controls, blood, urine,and stool samples 
and oropharyngeal swabs were taken at 
predefined timepoints, as well as,  

• Ileal tissue or other surgical samples 
taken in cases of non-traumatic ileal 
perforation regardless of blood culture 
positivity  

• 1-year follow-up of blood-culture 
confirmed S.Typhi and iNTS case and 
controls) 

• Blood samples taken from enrolled 
subjects at baseline 

• Urine samples taken from a sample of 
enrolled subjects at baseline 

• Ileal tissue samples taken in cases of non-
traumatic ileal perforation regardless of 
blood culture positivity 

• 6-week phone call for blood-culture 
confirmed cases of S. Typhi or Paratyphi A 
– patients with complications followed up  

• Blood samples taken from enrolled 
subjects at baseline 

• Ileal tissue samples taken in cases of non-
traumatic ileal perforation regardless of 
blood culture positivity  

• Tier 1 – weekly follow-up, and in-person 
follow-up & blood collection at 28 days for 
enteric fever sub-cohort 

• Tier 2 – phone contact at 14 and 28 days 
post discharge for cost-of-illness data 

 

• Blood, plasma, and stool samples taken 
from enrolled subjects at baseline   

• Blood, plasma, and stool samples taken 
from cases and household members of 
culture-confirmed cases) 

• Day 8, 30, 180 follow-up 
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 SETA SEAP SEFI STRATAA 

Incidence 
rate 
adjustment 
factors  

• Probability of seeking care at a study 
facility, based on HCUS 

• Proportion of eligible patients enrolled 
in study 

• Proportion of eligible patients 
consenting to participate with a blood 
culture taken  

• Sensitivity of blood culture (assumed 
60%) 

• Probability of eligible patient seeking care 
at a study facility, based on HCUS 

• Proportion of eligible patients who 
consented and received a blood culture 

• Difference in healthcare-seeking according 
to socio-economic status 

• Sensitivity of blood culture (assumed 59%) 

• Probability of seeking care at a study 
facility, based on HCUS 

• Proportion of eligible patients who 
consented and received a blood culture 

• Sensitivity of blood culture (assumed 59%) 
 

• Probability of seeking care at a study 
facility, based on HCUS; adjusted for the 
prevalence of previously identified 
typhoid risk factors 

• Proportion of eligible patients who 
consented and had blood drawn for 
culturing; adjusted for age, duration of 
fever, temperature at presentation and 
clinical suspicion (Nepal and Bangladesh 
only) 

• Sensitivity of blood culture; adjusted for 
volume and reported prior antibiotic 
usage 

Additional 
objectives 

• Long-term sequelae, antimicrobial 
resistance, natural immune response, 
prevalence of chronic carriage, cost-of-
illness, quality of life, long-term socio-
economic study 

• Long-term sequelae, antimicrobial 
resistance, cost-of-illness  

• Antimicrobial resistance 
• Cost of illness 

• Prevalence of chronic carriage, 
seroincidence, antimicrobial resistance, 
household transmission 
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1.1.3.3 Published data from new population-based surveillance studies 

Over the course of my PhD and during the time since the surveillance study methodology 

paper was published, each of the studies described has been completed, and data from two 

of the studies (STRATAA and SEAP) have been made publicly available. These published 

data, which include data from several South Asian sites and one African site, report high 

overall incidence of typhoid fever, with substantial burden in children less than 4 years of 

age. These data are summarised at a high level below.  

 

1) Surveillance for Enteric Fever in Asia Project (SEAP) (2016 – 2019)22    

Standardized prospective blood culture surveillance was conducted at five hospitals in 

pre-defined catchment areas in Dhaka, Bangladesh; Kathmandu and Kavrepalanchok, 

Nepal; and Karachi, Pakistan. A hybrid surveillance methodology that combined facility-

based blood culture surveillance with healthcare utilization surveys was used to 

estimate overall and age-specific adjusted incidence rates for S. Typhi and S. Paratyphi A 

at age site. High crude and adjusted incidence rates were observed among young 

children at all sites, particularly in Bangladesh and Pakistan. Overall adjusted incidence 

rates of S. Typhi by site were:  

o Dhaka, Bangladesh: 1,110 cases/100,000 per-years (p-y) (95% CI: 949, 1,305)   

o Kathmandu, Nepal: 330 cases/100,000 p-y (95% CI: 232, 476)  

o Kavrepalanchok, Nepal: 271 cases/100,000 p-y (95% CI:205, 365)  

o Karachi, Pakistan: 195 cases/ 100,000 p-y (95% CI:163, 236) 
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2)  Strategic Typhoid Alliance Across Africa and Asia (STRATAA) – Bangladesh, Malawi, 

Nepal (2016-2018)  

A prospective, multi-component passive febrile illness surveillance study was conducted 

in three densely populated urban sites in Bangladesh, Nepal, and Malawi (each location 

with a catchment population of ~100,000) that were pre-defined following a 

demographic census. This surveillance program also included serological surveillance 

and stool screening to identify chronic carriers. Overall and age-adjusted incidence rates 

were estimated for each site (see Table 2 below).23   
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Table 2. The incidence of blood-culture confirmed typhoid fever by site and age (Meiring et al 2021).23 
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These new data confirm that there is high incidence of typhoid fever in South Asia and in 

parts of sub-Saharan Africa and that there is substantial disease burden in young children as 

well as school-aged children, further strengthening the case for typhoid-endemic countries 

to introduce TCV into routine immunisation programs and to conduct catch-up campaigns 

where feasible. However, as stated above, large regional data gaps exist, and the difficulties 

of establishing and maintaining blood culture surveillance in many remote areas mean that 

these data gaps are likely to persist until such time as newer surveillance diagnostics are 

developed, validated, and made widely available at a low cost.  
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1.2 Antimicrobial resistance in S. Typhi  

AMR has been observed in S. Typhi since the advent of use of antimicrobial agents to treat 

typhoid fever, beginning with the introduction of chloramphenicol in 1948, which was 

followed closely by reports of chloramphenicol resistance in 1950 and widespread 

chloramphenicol resistance by the early 1970s (see Figure 8).4 By the late 1980s, multidrug 

resistance (MDR; resistance to first-line antimicrobials chloramphenicol, trimethoprim–

sulfamethoxazole, and ampicillin) had become common, which led to widespread use of 

fluoroquinolones as first-line therapy in typhoid fever treatment. Decreased 

fluoroquinolone susceptibility soon emerged and became common, particularly in South 

and South-East Asia. The rise of fluoroquinolone resistance led to broader use of 

azithromycin or third generation cephalosporins to treat typhoid fever.  
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Figure 8. History of Antibiotic Efficacy Studies and the Emergence of AMR in S. Typhi (Andrews et al 2018).    



 24 

Following reports of ceftriaxone treatment failure in late 2016 in Hyderabad, Pakistan, 

investigators from Aga Khan University and the Sanger Wellcome Trust Institute discovered 

and characterised a new extensively drug-resistant (XDR; defined as MDR and resistant to 

fluoroquinolones and third-generation cephalosporins) variant of S. Typhi (genotype 

4.3.1.1.P1), which spread throughout Sindh province and into Punjab.24,25  Several instances 

of travel-associated XDR typhoid have been reported in Europe, Australia, and North 

America.26–30 In addition, azithromycin-resistance has emerged independently in different 

lineages of S. Typhi in Bangladesh, Pakistan, Nepal, India, Singapore, and Samoa.31–36 There 

is an urgent need to track the emergence and spread of drug-resistant S. Typhi to inform 

empirical treatment guidelines and to inform decisions around use of preventative 

interventions like TCVs.  

 

1.2.1 Phenotypic data 

A 2019 systematic review and meta-analysis from Christian Marchello and colleagues 

provides an overview of antimicrobial susceptibility testing (AST) data collected between 

1974 and 2018 found in published literature.37 These data show increasing prevalence rates 

of AMR over time, beginning with resistance to traditional first line antimicrobials (MDR), 

followed by widespread fluoroquinolone non-susceptibility, particularly in South and 

Southeast Asia, and at lower prevalence levels in Africa (see Figures 9 and 10). These 

summary figures also illustrate the emergence (at low levels of prevalence) of resistance to 

third generation cephalosporins and azithromycin in Asia (Figure 10).37 This includes XDR S. 

Typhi described above that emerged in Pakistan in late 2016. Resistance to carbapenems 

has also been reported from one study in Pakistan and one study in Indonesia,38,39 but these 
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results have not been confirmed with additional testing and attempts to contact the authors 

for additional information were unsuccessful. 
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Figure 9. Antimicrobial resistant S. Typhi isolates in Asia, 1972–2018 (Marchello et al 2020).37 
 

This figure shows trends in resistance to antimicrobial agents used to treat typhoid fever in Asia between 1972 and 2018. Prevalence of MDR 
appears in the early 1990s and remains prevalent. Fluoroquinolone resistance also appears in the 1990s and becomes highly prevalent by the 
early 2000s. Resistance to third-generation cephalosporins is increasing overall, and XDR typhoid appears during the most recent period (2015-
2018).  
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Figure 10. Antimicrobial resistant S. Typhi isolates in Africa, 1972–2018 (Marchello et al 2020).37 
 

This figure shows trends in resistance to antimicrobial agents used to treat typhoid fever in Africa between 1972 and 2018. MDR appears in 
the early 2000s and its prevalence increases until the most recent period (2015-2018), and resistance to fluoroquinolones appears in the late 
1990s and remains prevalent. 
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Chris Murray and colleagues from the Global Research on Antimicrobial Resistance (GRAM) 

Project developed a model to estimate the effect of AMR on disease incidence, mortality, 

duration of hospital stay, and healthcare costs for 88 pathogen-antimicrobial combinations 

in 204 countries and territories. The authors estimated that there were 4.95 million deaths 

(95% CI: 3.62, 6.57) associated with bacterial AMR, including 1.27 million deaths (95% CI: 

911,000, 1,710,000) that were attributable to bacterial AMR in 2019.40 Of the 23 pathogens 

evaluated, S. Typhi was estimated to be the 11th highest in terms of global deaths 

attributable to and associated with bacterial AMR, with 23,700 deaths attributable to AMR 

in 2019 (Figure 11). Authors only included MDR S. Typhi and fluoroquinolone-resistant S. 

Typhi in this analysis, so the overall estimated burden of AMR S. Typhi is likely to have been 

underestimated. 
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Figure 11. Global death counts attributable to and associated with bacterial AMR by pathogen in 2019 (Murray et al 2022). 41
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1.2.2 Genomic data  

1.2.2.1 Whole Genome Sequencing and S. Typhi 

The first whole genome sequence of S. Typhi, CT18, was published in 2001.42 A second S. 

Typhi genome, Ty2, was published in 2003.43 Since that time, high-throughput sequencing 

technologies have been developed and are more broadly available, along with reagents, 

training, and access to supportive resources to process and store high volumes of data. At 

time of writing, there are 12,001 S. Typhi genomes that are publicly available on Typhi 

Pathogenwatch (https://pathogen.watch/organisms/styphi) with accompanying metadata 

from 111 different countries as a result of work described in Chapter 6. The availability of 

additional genomic data, particularly from different parts of the world, will help facilitate 

monitoring the emergence and spread of new variants, particularly those with AMR 

phenotypes. The potential value of such surveillance has also been illustrated very clearly 

and rapidly by widespread generation, sharing, and contextualisation of SARS-CoV2 genomic 

data. 

 

S. Typhi evolves very slowly (at a rate of 0.5 substitutions per year, as compared with 5 

substitutions per year in host-generalist Salmonella serovars)44  and is highly clonal, so most 

analyses are reliant on the identification of single nucleotide polymorphisms (SNPs), which 

are then used to generate phylogenies to analyse transmission dynamics and monitor the 

emergence and spread of drug-resistant lineages.24,45,46 In order to further facilitate such 

analyses, a genotyping framework, GenoTyphi, was developed using specific marker SNPs to 

assign S. Typhi genomes to clades and subclades. The first iteration was developed based on 

approximately 2,000 S. Typhi genomes from 63 countries and used 68 marker SNPs to 
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define 4 primary clades, 15 clades, and 49 subclades.47 This analysis showed a highly 

structured bacterial population consisting of subclades that were largely geographically 

restricted, except for Haplotype 58 or H5848 (genotype 4.3.1), which was highly associated 

with drug-resistance and present throughout Asia and eastern and southern Africa. The 

GenoTyphi framework has expanded to reflect the current bacterial population structure 

and the emergence of additional AMR sublineages, including XDR typhoid.49 This framework 

is available alongside tools to identify AMR determinants and generate phylogenetic trees 

as part of the online genomic analysis platform Typhi Pathogenwatch. This platform 

facilitates genomic surveillance and outbreak analysis, allowing users without advanced 

bioinformatics knowledge to upload their own data and put them into context with 

additional publicly available global data.43  

 

1.2.2.2 Molecular mechanisms of resistance in S. Typhi 

Whole Genome Sequencing (WGS) data facilitate investigation of molecular mechanisms of 

resistance, which in turn enables monitoring of the emergence and spread of drug 

resistance. The genetic basis for MDR was initially a conjugative plasmid of incompatibility 

type IncHI1,50 which was first sequenced in the CT18 genome.42 This plasmid had genes 

encoding resistance to all three first-line drugs (cat, dfr, sul, blaTEM-1), mobilised by nested 

transposons (Tn6029 in Tn21, in Tn9).45,51 The earliest published H58 isolates were MDR, 

and it has been proposed that MDR drove the emergence and dissemination of H58,51 which 

is estimated to have originated in South Asia in the late 1980s45,52 before spreading 

throughout Southeastern Asia and into Eastern and Southern Africa.45,53,54 This hypothesis is 

also investigated in further detail later in Chapter 5. The MDR transposon has subsequently 
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migrated to the S. Typhi chromosome on several independent occasions, allowing for loss of 

the plasmid and fixation of MDR in various lineages. Other AMR plasmid types do occur in S. 

Typhi but are relatively rare.43,45,55–57  

 

The emergence of MDR S. Typhi led to widespread use of fluoroquinolones as first-line 

therapy in typhoid fever treatment and decreased fluoroquinolone susceptibility soon 

emerged and became common, particularly in South and Southeast Asia.58,59 The genetic 

basis for this is primarily substitutions in the quinolone resistance determining region 

(QRDR) of core chromosomal genes gyrA and parC, both of which directly impact 

fluoroquinolone binding. These substitutions have arisen in diverse lineages (estimated >80 

independent emergences)52 but are particularly common in H58 (4.3.1) subtypes.45,48,52 The 

most common genetic marker is a single QRDR mutation (typically at gyrA codon 83 or 87), 

which results in a moderate increase in ciprofloxacin MIC to 0.06-0.25 mg/L 60 and is 

associated with prolonged fever clearance times and increased chance of clinical failure 

when treating with fluoroquinolones.61,62 QRDR mutations appear to be synergistic, as the 

presence of two QRDR mutations leads to intermediate resistance, and an accumulation of 

three QRDR mutations raises ciprofloxacin MIC to 8–32 mg/L and is associated with high 

rates of clinical failure.61 The acquisition of a qnrS gene (plasmid-mediated quinolone-

resistance gene that protects DNA gyrase and topoisomerase IV against quinolone 

compounds) in combination with a single QRDR mutation also leads to a fully resistant 

phenotype. In this thesis, single-QRDR or double-QRDR mutations are defined as CipI 

(ciprofloxacin intermediate) and triple-QRDR mutants are defined as CipR (ciprofloxacin 

resistant), to reflect the marked difference in expected MICs and clinical phenotypes 

between these genotypes. Triple mutants appear to be rare, except for a subclade of 4.3.1.2 
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bearing GyrA-S83F, GyrA-D87N and ParC-S80I, which emerged in India in the mid-1990s and 

has since been introduced into Pakistan, Nepal, and Bangladesh.52,61,63 

 

The challenge of fluoroquinolone non-susceptibility was met with broader use of 

azithromycin or third-generation cephalosporins in typhoid fever treatment.64–66 Reports of 

ceftriaxone treatment failure in late 2016 in Hyderabad, Pakistan led to the discovery of an 

extensively drug-resistant (XDR; defined as MDR plus resistance to fluoroquinolones and 

third-generation cephalosporins) clone of S. Typhi (genotype 4.3.1.1.P1, a subtype of H58), 

which subsequently spread throughout Pakistan.24,67 This XDR clone harbours a common 

combination of chromosomal AMR determinants (an integrated MDR transposon plus single 

QRDR mutation, GyrA-83) but has also acquired a novel IncY-type plasmid carrying 

resistance genes, including qnrS (which, combined with GyrA-83, resulted in a fully 

ciprofloxacin resistant phenotype) and the extended-spectrum beta-lactamase (ESBL) gene 

blaCTX-M-15.24 This ESBL gene has subsequently migrated from plasmid to chromosome in 

some 4.3.1.1.P1 isolates.68 Other ESBL-producing, ceftriaxone resistant (CefR) S. Typhi have 

been identified in India,68–72 via both local ‘in-country’ surveillance and travel-associated 

cases. The only oral therapy available to treat XDR S. Typhi infection is azithromycin,73 which 

although effective, shows prolonged bacteremia and fever clearance times in a controlled 

human infection model conducted in immunologically-naive adults in Oxford, UK.74 As will 

be described in subsequent chapters, azithromycin resistance (AziR) S. Typhi, which is 

mediated by a nonsynonymous point mutation at codon 717 in the acrB gene, which codes 

for an efflux pump, was initially discovered in Bangladesh.32 These initial acrB mutants all 

had azithromycin MIC values of  ≥32 μg/ml. Such mutations have now been reported across 

South Asia 32,34,75–77; however, the prevalence so far remains low.52,75 
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Imported cases of XDR 4.3.1.1.P1 have been identified in Europe, Australia and North 

America;26–29,68 imported AziR cases are rarer but have been reported in Singapore.36  

 

The accumulation of resistance to all therapeutic options means there is an urgent need to 

track the emergence and spread of AMR S. Typhi, to guide empirical therapy to prevent 

treatment failure, and to direct the deployment of preventative interventions like TCVs. A 

high degree of concordance (98-99.7%) between antimicrobial susceptibility data and 

known genetic determinants of AMR has been demonstrated by multiple groups using 

matched AST and WGS data (Center for Genomic Pathogen Surveillance/Pathogenwatch, 

United Kingdom Health Security Agency, the Severe Enteric fever in Asia Project [SEAP], 

Sabin Vaccine Institute),43,52,78 and these AMR determinants can be called directly from raw 

reads or assemblies using freely-available online genomic resources like Pathogenwatch.43 

(This and other freely available genomic resources will be described in greater detail in 

Chapter 7). Given the high positive predictive value of molecular determinants of AMR and 

the ease with which these genetic elements can be identified from sequence data, there is a 

clear role for WGS in standardised and scalable AMR surveillance. 
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1.2.2.3 Potential applications of WGS in informing policy 

Given the continued emergence and spread of drug resistance, there is an urgent need to 

establish and expand AMR surveillance to inform vaccine introduction and antimicrobial 

stewardship policy. Classically, this has been conducted using phenotypic data, but there are 

several challenges associated with this approach. Phenotypic data are not always widely or 

consistently reported. Where reported, these data may hard to standardize across different 

labs as different tests are often used, along with different interpretive criteria, and these 

criteria change over time. In addition, not all breakpoints have been validated extensively 

using clinical data. Phenotypic data also cannot provide information about relatedness or 

transmission dynamics. For these reasons, implementation of genomic surveillance 

alongside AST testing is advisable.  

 

Genomic surveillance provides several advantages. WGS data yield standardized AMR 

outputs where molecular mechanisms of resistance are understood and can facilitate 

investigation of new molecular mechanisms of resistance and pathogen discovery. WGS 

data can provide information about international transmission and emergence and spread 

of drug-resistant organisms. In addition, these tests are repeatable. Extrapolation of data 

from returning travellers can be used to draw inferences about circulating genotypes and 

AMR profiles in the countries from which travellers are returning.55 However, there are 

challenges in generating and analysing genomic data associated with access to technology, 

reagents, bioinformatic training, high compute clusters and internet bandwidth in many 

low- and middle-income countries (LMICs).79 These challenges are not insurmountable but 

will require a different approach to funding and collaborative work between institutions. In 
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addition to generation and analysis of genomic data, interpretation and generalisability of 

these data may also not be straightforward, as data from genomic studies may not always 

be representative. Often, isolates that are drug-resistant are more likely to be sequenced. 

Many isolates are sequenced as part of outbreak investigations, and sampling frame may 

not always be reported. Use cases for WGS in informing typhoid control measures, as well 

as challenges associated with generating and analysing such data, are described in greater 

detail in Chapter 7. 

 

The Global Typhoid Genomics Consortium (https://www.typhoidgenomics.org) was 

established in 2021 to address several of these concerns. The consortium’s mission is to 

engage with the wider typhoid research community to aggregate S. Typhi genomic data and 

standardized metadata to facilitate the extraction of relevant insights to inform public 

health policy through inclusive, repeatable analysis using freely available and accessible 

pipelines and intuitive data visualization. One of the first activities of the consortium was to 

generate a global update paper, in which a large, geographically representative dataset of 

more than thirteen thousand S. Typhi genomes is presented. This update paper, which is 

described in greater detail in Chapter 6, provides a contemporary snapshot of the global 

genetic diversity in S. Typhi and its spectrum of AMR determinants. In addition, we have 

leveraged this rich dataset to identify key international transmission events involving drug-

resistant S. Typhi. The establishment of the Global Typhoid Genomics Consortium marks 

twenty years of typhoid genomics and provides a platform for future typhoid genomics 

activities, which can inform more sophisticated disease control. 

  



 37 

1.3 Typhoid vaccines 

1.3.1 History of typhoid vaccines and vaccine policy 

The first known typhoid vaccine, a heat-phenol-inactivated whole cell parenteral vaccine, 

was developed and distributed in Europe in 1896. It was primarily used in military 

populations, and ultimately was deemed too reactogenic to have broader public health 

utility.80 Since that time, several additional vaccines have been developed and licensed, 

including a parenteral capsular polysaccharide vaccine based on S. Typhi Vi antigen,81 and a 

live-attenuated oral vaccine based on the Ty21a strain of S. Typhi.82 The WHO 

recommended use of both vaccines for endemic and outbreak control of typhoid in its 2008 

position paper, but neither vaccine was implemented more broadly.83 The lack of obvious 

demand for these products may be due in part to modest efficacy, limited duration of 

protection, and inappropriateness for use in children less than two years of age.84  

 

At the previous WHO SAGE review for typhoid vaccine policy in October 2017, the most 

robust evidence for a licensed typhoid conjugate vaccine (TCV) was from immunogenicity 

data on Typbar-TCVⓇ (Vi polysaccharide conjugated to tetanus toxoid carrier protein, Bharat 

Biotech India Limited, Hyderabad, India) and efficacy estimates from a Controlled Human 

Infection Model (CHIM) study in immunologically naïve, healthy adult volunteers in Oxford, 

England. Vaccine efficacy of Typbar-TCVⓇ in the CHIM was estimated as 87.1% (95% CI 47.2, 

96.9%) against a definition of typhoid fever (fever ≥38˚C lasting for >12 hours followed by 

blood culture-confirmed S. Typhi infection), and 54.6% (95% CI 26.8, 71.8) efficacious 

against blood culture-confirmed S. Typhi infection, which was the primary endpoint of the 

study.85 Several additional TCVs were in early-stage clinical trials.86 
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While no field efficacy data were available for TCVs with ongoing clinical development 

programmes, a large-scale Phase III efficacy study evaluating a previous TCV construct (Vi 

polysaccharide linked to the recombinant exoprotein A of Pseudomonas aeruginosa, or Vi-

rEPA) developed by the US National Institutes of Health (NIH) was conducted in Vietnam in 

the early 2000s. In this study, 1,091 Vietnamese children received two doses of Vi-rEPA 

vaccine, which provided 91.5% (95% CI 77.1, 96.6) protective efficacy over 27 months of 

follow-up (per protocol analysis). In addition, among 771 children who only received one 

dose of Vi-rEPA (intention to treat analysis), 87.7% efficacy was observed.87 75 children who 

received a single dose of Vi-rEPA still had anti-Vi IgG antibody levels above an assumed 

protective threshold eight years later,88 strengthening the assertion that conjugate vaccines 

could confer longer duration of protection than previously licensed polysaccharide vaccines 

(Vi-PS) or Ty21a vaccines. This vaccine was never commercialized. 

 

Following SAGE’s review of the geographic and age distribution of typhoid fever, the 

increasing threat posed by AMR, performance of Vi-PS and Ty21a vaccines as well as TCV, 

and cost-effectiveness of routine vaccination) and recommendations, WHO issued a revised 

global policy on typhoid vaccines in October 2017, which was published in March 2018.21 

WHO recommended the introduction of a single dose of TCV for infants and children 6 

months of age and over in typhoid-endemic countries, noting that it is likely to be most 

feasible at existing vaccine visits at 9 months of age or in the second year of life. TCV was 

recommended over previously recommended typhoid vaccines at all ages in view of its 

improved immunological properties, suitability for use in younger children and anticipated 

longer duration of protection. SAGE also suggested that TCV should be prioritized for 



 39 

countries with the highest burden of disease or a high burden of AMR S. Typhi and that 

catch-up vaccination in children up to 15 years of age should be conducted at the time of 

introduction routine immunization where feasible for maximal public health impact.  

 

1.3.2 Currently available and pipeline vaccines 

There are now two WHO prequalified TCVs, both licensed for use in infants and children 

from 6 months of age and in adults up to 45 years:  

 

• Typbar-TCV® (Vi polysaccharide conjugated to tetanus toxoid carrier protein, Bharat 

Biotech India Limited, Hyderabad, India, WHO PQ date December 2017), and  

• TYPHIBEV� (Vi polysaccharide conjugated to CRM197 carrier protein, Biological E. 

Limited, Pune, India, WHO PQ date December 2020).  

 

Typbar-TCV® has been evaluated in three large-scale post-licensure efficacy/effectiveness 

studies in Bangladesh, Malawi, and Nepal by the Typhoid Vaccine Acceleration Consortium 

(TyVAC), which is led by the Center for Vaccine Development and Global Health at the 

University of Maryland School of Medicine, the Oxford Vaccine Group at the University of 

Oxford, and PATH.89–91 TyVAC investigators also conducted an immunogenicity and co-

administration study in infants and toddlers in Burkina Faso.92–94 These studies show that a 

single dose of Typbar-TCV® vaccine is safe, immunogenic, and highly efficacious (81-85%) in 

preventing symptomatic typhoid fever in children 9 months to 15 years of age over a 18-24 

month follow-up period. The results of these studies are described in additional detail in the 

April 2022 WHO SAGE background document,95 which is also appended to this thesis 

(Appendix 9). 
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In addition, Typbar-TCV® was shown to be 95% effective against blood culture confirmed S. 

Typhi and 97% effective against extensively drug-resistant (XDR) S. Typhi in 6 month – 10-

year-olds in Hyderabad, Pakistan.96 New efficacy and effectiveness data for Typbar-TCV® are 

summarised in Table 3 below. Additional studies assessing longer-term (≥3 years) 

effectiveness and potential herd effects of a single dose of Typbar-TCV® are in planning or 

early execution stages in Ghana, Democratic Republic of Congo, and Fiji, and effectiveness 

studies using TYPHIBEVⓇ are being planned in India and Madagascar, as well as a post-

introduction impact assessment in Malawi. In addition, investigators from Biological E. have 

recently published data from their Phase II/III licensure study in India, demonstrating 

immunogenicity non-inferiority of TYPHIBEV as compared to Typbar-TCV® in participants 6 

months – 45 years of age.97 A summary of completed and planned clinical development 

activities for both Typbar-TCV® and TYPHIBEV® is included in Table 4.  
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Table 3. Protective efficacy/effectiveness of a single TCV dose (Typbar-TCV®) against 
primary endpoint of blood culture confirmed typhoid fever95 

Study, Design Age  
(# vaccinated) 

Control 
vaccine 

Follow 
up 

Vaccine efficacy or 
effectiveness (95% CI) 

TyVAC TRIALS 

Nepal, 
Individually randomized91 

9 mths – 16 yrs 
(20,019) 

Group A 
meningitis 

24 
months 

79.1% (62.0, 88.5) 

Malawi, 
Individually randomized90  

9 mths – 12 yrs 
(28,130) 

Group A 
meningitis 

18-24 
months 

83.7% (68.1, 91.6) 

Bangladesh, 
Cluster randomized89 

9 mths – 16 yrs 
(67,395) 

SA-14-14-2 JE 24 
months 

85.0% (76, 91) 

ADDITIONAL STUDIES 

Navi Mumbai, India 
(routine immunization), 
Case-control98 

9 mths – 14 yrs 
(540,000) 

None 15 
months 

80.2% (53.2, 91.6) 

Karachi, Pakistan 
(outbreak response 
campaign) 
Case control99 

6 mths – 15 yrs 
(87,993) 

None 4 months 72% (34, 88) 

Hyderabad, Pakistan 
(outbreak response 
campaign) 
Cohort study100 

6 mths – 10 yrs 
(207,000) 

None 18 
months 

95% (93, 96) 
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Table 4. Overview of available data for WHO Prequalified TCVs95  
Typbar-TCV® (Vi-TT, Bharat Biotech India Ltd., India) TYPHIBEV® (Vi-CRM197, Biological E Ltd., India)  

Composition Salmonella Typhi Vi polysaccharide conjugated to tetanus toxoid Vi polysaccharide prepared from Citrobacter freundii sensu latoa conjugated to 
CRM 

Phase of Development WHO PQ 2017, post-licensure studies ongoing WHO PQ 2020, post-licensure studies being planned 
Indication/Target Ages ≥6 months- ≤45 years. ≥6 months-≤65 years DCGI approved, WHO filing pending ≥ 6 months to ≤ 45 years 
Safety Data >500,000 subjects (pre-licensure studies & post-marketing surveillance in India, 

TyVAC studies, Pakistan impact studies, Navi Mumbai)101–105 
3000+ subjects (licensure studies in India) 

Immunogenicity data 
(geographic 
representation, special 
populations, age range, 
duration of response) 

Ph III (India) 
• 6 mo – 45 yrs: 3-, 5- & 7-years post immunization106 
TyVAC (2-3 yrs post-vaccination follow-up underway) 
• Burkina n=250, 9-11 months & 15-23 months93,94 
• Malawi n=600, 9 months – 12 years, HIV-infected & malnourished107 
• Nepal n=1500, 9 months – 16 years91 
• Bangladesh n=1300, 9 months – 16 years108 

Ph II/III (India, n=622) 
• Immunogenicity non-inferiority compared to Typbar-TCV, participants ages 6 

months - <64 years (not published) 
• Immunogenicity data 3 years post primary immunization expected July 2022 
 

Efficacy and/or 
Effectiveness Data? 

Efficacy data (TyVAC)  
• Nepal - 79% (95%CI 61.9, 88.5) efficacy, 24 months follow-up91 
• Malawi - 83.7% (68.1, 91.6) efficacy, 24 months follow-up90 
• Bangladesh - 85% (67, 91) total protection, 18-24 months follow-up89 

Effectiveness 
• Hyderabad, Pakistan - 95% (93-96%) effective against S. Typhi, and 97% (95-

98%) against XDR S. Typhi, 18 months follow-up96 
• Lyari, Pakistan - 72% (34, 88) effective, 4 months follow-up99 
• Navi Mumbai– 80.2% (53.2, 91.6) effective, 15 months follow-up98 

Planned evaluations in effectiveness studies in Madagascar (TyCOMA) & India  
 

Coadministration/non-
interference data? 

• MCV & MMR in India @ 9 & 15 mo (DCGI approved, to be submitted to WHO, 
publication under review at IJID) 

• Yellow fever & measles-rubella (9 mo) & MCV-A (15 mo) in Burkina Faso 

• MR coadministration study planned to start March 2022 in India  
 

2 dose schedule tested? No, 1 dose only assessed in primary series No, 1 dose only assessed in primary series 
Booster dose schedules 
tested?  

Comparison of single dose vs booster after 2 yr in 6-23 mo cohort of PhIII 3-, 5- & 7-
years post primary immunization in India 106 

Evaluation of booster dose 3 years post primary immunization planned for 
extended Ph II/III study in India 

MCV – measles-containing vaccine. MMR – measles-mumps-rubella vaccine. MCV-A – meningococcal conjugate serogroup A vaccine. 
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There is a robust vaccine development pipeline. Four companies have programmes with a 

TCV candidate with Phase III clinical trials ongoing or completed –BioTCV (Vi polysaccharide 

conjugated to diphtheria toxoid carrier protein, PT Biofarma, Indonesia),109–112 EuTYPH-C (Vi 

polysaccharide conjugated to CRM197 carrier protein, EuBiologics, South Korea),113 

SKYTyphoid (Vi polysaccharide conjugated to diphtheria toxoid carrier protein, SK 

Bioscience, South Korea),114,115 and ZYVAC TCV (Vi polysaccharide conjugated to tetanus 

toxoid carrier protein, Zydus Cadila, India).116 SKYTyphoid recently received an export-only 

license from the Korean regulatory authority,117 and ZYVAC-TCV was licensed in India in 

2017.118 All four manufacturers are seeking WHO Prequalification. The number and diversity 

of TCV manufacturers bodes well for future supply security as part of a healthy markets 

framework.119 Licensure and prequalification of these vaccines will be based on safety and 

immunogenicity data (non-inferiority compared to Typbar-TCV®)120, and manufacturers do 

not have any current plans to conduct additional studies demonstrating efficacy or 

effectiveness of their candidate vaccines against clinical disease, which may have an impact 

on country product preferences. Key data (published and expected) for pipeline vaccines are 

summarised in Table 5.  
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Table 5. Overview of available and expected data for pipeline TCVs95 
 

Bio-TCV (Vi-DT, PT Bio Farma, 
Indonesia) 

SKYTyphoid (Vi-DT, SK Bioscience, 
Korea) 

ZYVAC TCV (Vi-TT, Zydus Cadila, 
India) 

EuTYPH-C (Vi-CRM197, EuBiologics, 
Korea) 

Phase of Development Phase III study completed (Indonesia) Two parallel phase III studies completed 
(Philippines & Nepal) 

Phase III, Phase IV, & active Post-Marketing 
Surveillance ongoing (India) 

Phase II/III study completed (Philippines), 
Phase III starting (Kenya & Senegal) 

Manufacturer’s target 
date for PQ 

2025 2023  2023 (submission planned Sept 2022) 2023 

Indication/ Target 
Ages 

≥ 6 months to ≤ 60 years  ≥ 6 months  ≥ 6 months to ≤ 45 years. Extended age 
indication (to 65 years) to be sought.   

�6 months to �45 years 

Safety Data 3000+ subjects 3000+ subjects <3000 subjects, but PMS study (n=3000) fully 
enrolled  

<3000 subjects 

Immunogenicity data 
(geographic 
representation, 
special populations, 
age range, duration of 
response) 

Phase I (Indonesia) 
• n=30, 18-45 years, 6 month follow-up112 

Ph II (Indonesia) 
• n=600, 6 months – 40 years110,111  

• Long-term follow-up (5 years) of subjects 
aged 6-23 months at initial vaccination 
ongoing 

Phase III (Indonesia) 
• Non-inferiority to Typbar-TCV, n=3071, 6 

months – 60 years (completed) 

Phase I (Philippines) 
• n=144, 2-45 years114 

Phase II (Philippines) 
• n=285, 6-23 months115,121 
• 27.5 month follow-up published,122 longer-

term (5 years) follow-up ongoing 
Ph III (Philippines) 

• n=1800, 6 months- 45 years 
Phase III (Nepal) 

• Non-inferiority vs Typbar-TCV, n=1800, 6 
months–45 years123 

Phase I (India) 
• n= 24,  18-45 years  
Phase II/III (India) 

• Non-inferiority to Typbar-TCV, n=240 6 mo -
45 years116  
• 3 years post vx data submitted & 

manuscript under review  
Phase III (India) 

• Immunogenicity non-inferiority to Typbar-
TCV, n = 238, 45-65 years (completed) 

Phase I (Philippines)  
• Non-inferiority to Typbar-TCV & Vi-PS, n=75, 

18 -45 years113 
Phase II/III (Philippines) 
• Non-inferiority to Typbar-TCV, n=444, 6 

months – 45 years (completed) 
Phase III (Kenya & Senegal)  
Immunogenicity non-inferiority to Typbar-TCV, 
6 months – 45 years, n= 3255 

Coadmin non-
interference data w/ 
routine vaccines? 

• Measles-rubella included in Ph III study 
 

• Coadministration with measles-rubella & 
measles-mumps-rubella included in Ph III in 
Nepal (complete) 

• Coadministration study with measles-rubella 
vaccine (n=900) in infants (9-10 months) 
started March 2022 

• Coadministration with measles-rubella & 
yellow fever will be assessed in Ph III 
(Kenya & Senegal) 

2 dose schedule 
tested? 

2 dose schedule (4 weeks apart) assessed in 
Ph I 

2 dose schedule (4 weeks apart) was assessed 
in Ph I & II 

No, 1 dose only in primary series No, 1 dose only in primary series 

Booster dose 
schedules tested?  

Booster 3 years ±6 months post primary 
immunization tested in extended Ph II 
study.  

Boosters 6 months and 2 years post primary 
immunization compared in extended Ph II 
study (out to 5 years post primary 
immunization) 

Booster 3 years post primary immunization 
tested in extended Ph II/III subset (manuscript 
under review)  

No 



1.3.3 Global policy and vaccine introduction 

1.3.3.1 Vaccine policy & research agenda  

The WHO SAGE met in April 2022 to review new data on typhoid fever epidemiology, AMR, 

and TCV performance. Some of the key topics included the geographic distribution of 

typhoid fever, the increasing threat of AMR, duration of protection of a single dose of TCV, 

and whether a booster dose will be required. I was a consultant with the WHO 

Immunisations, Vaccinations, and Biologicals group from 2021-2023, during which time, I 

organized and presented at a TCV Research Agenda Stakeholder meeting and drafted the 

SAGE background paper for the April 2022 typhoid session, where I presented new data on 

licensed and pipeline TCVs. The high-level meeting TCV Research Agenda report is included 

as Appendix 8, and the WHO SAGE Typhoid Background Paper is included as Appendix 9. 

The broad conclusions of the WHO SAGE session were as follows:124  

• Typhoid fever incidence is high in South Asia and parts of Africa, particularly in school-

aged children and young children, but major regional data gaps remain 

• AMR in S. Typhi is a major threat to effective treatment, particularly resistance to 

ciprofloxacin, azithromycin, and cephalosporins 

• New data showing high efficacy & effectiveness of a single dose of TCV in diverse 

epidemiological settings strengthen the existing 2017 SAGE recommendation for TCV 

introduction 

• No evidence of waning immunity or protection over two years, but questions about 

longer-term duration of protection and the need for and optimal timing of a booster 

dose remain. Additional data will be made available in the next 18-24 months that 

should help settle this question. 
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Key outstanding questions include: 

• What is the overall global disease burden (incidence and severity) - not just in areas 

where multiple surveillance studies have been established)?  

• What is the global burden and distribution of AMR in S. Typhi? 

• What is the impact of TCV on AMR? 

• What is the duration of protection conferred by one dose of TCV? 

• Is a booster dose required and, if so, when?  

 

1.3.3.2 Vaccine introduction status and barriers 

Typhoid conjugate vaccines have been introduced into routine childhood immunization 

programmes in six countries to date. The first public sector TCV introduction was conducted 

at a subnational level in India in the Navi Mumbai Municipal Corporation and included an 

effectiveness and safety evaluation.105,125 Pakistan was the first country to initiate a Gavi-

supported national introduction in 2019,126 followed by Liberia (2021),127 Zimbabwe 

(2021),128 and Nepal (2022).129 Malawi also plans to introduce TCV with Gavi support in 

2023. The Samoan government initiated a self-financed TCV introduction in 2021.130 Several 

additional countries are considering Gavi applications for TCV introduction support.  

There are still some key barriers to decision-making around TCV introduction as well as 

identification of optimal vaccination strategy. Early introduction countries like Pakistan, 

Malawi, Nepal, and Zimbabwe have had access to reliable, laboratory-confirmed S. Typhi 

data and information about AMR profiles, but many countries lack the requisite laboratory 

infrastructure to generate these data. Other key drivers that support decision-making 

include cost-effectiveness and availability of vaccine performance data. Ample data exist 

demonstrating the short-term (1-2 year) efficacy and effectiveness of Typbar-TCV® but no 
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such data exist for other TCVs, which may have an impact on product selection in countries. 

This has been observed for other vaccination programs, like rotavirus, where countries have 

chosen to delay introduction until their preferred product is available.131 Operational 

challenges with recent introductions have included COVID-19-related delays and setbacks 

relating to misinformation around COVID-19 vaccination, school closures disrupting planned 

mass vaccinations in schools, difficulties integrating a new vaccination into already-crowded 

routine immunisation schedules, and human resource limitations. Additional operational 

research for how best to integrate TCV introduction into existing programmes should also 

be considered.  
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1.4 Aims of the thesis  

Enormous progress has been made in the typhoid field in recent years. Our understanding 

of disease incidence and AMR have increased, and TCVs have been evaluated and deployed 

in typhoid-endemic regions. Some of the key challenges to effective typhoid control that 

remain include: 1) a lack of standardized, geographically representative incidence rate data, 

2) the rapid emergence and spread of AMR and the deficit of new antimicrobials in 

development, and 3) the need for widespread deployment of TCVs and sustained 

investments in improved water and sanitation interventions. Due to financial, technical, and 

logistic limitations, it is unlikely that standardized blood culture surveillance will be 

implemented broadly, but it may be feasible and cost-effective to establish and implement 

sentinel genomic surveillance for S. Typhi and other viral and bacterial pathogens in key 

geographies to improve our understanding of transmission dynamics and AMR patterns. 

Over the course of my PhD, I aimed to expand our global understanding of the molecular 

epidemiology of S. Typhi and explore how to link this to effective policy interventions. By 

making information on the emergence and spread of drug-resistant strains more accessible 

to a lay audience, these data are more likely to inform typhoid control policy, at both global 

and regional levels.  

 

Aims of the PhD: 

1. To track the emergence and possible spread of azithromycin-resistant S. Typhi with 

international collaborators in AMR hotspots (South Asia) using genomic data and 

metadata, and to ensure that these data are made widely available and 

understandable to both academic and policy audiences.  



 49 

2. To generate an updated overview of global genotype and AMR distribution for S. 

Typhi and to describe how it varies by time and geography by working with 

international collaborators to aggregate and analyse genomic data and metadata 

from key geographies.  

3. To create a research consortium comprised of a broad network of typhoid 

researchers to encourage S. Typhi WGS data sharing, and to facilitate visualisation 

and analysis of data in a transparent, reproducible manner, to inform public health 

action. 
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Chapter 2: Materials and Methods  

2.1 Overview  

The high-level workflows and methods used to support the analysis in Chapters 3-6 are 

similar and will be described at a conceptual level in this section. However, as each chapter 

describes a discrete analysis of a different genomic dataset with different research 

questions, the specific methods used in each chapter will be described individually for each 

data chapter in subsequent sections as well. 

  

2.1.1 Bacterial identification and antimicrobial susceptibility testing 

In the studies described in this dissertation, bacterial isolates (isolated almost exclusively 

from blood of febrile patients who were consented and enrolled into a blood culture 

surveillance study) were identified as S. Typhi using conventional biochemical methods. 

Serologically confirmed S. Typhi isolates were subjected to antimicrobial susceptibility 

testing against azithromycin, ampicillin, co-trimoxazole, chloramphenicol, ciprofloxacin, and 

additional cephalosporins and/or fluoroquinolones in some instances using disk diffusion. 

Results were interpreted according to Clinical Laboratory Standards Institute (CLSI) 

Guidelines.132 Minimum inhibitory concentration (MIC) testing was conducted on all 

organisms showing resistance to any antimicrobials by gradient diffusion strips using E-tests 

(bioMerieux, France).   
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2.1.2 DNA Extraction and Whole Genome Sequencing 

 
Isolated S. Typhi were subcultured, and total genomic DNA was extracted in all studies using 

commercial genomic DNA extraction kits, and then library preps were performed. In brief, 

quality control was conducted to ensure that ample high-quality genomic DNA was available 

for sequencing, samples were diluted to a prespecified concentration, DNA tagmentation 

was performed, tagmented DNA were amplified, the sample was purified using a PCR clean-

up step, and a final assessment of DNA concentration was performed before libraries were 

normalised and pooled. Pooled samples were submitted to whole genome sequencing using 

one of several Illumina machines to generate paired end reads of a prespecified base pair 

length. Quality control assessments were conducted to look at indicators including phred 

scores (distribution of per base quality), GC content (content of nucleotides guanine and 

cytosine, as well as adenine and thymine, should be roughly equal, assuming high quality, 

accurate, minimally contaminated reads), and presence of adaptors. Low-quality reads 

(typically phred score <20) were trimmed before generating alignments.  

  

2.1.3 Phylogenetic and SNP analysis  

Paired-end reads were assembled and mapped to a reference genome using one of several 

standardized mapping pipelines. Plasmids and recombinant regions were filtered out of 

alignments, and read alignments were used to call genotypes in accordance with the 

GenoTyphi typing scheme.133,134 AMR phenotypes are also called from assemblies using 

standard pipelines. SNP alignments were generated with all read alignments in each 

dataset, as well as additional genomes for context. These larger SNP alignments were used 

to infer maximum likelihood (ML) phylogenetic trees using RAxML.135  
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2.2 Methods used for Chapter 3 

2.2.1 Overview of Severe Enteric Fever in Asia Project (SEAP) 

Collaborators from the Aga Khan University conducted standardized prospective facility and 

laboratory-based blood culture surveillance in outpatient and inpatient wards at Aga Khan 

University Hospital and Kharadar General Hospital from September 2016 and September 

2019.136 These hospitals serve a catchment area of 30 million people in Karachi, including 

densely populated informal urban areas. Subjects presenting to outpatient clinics who lived 

in predefined catchment areas and who reported three consecutive days of fever were 

considered eligible for participation in the study, and those for whom a study clinician 

recommended a blood culture were enrolled. Inpatients with clinical suspicion of typhoid or 

with nontraumatic ileal perforation were also enrolled in the study. The major objectives of 

the study were to establish crude and adjusted incidence rate estimates for S. Typhi and 

Paratyphi A at sites in Bangladesh, Nepal, and Pakistan, as well as to estimate the 

prevalence of AMR and characterise severe enteric fever in these settings.136  

 

2.2.2 Laboratory Samples and Analysis 

Trained phlebotomists collected whole blood samples from enrolled participants prior to 

antimicrobial administration. Samples were incubated for up to five days at 37°C using 

either the BACTEC blood culture system (Becton Dickinson, Franklin Lakes, NJ, USA) or the 

BacTAlert 3D automated blood culture system (BioMérieux, Marcy-l’Étoile, France). Positive 

samples were subcultured onto chocolate agar, sheep blood agar, MacConkey agar, or a 

combination of the three, and species identification was confirmed using biochemical 

testing and O and H antisera (MAST ASSURE, Mast Group, Liverpool, UK) when available.  
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Antimicrobial susceptibility testing by disc diffusion was conducted according to Clinical and 

Laboratory Standard Institute (CLSI) Guidelines – M100-ED-29, 2019.132 MDR, XDR, and 

azithromycin non-susceptibility were reported.  

 

2.2.3. Whole Genome Sequencing and Phylogenetic Analysis 

We aimed to investigate the genetic basis of any organism with potential azithromycin 

resistance through whole-genome sequencing (WGS). Genomic DNA was extracted and 

subjected to WGS on a Hiseq2500 (Illumina, San Diego, CA) to generate 125-bp paired-end 

reads. The resulting sequence data were mapped against the CT18 reference sequence 

(accession number AL513382) using the RedDog mapping pipeline to identify SNPs, and to 

determine the genotype in accordance with the GenoTyphi scheme.24,47,56,57,75,137–142 

(https://github.com/katholt/genotyphi). The single high azithromycin MIC organism was 

categorized as genotype 4.3.1.1, so we aimed to put it into phylogenetic context with 

contemporaneous S. Typhi organisms from South Asia belonging to genotype 4.3.1.1 

(n=663). After removing repetitive sequences and recombination regions,143 we generated a 

final alignment 7,661 chromosomal SNPs for 664 isolates (Table S1). Maximum-likelihood 

phylogenetic trees were inferred from the chromosomal SNP alignments with RAxML 

(v8.2.9)144 and visualized in Microreact145 (https://microreact.org/project/8FjPCdisk) and the 

ggtree package in R.146 SRST2147 was used with ARGannot148 and PlasmidFinder149 to identify 

AMR genes and plasmid replicons, respectively. Mutations in gyrA, and parC, as well as the 

R717Q mutation in acrB, were detected using GenoTyphi 

(https://github.com/katholt/genotyphi). 
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2.3 Methods used for Chapter 3 

2.3.1 Ethical approvals  

Ethical clearance was granted by the Institutional Ethics Committee of the Government 

Multi-specialty Hospital, Sector 16, Chandigarh (letter no GMSH/2018/8763 dated 

26.7.2018) and the Postgraduate Institute of Medical Education & Research (PGIMER) 

Institutional Ethics Committee (IEC-08/2018-285 dated 24-9-2018). Administrative approval 

to conduct this study was provided by the Chandigarh Health Department (CHMM-

2017/2991 dated 28.8.2017). The Collaborative Research Committee of PGIMER (no 79/227-

Edu-18/4997 dated 12/12/2018) also provided ethical approval. Provision of informed 

consent was a requirement for participation in the study. 

 

2.3.2 Study design 

Febrile patients who presented to Civil Hospital Manimajra in Chandigarh (CHMM) between 

September 2016 and December 2017 were approached for inclusion in this study, informed 

consent was administered, and blood cultures were taken following enrollment. CHMM is a 

100-bed secondary health care facility located in a peri-urban neighbourhood in Chandigarh. 

CHMM serves a catchment area of approximately 200,000 people, including patients who 

are referred for advanced care from one of four local primary health care centers. Passive 

community-based blood culture surveillance has been ongoing at this facility since 

November 2013. Study investigators recorded clinical history, laboratory test results, and 

risk factor data for each patient residing in Manimajra with a blood culture-confirmed case 

of enteric fever. This analysis focused exclusively on S. Typhi isolated over the course of this 

enteric fever study. 
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2.3.3 Identification and Antimicrobial Susceptibility Testing 

Bacterial isolates were identified as S. Typhi using conventional biochemical tests (Motility 

agar, Hugh–Leifson Oxidative-Fermentation [OF] test, the Triple Sugar Iron [TSI] test, citrate 

test, urease test, phenyl pyruvic acid [PPA] test, and indole test). Isolate identification was 

confirmed using antisera from Central Research Institute (CRI), Kasauli. Antimicrobial 

susceptibility was determined for the following antimicrobials by disc diffusion: ampicillin 

(10μg), chloramphenicol (30μg), trimethoprim/sulfamethoxazole (1.25/23.75μg), 

ceftriaxone (30μg), azithromycin (15μg), ciprofloxacin (5μg), and pefloxacin (5 μg). Zone 

diameters were measured and interpreted in accordance with Clinical Laboratory Standards 

Institute (CLSI) guidelines.132 MIC testing was also conducted on all organisms showing 

resistance to any of the above antimicrobials by gradient diffusion strips using E-tests 

(bioMerieux, France).  

 

2.3.4 Whole-Genome Sequencing and Phylogenetic Analysis 

All S. Typhi samples were shipped to PGIMER Chandigarh. Isolates from patients residing 

outside of Manimajra, as were those for which there were inadequate clinical metadata, or 

the DNA yield was below the amount required for WGS. Total genomic DNA was extracted 

from the S. Typhi using the Wizard genomic DNA extraction Kit (Promega, Wisconsin, USA).  

and genomic DNA was subjected to WGS using the Illumina MiSeq platform (Illumina, San 

Diego, CA, USA) to generate 250-bp paired-end reads. We then aimed to put these 

sequences into global and regional context. These reads were mapped against the CT18 

reference sequence (accession no. AL513382) using the RedDog mapping pipeline (available 

at: https://github.com/katholt/RedDog) to identify SNPs.47,137,150 After removing prophages 

and recombinant143 and repetitive sequences, we generated a final alignment of 25,832 
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chromosomal SNPs for 3472 isolates. SRST2147 was used with ARGannot148 and 

PlasmidFinder149 to identify AMR genes and plasmid replicons, respectively. Mutations in 

gyrA, and parC, as well as the R717Q mutation in acrB, were detected using GenoTyphi 

(https://github.com/katholt/genotyphi). Maximum likelihood phylogenetic trees were 

inferred from the chromosomal SNP alignments using RAxML (v8.2.9)135, and then visualized 

using Microreact145 (https://microreact.org/project/nniNzBL2uq3XZXYDKgG374) and the 

Interactive Tree of Life (ITOL).151 Raw read data were deposited in the European Nucleotide 

under accession ERP124488 (Table S2). 
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2.4 Methods used for Chapter 5 
 
2.4.1 Study design and bacterial isolates 

To better understand the global population structure during the time that H58 was thought 

to have emerged, we collaborated with the United Kingdom Health Security Agency (UKHSA, 

formerly Public Health England) to aggregate S. Typhi organisms that were collected from 

returning travellers between 1980 and 1995. The database was queried and organisms were 

selected using a random number generator from the following three categories: i) 126 S. 

Typhi with the E1 Phage type (which is considered to be associated with H58)51 originating 

from South Asia (India, Nepal, Pakistan, and Bangladesh), ii) 159 S. Typhi organisms with a 

variety of non-E1 phage types originating from South Asia, and iii) 184 S. Typhi organisms 

with a variety of phage types (both E1 and non-E1) originating from locations outside of 

South Asia. A total of 470 S. Typhi organisms meeting these criteria were randomly selected, 

revived, subjected to DNA extraction and whole genome sequenced. Ultimately, our dataset 

was composed of 463 novel sequences generated as a component of this study and 305 

existing sequences47,56,152 known to belong to the H58 lineage and its nearest neighbours, 

yielding a total of 768 whole genome sequences on which to structure subsequent analysis.  

 

2.4.2 DNA extraction and Whole Genome Sequencing 

Genomic DNA was extracted from S. Typhi isolates using the Wizard Genomic DNA 

Extraction Kit (Promega, Wisconsin, USA), following standardized manufacturer’s protocol. 

Two ng of genomic DNA from each sample was fragmented and tagged for multiplexing with 

Nextera DNA Sample Preparation Kits, followed by paired-end sequencing on an Illumina 

HiSeq2000 Platform to produce 101 bp paired end reads (Illumina, Cambridge, UK). Raw 



 58 

reads were deposited in the European Nucleotide Archive (ENA) under study accession 

number PRJEB15284 (Table S3). 

 

2.4.3 Read alignment and SNP analysis 

FastQC and FASTX-Toolkit bioinformatics pipelines were used to check the quality of raw 

reads.153,154 Six samples were excluded from the analysis, one was determined to not be 

Salmonella, one appeared to be comprised of multiple genotypes, and four samples were on 

a long branch length and were determined to be contaminated. Paired end reads for the 

remaining 464 samples were mapped to the S. Typhi CT18 reference genome (accession 

number: AL513382)155 using the RedDog mapping pipeline (v1beta.10b, available at 

http://githib.com/katholt/reddog). RedDog uses Bowtie2 v2.2.9141 to map all raw reads to 

the CT18 reference genome and then uses SAMtools v1.3.1156156 to identify high quality SNP 

calls. SNPs that did not meet predefined criteria (a minimal phred quality score of 30 and 

depth coverage of 5 were filtered out).57 A failed mapping sequence was defined as when 

<50% of total reads mapped to the reference genome. 2 isolates were excluded from 

additional analysis after mapping failed, due to depth coverage of less than 10 (as per the 

RedDog pipeline default). A concatenation of core SNPs that were present in >95% of all 

genomes was generated and filtered to exclude all SNPs from phage regions or repetitive 

sequences in the genome reference CT18 as defined previously (Table S3).60 Gubbins 

(v2.3.2)143 was used to filter out SNPs in recombination regions. Finally, the alignment of 

17,325 SNPs from mapping of the remaining 462 isolates was utilized for phylogenetic 

analysis. Resultant BAM files for all isolates from RedDog mapping were used to determine 

previously defined genotypes according to an extended genotyping framework using the 

GenoTyphi pipeline49 (available: https://github.com/katholt/genotyphi).  
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Based on the results of our mapping, we also undertook a detailed genetic analysis to look 

for non-synonymous SNPs that were unique to the early (isolated between 1980 and 1995) 

H58 (genotype 4.3.1) isolates in our dataset, as well as SNPs that were unique to early H58 

isolates that were MDR, to investigate why this lineage was so globally successful, and how 

it maintained its MDR IncH1 plasmid. 



 
2.4.3 Phylogenetic analysis 

RAxML (v8.2.9)26 was used to infer maximum likelihood (ML) phylogenetic trees from the 

final chromosomal SNP alignment, with a generalized time-reversible model, a gamma 

distribution to model site-specific rate variation (the GTR+ Γ substitution model; 

GTRGAMMA in RAxML), and 100 bootstrap pseudo-replicates to assess branch support. 

Salmonella Paratyphi A AKU1_12601 (accession no: FM200053)157 was used as an outgroup. 

The resultant trees were visualized using Interactive Tree of Life (iTOL)151 and the ggtree 

package in R.158 An interactive visualisation of this phylogeny and associated metadata can 

be found in Microreact (https://microreact.org/project/hzELvWqY3UCvsyAw892fnd-origins-

of-h58-s-typhi).145   

 

2.4.4 Characterisation of AMR associated genes and mobile elements 

SRST2 (v0.2.0) 147 was used to detect AMR genes and plasmid replicons using the 

ARGannot148 and PlasmidFinder149 databases, respectively. Mutations in the gyrA and parC 

genes, as well as the R717Q mutation in acrB, were detected using Mykrobe v0.10.0.159 

 

2.4.5 Bayesian phylogenetic analysis of H58 and nearest neighbours 

To infer where and when the first H58 (genotype 4.3.1) organism emerged, we conducted 

Bayesian phylogenetic analyses on a subset (n=345) of H58 (genotype 4.3.1) from our 

dataset and from published literature isolated between 1980 and 2000.45,56,152 This analysis 

of 345 S. Typhi isolates was conducted in the BEAST v1.8.4.160 The temporal signal of the 

data was checked initially. The maximum likelihood tree, constructed using the GTR+ Γ 

substitution model and GTRGAMMA, was subjected to TempEst v1.5 to test the best fit of 
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linear regression between sampling dates and their root-to-tip genetic distances, using 

default TempEst parameters.161 To further test temporal signal, the TipDatingBeast R 

package was used to randomly reassign the sampling dates of sequences 20 times to create 

date-randomized data sets. BEAST analyses were conducted for these randomized data sets 

and the mean rates were compared between runs. The data had sufficient temporal signal if 

the 95% credible interval of mean rates of the date-randomized datasets did not overlap 

with that of the original sampling dataset.162,163 

 

An automatic model selection program (ModelFinder)164 was implemented through IQ-

TREE165 and run on the non-recombinant SNP alignment (724 variable sites) to select the 

best-fit sequence evolution model for BEAST analysis. ModelFinder showed that GTR had 

the lowest Bayesian Information Criteria (BIC) score and thus it was chosen as the best-fit 

substitution model.  

 

As part of the BEAST analysis, six different model combinations were run for six 

combinations, and the final analysis was conducted using the best fitting model The path 

sampling and stepping-stone sampling approaches were applied to compare the log 

marginal likelihoods of the different runs.166,167  The GTR+Γ4 with strict clock and Bayesian 

skyline was identified as the best-fit model for running BEAST. Finally, BEAST was run three 

independent times using the best-fit model, using a Bayesian Markov chain Monte Carlo 

(MCMC) parameter-fitting approach (generated 107 chains and sampled every 1000 

iterations). The log files after three runs were combined using LogCombiner v1.8.3168 with a 

burn-in rate of 10%. The effective sample size (ESS) of all parameters was assessed by Tracer 

v1.8.3.169 If the ESS of any parameters was less than 200, we increased the MCMC chain 
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length by 50% and reduced the sampling frequency accordingly.166 The trees were combined 

and summarized using LogCombiner v1.8.3 and TreeAnnotator v1.8.3.160   
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2.5 Methods used for Chapter 6 
 
2.5.1 Ethics 
 
Each contributing study or surveillance program obtained local ethical and governance 

approvals, as reported in the primary publication for each dataset. For the present study, 

inclusion of data that were not yet public domain by August 2021 was approved by the 

Observational / Interventions Research Ethics Committee of the London School of Hygiene 

and Tropical Medicine (ref #26408), based on details provided on the local ethical approvals 

for sample and data collection. 

 

2.5.2 Sequence data aggregation and processing 
 
Attempts were made to include all S. Typhi sequence data generated in the 21 years since 

the first genome was sequenced, through August 2021. Genome data and the 

corresponding data owners were identified from literature searches and sequence database 

searches [European Nucleotide Archive (ENA); NCBI Short Read Archive (SRA) and GenBank; 

Enterobase]. Unpublished data, including data from ongoing burden studies and routine 

public health laboratory sequencing, were identified through professional networks, 

published study protocols,12 and an open call for participation in the Global Typhoid 

Genomics Consortium. All data generators identified through the above means were invited 

to join the Global Typhoid Genomics Consortium and to provide or verify corresponding 

source information, with year and location being required fields (see below). Nearly all 

those contacted responded and will be included as Consortium authors on this study. The 

exceptions were one genome reported from Malaysia170 and n=133 draft genomes reported 

from India,171 for which reads were not available in NCBI and authors did not respond to 

email inquiries. A further n=850 genomes sequenced by United States Centers for Disease 
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Control (CDC) were excluded from analysis as they are likely travel-associated but lacked 

sufficient epidemiological information to determine country of origin. 

 

Whole genome sequence data, in the form of Illumina fastq files, were sourced from the 

European Nucleotide Archive (ENA) or Short Read Archive (SRA) using the run accessions 

provided in Table S4 or were provided directly by the data contributors in the case of data 

that was unpublished in August 2021. Primary sequence analysis was conducted at the 

Wellcome Sanger Institute. 

 

Illumina reads were assembled using the Centre for Genomic Pathogen Surveillance (CGPS) 

assembly pipeline v2.1.0 

(https://gitlab.com/cgps/ghru/pipelines/dsl2/pipelines/assembly/),172 which utilises the 

SPAdes assembler (v3.12.0).173 Assemblies were uploaded to Pathogenwatch to confirm 

species and identify AMR determinants and plasmid replicons.72 Assemblies of >5.5 Mbp or 

<4.5 Mbp in size were excluded from further analysis. Reads were mapped, using the CGPS 

mapping pipeline v1.2.2 (https://gitlab.com/cgps/ghru/pipelines/snp_phylogeny/), to a 

concatenation of the S. Typhi CT18 chromosome and plasmid (pHCM1, pHCM2) reference 

sequences (accessions AL513382-AL513384). The pipeline uses bwa-mem v0.7.17174–176 to 

map reads and samtools v1.16156 to call SNPs, and we used the default filtering options to 

obtain high-quality SNP calls as follows: '%QUAL<25 || FORMAT/DP<10 || 

MAX(FORMAT/ADF)<5 || MAX(FORMAT/ADR)<5 || 

MAX(FORMAT/AD)/SUM(FORMAT/DP)<0.9 || MQ<30 || MQ0F>0.1'. SNPs in known phage 

or repetitive regions (coordinates available at: https://bit.ly/33kmypF) were also filtered out 

a priori using remove_blocks_from_aln.py (available at: https://github.com/sanger-
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pathogens/remove_blocks_from_aln) as these are unsuitable for phylogenetic analysis. 

Genotypes, as defined under the GenoTyphi scheme,47,133 were called directly from Illumina 

reads using Mykrobe v0.10.0 and collated using the Python code available at 

https://github.com/katholt/genotyphi.  

 

2.5.3 Quality control of sequence data 

Of the 13,031 readsets collated, one was excluded as it failed assembly and eight were 

excluded as they were suspected to be non-S. Typhi based on excessive divergence from the 

S. Typhi reference sequence [49,543-112,951 high-quality chromosomal SNPs after filtering, 

vs median 376 (range 59-804) for the rest of the data set]. Pathogenwatch analysis of the 

corresponding genome assemblies identified these eight as other S. enterica serovars (2 

Paratyphi B, 2 Enteritidis, 1 Montevideo, 1 Newport, 1 Durban) or other species (1 K. 

pneumoniae). 

 

A further 103 readsets were identified as likely mixtures of S. Typhi strains, based on 

excessive high-quality heterozygous SNP calls (>2.7% of total SNPs remaining after filtering) 

that could not be explained by recombination or HGT (i.e. SNPs were not spatially clustered, 

as would be expected if they result from imported DNA). Code used for this quality control 

step, to analyse the VCF files resulting from the mapping analysis, is available at 

https://github.com/zadyson/SNP_Stats_GeneratorXX. These 103 ‘mixed’ Typhi genomes 

were included in descriptive statistical analyses, as the genotype and AMR calls were 

considered to represent those of the dominant strain in the mixture, but they were 

excluded from phylogenetic analyses as these rely on alignments of SNP alleles that are 

assumed to represent single haplotypes.  
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2.5.4 Metadata curation and variable definitions 

Owners of the contributing studies were asked to provide or update source information 

relating to their genome data, using a standardised template (http://bit.ly/typhiMeta). 

Repeat isolates were defined as those that represent the same case of typhoid infection 

(acute disease or asymptomatic carriage) as one that is already included in the data set. In 

such cases, data owners were asked to indicate the 'primary' isolate (either the first, or the 

best quality, genome for each unique case) to use in the analysis. Repeat isolates were then 

excluded from the data set entirely. 

 

Data provided on the source of isolates (specimen type and patient health status) are shown 

in Table S5. This information was used to identify isolates that represent cases of acute 

typhoid illness. ‘Confirmed acute illness’ genomes were defined as those recorded as 

isolated from blood of symptomatic individuals (n=6,349). A further n=119 were recorded as 

asymptomatic carriers. The remaining genomes had no health status recorded (i.e. 

symptomatic vs asymptomatic carrier); of these, the majority were from blood isolates 

(n=3,375) or the specimen type was not recorded (n=2,529). Since most studies and 

surveillance programs are set up to capture acute cases rather than asymptomatic carriers, 

we defined ‘Assumed acute illness’ genomes as all those not recorded explicitly as 

asymptomatic carriers (n=119) or coming from gall bladder (n=1) or environmental (n=14) 

samples; this resulted in a total of 12,888 genomes assumed to represent acute illness. 

We defined ‘country of origin’ as the country of isolation; or for travel-associated infections, 

the country recorded as the most likely origin of infection based on travel history.55,177–179 

Countries were assigned to geographical regions using the United Nations Statistics Division 
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standard M49 (see https://unstats.un.org/unsd/methodology/m49/overview/); we used the 

intermediate region label where assigned and subregion otherwise. To identify isolate 

collections that were suitably representative of local pathogen populations, for the purpose 

of calculating genotype and AMR prevalence rates for a given setting, data owners were 

asked to indicate the purpose of sampling for each study or dataset. Options available were 

either ‘Non-Targeted’ (surveillance study, routine diagnostics, reference lab, other; 

n=11,130), ‘Targeted’ (cluster investigation, AMR focused, other; n=1,878) or ‘Not Provided’ 

(n=14). 

 

2.5.5 AMR determinants and definitions 

AMR determinants identified in the genome assemblies using Pathogenwatch were used to 

define drug resistance variables as follows. Multidrug resistance (MDR): resistance 

determinants for chloramphenicol (catA1 or cmlA), ampicillin (blaTEM-1D, blaOXA-7), and 

co-trimoxazole (at least one dfrA gene and at least one sul gene). Ciprofloxacin non-

susceptible (CipI/R): one or more of the quinolone resistance determining region (QRDR) 

mutations at gyrA-83, gyrA-87, parC-80, parC-84, gyrB-464 or presence of a plasmid-

mediated quinolone resistance (PMQR) gene (qnrB, qnrD, qnrS). Ciprofloxacin resistant 

(CipR): QRDR triple mutant (gyrA-83 and gyrA-87, together with either parC-80 or parC-84), 

or plasmid-mediated quinolone resistance (PMQR) together with gyrA-83, gyrA-87 and/or 

gyrB-464. Third-generation cephalosporin resistance (3GCR): presence of an extended-

spectrum beta-lactamase (ESBL) (blaCTX-M-12, blaCTX-M-15, blaCTX-M-23, blaCTX-M-55, 

blaSHV-12) or ampC gene. Extensive drug resistance (XDR): MDR plus CipR plus 3GCR. 

Azithromycin resistance (AziR): mutation at acrB-717 or presence of ereA. The above lists all 

those AMR determinants that were found here in ≥1 genome and used to define AMR 
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profiles and prevalence rates; additional AMR genes sought by Typhi Pathogenwatch but 

not detected are listed in Supplementary Table 2 of Argimon et al, 2021.43 

 

2.5.6 Prevalence estimates 

Genotype and AMR frequencies were calculated at the level of country and UN world region 

(based on ‘country of origin’). Inclusion criteria for these estimates were: known ‘country of 

origin’, known year of isolation, non-targeted sampling, assumed acute illness. A total of 

10,768 genomes met these criteria, the subset of 9,467 isolated from 2010 onwards are the 

focus of the majority of analyses and visualisations. The prevalence estimates reported in 

text and figures are simple proportions. Robustness of prevalence estimates was assessed 

informally, by comparing point estimates and 95% confidence intervals for national 

prevalence rates derived from data contributed by different laboratories (for genomes 

isolated from 2010, and laboratories with N≥20 genomes meeting the inclusion criteria 

during this period. 
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Chapter 3: Azithromycin-resistant S. Typhi in Pakistan 

3.1 Abstract 

This chapter describes the identification and molecular investigation of an azithromycin-

resistant S. Typhi isolate in Pakistan in the context of the Severe Enteric fever in Asia (SEAP) 

Project. This is the first published instance of an S. Typhi isolate from Pakistan with a single 

point mutation in the acrB gene, which has recently been identified as a molecular 

mechanism for resistance to azithromycin. Our investigation showed that this isolate was 

not related to azithromycin-resistant acrB mutants identified in Bangladesh,75 but that this 

mutation had arisen independently. These findings are particularly worrisome considering 

the ongoing XDR typhoid outbreak in Pakistan. It is hoped that the national introduction of 

typhoid conjugate vaccine (TCV) will slow the spread of XDR typhoid and prevent infections 

caused by XDR and other drug-resistant S. Typhi strains. These data were published in mBio 

in 2020 (Iqbal et al.). I outlined the research questions and led the drafting of the paper 

described in this chapter. Colleagues in Pakistan collected blood samples from febrile 

patients. DNA extraction and WGS were conducted by colleagues from OUCRU Nepal, and 

another colleague at London School of Hygiene and Tropical Medicine (LSHTM) ran the 

phylogenetic analysis and generated the phylogenetic tree (Figure 12).  

 

3.1.1 Typhoid fever and AMR in Pakistan 

Typhoid is a notifiable disease in Pakistan, and Pakistan has a long, well-studied history of 

high incidence rates of typhoid fever.180–182 Investigators from the SEAP study (described in 

Chapter 1.1.3.3) estimated all-age adjusted incidence rates between 103 (85-126) and 176 

(144-216) cases per 100,000 person-years in Karachi, with highest age-specific adjusted 
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incidence rate estimates in 2-4 year olds (371 [265-534] and 910 [662-1269] cases per 

100,000 person-years at Aga Khan University Hospital and Kharadar General Hospital, 

respectively). AMR, particularly MDR and fluoroquinolone resistance, has also been 

prevalent in S. Typhi in Pakistan for decades, with 91.7% of S. Typhi isolated by the Aga Khan 

University Hospital laboratory (with 190 collection sites across the country) exhibiting 

fluoroquinolone resistance by 2011.183 A small number of S. Typhi organisms that were 

resistant to third generation cephalosporins were also reported in Pakistan between 2009 

and 2011.183 The emergence and spread of an extensively drug-resistant (XDR) S. Typhi 

variant in Hyderabad, Pakistan,24,25 which is resistant to chloramphenicol, ampicillin, co-

trimoxazole, streptomycin, fluoroquinolones, and third generation cephalosporins, was a 

major cause for concern and led to a reactive TCV vaccination campaign in this area, 

followed by national introduction of TCV into routine immunisation.100 XDR typhoid has 

since spread throughout other parts of the country and become prevalent,22,184,185 leaving 

azithromycin as the only effective oral option for typhoid treatment in many parts of the 

country.  

 

3.1.2 Azithromycin resistance in S. Typhi 

In 2019, researchers from Child Health Research Foundation in Dhaka, Bangladesh identified 

a new molecular mechanism of resistance in S. Typhi – a single non-synonymous point 

mutation at position 717 in the gene coding for AcrAB, which is an efflux pump that 

removes small molecules from bacterial cells, which they identified in 12 S. Typhi strains and 

one Salmonella Paratyphi A strain from their study setting.75 This mutation resulted in the 

conversion of an arginine (R) to a glutamine (Q). To investigate the potential role this 

mutation might play in mediating azithromycin resistance, colleagues cloned acrB from 
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azithromycin-sensitive and resistant strains of S. Typhi, expressed them in E. coli, S. Typhi, 

and Paratyphi A strains, and tested their MICs. The presence of acrB-R717Q resulted in 11-

fold and 3-folder higher MICs in E. coli and S. Typhi, respectively. The single azithromycin 

resistant Paratyphi A strain contained a different single point mutation at position 7171 in 

acrB, leading to the conversion of an arginine (R) to a leucine (L). The presence of this R717L 

mutation in E. coli and Paratyphi A led to 7-fold and 3-fold increases in MIC, respectively. 

This established the potential of R717 mutations to mediate azithromycin resistance.   

 

This first report of molecularly confirmed azithromycin-resistant S. Typhi in Bangladesh 

highlighted the dangers associated with overreliance on azithromycin to treat enteric fever. 

When collaborators from the Aga Kha University (AKU) and the broader Surveillance for 

Enteric fever in Asia Project (SEAP) identified potential azithromycin resistance among S. 

Typhi organisms isolated during the SEAP study, we established a collaboration to sequence 

these strains and to investigate whether this molecular mechanism of resistance to 

azithromycin was present in these organisms.  

 

3.2 Results 

3.2.1 Sample collection and laboratory analysis  

Between the specified dates, 10,080 patients were enrolled in the SEAP study at the two 

sites in Karachi; 2,104 had a positive blood culture for S. Typhi, and 139 had a positive blood 

culture for S. Paratyphi A. Following antimicrobial susceptibility testing by disc diffusion, six 

S. Typhi isolates exhibited potential azithromycin resistance (diameter >12 mm). MIC testing 

was conducted on these six isolates. One failed to revive, four isolates had azithromycin 

MICs ranging between 1 and 2g/ml and one S. Typhi isolate had an MIC of 12g/ml. This 
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places this isolate at the upper range of the wild-type azithromycin susceptibility 

distribution (the current CLSI susceptibility breakpoint for azithromycin resistance is 

16g/ml). This isolate also exhibited resistance to chloramphenicol, fluoroquinolones, and co-

trimoxazole, but it was susceptible to third generation cephalosporins. The use of a 

consistent case definition and inclusion and exclusion criteria make this sample set more 

likely to be representative and unbiased, although there may be a bias towards more severe 

disease and/or illness caused by a drug-resistant pathogen, as less serious illness caused by 

a drug-susceptible pathogen might resolve more quickly and/or be treated in the 

community, given the widespread availability of antimicrobials. Given that this is one isolate 

out of a relatively large sample set, we did not attempt to make any prevalence calculations.  

 

3.2.2 Phylogenetic interpretation 

Following WGS and phylogenetic analysis, this higher azithromycin MIC S. Typhi isolate was 

classified as genotype 4.3.1.1 (H58 lineage I), placing it in the same sublineage at that of the 

XDR clade circulating at high prevalence in Pakistan. The organism also had a single 

mutation in gyrA (S83F), resulting in reduced fluoroquinolone susceptibility. The putative 

mechanism of higher MIC against azithromycin was the same R717Q mutation in the gene 

encoding acrB as that identified in S. Typhi belonging to genotype 4.3.1.1 in Bangladesh.75 

The identification of this mutation in S. Typhi in Pakistan raised an important question - was 

this a de novo mutation in the Pakistan-specific 4.3.1.1 cluster or was this organism part of 

larger, internationally disseminating, azithromycin-resistant clone?  

 

The phylogenetic tree shown in Figure 12 indicated that this was a spontaneous mutation 

that emerged independently in Pakistan, since it was distantly related (relative within H58 
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lineage I) to the organisms with acrB mutations in Bangladesh, and independent from the 

proximal XDR sublineage.  
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Figure 12. South Asian H58 lineage I (genotype 4.3.1.1) phylogenetic tree (Iqbal et al 
2020).32  
 
Phylogenetic tree showing genotype 4.3.1.1 isolates from South Asia (n=664). Branches are 
coloured by source country according to the inset legend and first colour bar. The second 
colour bar indicates genomes containing the acrB-R717Q mutation. The third colour bar 
indicates mutations in the quinolone resistance deter-mining region (QRDR) of genes gyrA, 
and parC. The final colour bar indicates MDR and XDR sequences. 
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3.3 Discussion  

Typically, the isolation of a single S. Typhi organism exhibiting resistance to an antimicrobial 

agent being used as the primary therapy for typhoid fever would be notable, if not a grave 

public health issue. However, considering the emergence of XDR typhoid in Pakistan and the 

subsequent reliance of azithromycin for the treatment of typhoid and other bacterial 

infections, this first report of azithromycin resistant S. Typhi in Pakistan is a major cause for 

concern. When one considers the rapidity with which single point in the quinolone 

resistance determining region (QRDR; mutations in this region confer reduced 

fluoroquinolone susceptibility) emerged independently in settings where fluoroquinolones 

were also be used widely, we can reasonably anticipate the emergence of similar 

homoplasies elsewhere. It is too early to predict how these organisms may spread, and it is 

encouraging that these mutations have not yet been reported in any XDR S. Typhi in 

Pakistan or elsewhere. However, given the spontaneous nature of these mutations, it is 

conceivable that one could arise in an XDR S. Typhi organism, and/or that the IncY plasmid 

found in XDR organisms could be mobilised into an azithromycin-resistant S. Typhi lineage.  

 

There is reason to be hopeful. Driven in part by the emergence and spread of XDR typhoid, 

Pakistan became the first country to initiate a Gavi-supported nationwide typhoid conjugate 

vaccine (TCV) introduction, which started with a mass vaccination campaign in Sindh 

province in November 2019.126,186 In addition, a recently published evaluation of the 

reactive TCV campaign that was conducted in Hyderabad, Pakistan showed that TCV was 

highly effective against both blood culture-confirmed S. Typhi (95%; 93-96) as well as XDR S. 

Typhi (97%; 95-98).100 This bodes well for the potential of widespread TCV use to lead to 

reduced incidence of typhoid fever and XDR typhoid fever in Pakistan. However, drug-
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resistant S. Typhi, particularly azithromycin resistant S. Typhi, have been observed in many 

other countries where TCV has not yet been introduced.  

 

Now, there is a race against time to prevent the inevitable emergence and spread of 

untreatable typhoid fever. There are two TCVs that have been prequalified by the World 

Health Organization, but uptake of TCVs has been slower than expected. Effective treatment 

is still paramount for typhoid control, as are water and sanitation interventions. It will be 

important progress with additional intervention strategies and to continue to track AMR in 

S. Typhi, both to inform best practices for antimicrobial treatment guidelines and to inform 

where and how best to deploy preventative interventions like TCVs.  
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Chapter 4: Emergence of azithromycin-resistant S. Typhi in independent lineages in 

Chandigarh, India 

4.1 Abstract 

This chapter describes a phylogenetic analysis of S. Typhi isolated as part of a blood culture 

surveillance study conducted in a typhoid-endemic state in northern India. Sixty-six S. Typhi 

were isolated over a fifteen-month period, seven of which were azithromycin resistant 

because of the same point mutation in the acrB gene that had been observed in Bangladesh 

and Pakistan. We aimed to investigate the relatedness of these organisms and found that 

within this relatively short time and in a small catchment area, acrB mutations appeared 

independently in two separate genetic lineages. We also put these sequences into 

phylogenetic context with other azithromycin resistant organisms from Bangladesh, 

Pakistan, and Nepal and demonstrating that these acrB mutations have been occurring 

spontaneously and independently in multiple locations in South Asia where there is intense 

selection pressure, warranting urgent use of preventative interventions like typhoid 

conjugate vaccines, as well as careful monitoring of azithromycin use throughout the region 

to prevent additional emergence of resistance. The results of this analysis were published in 

Clinical Infectious Diseases in 2021 (Careyet al). I outlined the research questions, conducted 

the data analysis, generated visualisations of typhoid fever seasonality (Figure 13) and the 

phylogenetic trees of our data (Figure 14) and our data in context with a globally 

representative collection of S. Typhi isolates (Figure 15), and wrote the manuscript. 

Colleagues in Chandigarh collected blood samples, colleagues from OUCRU Nepal conducted 

DNA extractions and WGS, and a colleague at LSHTM ran the bioinformatic analyses.  
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4.2 Introduction 

The majority of typhoid fever disease burden is believed to be concentrated in South Asia, 

which has a modelled overall incidence rate of 592 cases per 100,000 person-years.1 The 

burden of disease in India has not been well described in published literature, although a 

pooled incidence rate estimate of 377 cases per 100,000 person-years has been calculated 

using limited population-based data; significant geographical heterogeneity was 

observed.187 The Surveillance for Enteric Fever in India (SEFI) study was established to 

generate geographically representative, age-specific incidence data for typhoid fever, as 

well as additional information regarding cost of illness, range of clinical severity, and 

AMR.188 These data will undoubtedly provide a more comprehensive understanding of 

typhoid fever incidence rates and drug resistance profiles across the Indian sub-continent, 

and ultimately, should inform decision-making around typhoid conjugate vaccine (TCV) 

introduction and identification of optimal introduction strategy in India.189  

 

As indicated in previous chapters, there is an escalating problem caused by drug resistant S. 

Typhi in South Asia. This is likely due in part to empirical treatment of febrile patients and 

widespread community availability of antimicrobials. While patterns of resistance to first-

line antimicrobials and fluoroquinolones have been well established and described, there 

are open questions about the global and regional distribution of azithromycin resistance, 

which appears to have emerged more recently, and the potential for the emergence of a 

specific sub-lineage of S. Typhi with this phenotype. In this study, we sought to characterise 

the molecular basis of drug-resistant S. Typhi isolated during a cross-sectional enteric fever 

surveillance study conducted in Chandigarh in Northern India. Using WGS and phylogenetic 

analysis, we described the distribution of a collection of azithromycin resistant S. Typhi and 
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demonstrated that these organisms arose independently from those reported in Pakistan 

and Bangladesh through the development of an identical mutation in arcB. Our data support 

the prioritization of TCV introduction in India to prevent the continued emergence and 

spread of drug-resistant S. Typhi infections in South Asia.  

 

4.2 Results 

4.2.1 Epidemiological observations 

Typhoid fever is a major public health concern among children and young adults in this 

region of Northern India. It is thought that many cases in this area, a hub for the states of 

Punjab, Haryana, and Himachal Pradesh, are associated with the mixing of large populations 

of seasonal workers from the adjoining states. These workers generally live in informal 

dwellings with poor sanitation and limited access to safe water. Approximately 1,500 

suspected enteric fever patients present to the CHMM facility annually and receive blood 

cultures, of which ~10% are positive for S. Typhi. There is a seasonal peak of typhoid fever in 

this facility during the monsoon months from May to September (Figure 13).  
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Figure 13. The annual seasonality of typhoid fever in Manimajra, Chandigarh (Carey et al 
2021).  
 
Plots showing the number of typhoid cases recorded the civil hospital in Manimajra from 
2014 to 2019. The observed annual peak in typhoid cases corresponds with the monsoon 
season in Northern India (May to September).  
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The S. Typhi organisms interrogated here by WGS were isolated between September 2016 

and December 2017 and all originated from blood cultures taken from febrile patients 

attending CHMM using standardized enrollment criteria. This reduces the likelihood of 

obtaining a biased sample, although one can reasonably assume that patients presenting to 

a healthcare facility might be more likely to have severe disease, possibly caused by a drug-

resistant pathogen, as less severe illnesses and/or those caused by sensitive pathogens 

might resolve without treatment or be treated successfully in the community. All patients 

with a positive blood culture for S. Typhi resided within 12.9 km of the healthcare facility 

and were in an area of ~28 km2. S. Typhi was isolated throughout the specified months, 

again with higher number of cases observed between May and September. The median age 

of typhoid patients included in this analysis was seven years of age. The standard of care 

antimicrobials at this facility for patients with suspected enteric fever in outpatient settings 

are cotrimoxazole, cefixime, and/or azithromycin, and ceftriaxone for inpatients.  
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4.2.2 The local phylogenetic structure of S. Typhi 

Following data quality control, we generated and analysed 66 S. Typhi genome sequences 

from typhoid fever patients in Chandigarh. We observed that the population structure of S. 

Typhi around Chandigarh exhibited a high level of genetic diversity, with eight co-circulating 

genotypes, which was suggestive of population mixing and sustained introduction of 

organisms from a variety of locations across India (Figure 14). However, as has been 

observed in several other locations in Asia and East Africa, most organisms (80%; 53/66) 

belonged to lineage 4.3.1 (H58), with the majority of those (66%; 35/53) belonging to 

genotype 4.3.1.2. In total, 24% (16/66) of isolates were subclade 4.3.1, and 3% (2/66) were 

H58 sublineage II (genotype 4.3.1.1). Additional genotypes included clade 3.3 (7.5%, 5/66), 

clade 2.5 (7.5%, 5/66), subclade 3.3.1 (1.5%, 1/66), clade 4.1 (1.5%, 1/66) and major lineage 

2 (genotype 2; 1.5%, 1/66).  
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Figure 14. The phylogenetic distribution of S. Typhi isolated at the civil hospital in 
Manimajra, Chandigarh (Carey et al 2021).  
 
Phylogenetic tree generated in RaxML of the 66 S. Typhi isolates. This collection shows 
considerable genetic diversity, with eight genotypes represented (indicated by colours on 
branches and in first column). Mutations in the Quinolone Resistance Determining Region 
(QRDR), and presence of the acrB-R717Q mutation are shown for each organism. There are 
two distinct clusters of organisms with the acrB mutation that confers azithromycin 
resistance; each of these individual organisms is indicated with a star.  
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4.2.3 Fluoroquinolone resistance 

All (66/66) S. Typhi genome sequences, regardless of the genotype, possessed mutations in 

the gyrA gene, conferring reduced susceptibility to fluoroquinolones. Notably, given that 

these mutations were observed in a range of genotypes, these had occurred independently, 

likely because of sustained antimicrobial pressure from widespread fluoroquinolone use in 

the region. We also observed multiple gyrA mutation profiles in 4.3.1 organisms conferring 

intermediate resistance against fluoroquinolones (0.12μg/ml < ciprofloxacin MIC < 1μg/ml). 

These mutations included S83Y (29.1%; 16/55), S83F (16.4%; 9/55), and D87N (1.8%, 1/55). 

Additionally, we identified a subclade of organisms that represented 49.1% (27/55) of the 

H58 isolates, all of which were genotype 4.3.1.2, that contained the classical triple 

mutations associated with full fluoroquinolone resistance (S83F and D87N in gyrA and S80I 

in parC)137. These organisms exhibited high-level fluoroquinolone resistance (ciprofloxacin 

MIC >24μg/ml). Our observations with respect to ubiquitous fluoroquinolone resistance 

were concerning; however, none of the S. Typhi isolates were MDR, which may be 

associated with a reduced reliance on older classes of antimicrobials.  

 

4.2.4 Azithromycin resistance 

We identified that 7/66 (10.6%) of the sequenced isolates contained a mutation in acrB, a 

gene encoding a component of the AcrAB efflux pump.190 Mutations in acrB have been 

previously observed to be associated with resistance to azithromycin75. Here, the acrB 

mutation was non-synonymous (R717Q) and identified in six genotype 4.3.1.2 organisms 

and in one genotype 3.3.1 organism. These data are indicative of convergent mutation in 

different lineages, highlighting a potential increasing reliance on azithromycin; this selective 
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pressure is further accentuated by the small clonal expansion in genotype 4.3.1.2 (Figure 

14).  

 

As discussed in Chapter 3, the R717Q mutation in acrB has been linked to high azithromycin 

MICs in genotype 4.3.1.1 S. Typhi isolates from Bangladesh24 and in a genotype 4.3.1.1 S. 

Typhi organism isolated in Pakistan.75 The contemporary Indian S. Typhi isolates identified 

here with the same R717Q mutation in acrB showed resistance to azithromycin with an MIC 

>16μg/ml (range: 16 ->256μg/ml). Our data suggested that these R7171Q mutations in the 

acrB gene have arisen spontaneously in India. To test this hypothesis, we constructed an 

expanded phylogenetic tree comprising a global S. Typhi collection, including organisms 

from across South Asia and the recently described azithromycin-resistant organisms from 

Bangladesh, Pakistan, and Nepal. We found that the azithromycin-resistant S. Typhi from 

India were phylogenetically distinct from those reported from Bangladesh, Pakistan, and 

Nepal (Figure 16). Additionally, we found that the azithromycin-resistant organisms 

associated with acrB mutations were dispersed around the tree and appear to have arisen 

on at least five different occasions, with a different acrB point mutation in organisms from 

Nepal (R717L), which was also associated with azithromycin resistance (MIC >256 mg/L).191  

 

The azithromycin-resistant isolates from India described here were isolated in 2017, 

meaning that they are contemporaneous with those reported from Bangladesh and 

Pakistan, and arose independently in phylogenetically distinct lineages. Six of the seven 

Indian isolates with the R717Q mutation in arcB (all 4.3.1.2) were also within the group of 

organisms with the triple mutation associated with high level fluoroquinolone resistance, 
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making these organisms highly resistant to these two key oral antimicrobials used to treat 

typhoid fever and other bloodstream infections in the region.



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15. Azithromycin resistant S. Typhi from Chandigarh in global context. 
Diagram depicts a maximum likelihood rooted phylogenetic tree with a final alignment of 25,832 chromosomal SNPs for 3,472 globally 
representative S. Typhi isolates, including all publicly available isolates from India. The colour of the internal branches represents the 
genotype, the coloured ring around the tree indicates the country or region of origin for each isolate, and the blue stars indicate which isolates 
were originate from this study. Additionally, the tree contains each known S. Typhi isolate with an acrB mutation in public databases, these 
originate from India, Nepal, Bangladesh, and Pakistan. The location of the XDR isolates from Pakistan are added for context. 



4.3 Discussion  

In this study, we aimed to describe the genomic aspects of S. Typhi causing febrile illness in 

a typhoid-endemic region in Northern India. We investigated antimicrobial susceptibility 

patterns using phenotypic testing and WGS data and then placed these data into a regional 

and global context using published genomic data. Notably, we identified seven azithromycin 

resistant S. Typhi isolates. These organisms belonged to two different lineages and were 

genetically distinct from azithromycin resistant isolates recently reported from Bangladesh, 

Pakistan, and Nepal. Our observations suggest that azithromycin resistance mutations at 

codon 717 in arcB are occurring independently in locations where there is substantial 

selective pressure induced by widespread azithromycin use. An increased reliance on 

azithromycin for treatment of typhoid fever and other invasive bacterial infections in South 

Asia, along with ongoing clinical trials measuring the impact of prophylactic administration 

of azithromycin on growth and mortality of infants and young children in Pakistan, 

Bangladesh, and India,192 signal the inevitability of what Hooda and colleagues have termed 

pan-oral drug-resistant (PoDR) Typhi.192 This scenario would necessitate inpatient 

intravenous drug administration for effective treatment of typhoid fever in the region at 

enormous cost to patients and to healthcare systems. Where intravenous drug 

administration is not an option, typhoid fever could once again become an extremely deadly 

disease, as it was in the pre-antimicrobial era.  

 

While the catchment area of this study is not representative of the entire Indian sub-

continent, the phenomenon described herein is unlikely to be restricted to Chandigarh. 

India is currently the largest consumer of antimicrobials of all low- and middle-income 

countries (LMICs), consuming a reported 6.5 billion Defined Daily Doses (DDDs) in the year 
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2015, or 13.6 DDDs per 1,000 inhabitants per day.193,194 With such widespread availability 

and use of antimicrobials nationally, selective pressure on circulating pathogens is likely to 

be substantial. Recently published genomic data from the SEFI study suggest that 

fluoroquinolone non-susceptibility is increasingly prevalent across multiple, geographically 

representative sites in India (18 facilities across 16 cities).46 Additional forthcoming data 

from the SEFI study will soon further elucidate AMR patterns across the country. Ideally, 

these data will inform local antimicrobial stewardship practices and may be used as a basis 

for prioritization of future interventions.   

 

How then to address this evolutionary arms race? Drug development efforts cannot keep 

pace with bacterial evolution. Therefore, there is an urgent need for preventative 

interventions, namely water, sanitation, and hygiene (WASH) interventions and TCV 

introduction, in India and across South Asia. Pakistan became the first country to introduce 

TCV into its national immunization programme in late 2019,126 followed by Liberia,127 

Zimbabwe,128 and Nepal,129 but TCV introduction is urgently warranted in India and 

Bangladesh as well. There is also a need for enhanced typhoid surveillance, in South Asia 

and globally, specifically to monitor the emergence and spread of this and other resistance 

phenotypes. Historic genomic data show us that drug-resistant S. Typhi lineages emerge in 

South Asia and then spread to East Africa and even Latin America.195 With the widespread 

prophylactic deployment of azithromycin through clinical studies and public health 

programs in West Africa and South Asia,192,196 it will be critical to monitor global AMR 

patterns to mitigate a public health catastrophe.  
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This emerging problem additionally represents an opportunity for use of genomics to inform 

policy. WGS data provides clear information regarding AMR in organisms where molecular 

mechanisms of resistance are understood. Genomic surveillance also enables the 

identification and characterization of new resistance phenotypes, as was the case for XDR 

typhoid24 and the azithromycin-resistant organisms identified in Bangladesh and described 

further here.75 The outputs of antimicrobial susceptibility testing are not always 

straightforward, particularly in cases where susceptibility breakpoints have not been 

validated extensively using clinical data, as is the case for azithromycin.197 Genomic AMR 

data can inform prioritization of TCV introduction, as well as implementation of WASH 

interventions. Genomic surveillance should also be an important component of long-term 

monitoring of the impact of widespread TCV deployment. Not only can genomic surveillance 

provide additional information on the impact of TCV on AMR, but it can also demonstrate 

the impact of vaccine on bacterial population structures and facilitate the identification of 

any vaccine escape mutants. Such information is vital to understanding the long-term 

impact of vaccine, and to critically assess the feasibility global typhoid elimination.   
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Chapter 5: The origins of haplotype 58 (H58) S. Typhi  

5.1 Abstract 

AMR in S. Typhi is associated with the H58 lineage, which arose comparatively recently 

before becoming globally disseminated. To better understand when and how this lineage 

emerged and became dominant, we performed detailed phylogenetic and phylodynamic 

analyses on contemporary genome sequences from S. Typhi isolated in the period spanning 

the emergence. Our dataset, which contains the earliest described H58 S. Typhi, indicates 

that the prototype H58 organisms were MDR. These organisms emerged spontaneously in 

India in 1987 and became radially distributed throughout South Asia and then globally in the 

ensuing years. These early organisms were associated with a single long branch, possessing 

mutations associated with increased bile tolerance, suggesting that the first H58 organism 

was generated during chronic carriage. The subsequent use of fluoroquinolones led to 

several independent mutations in gyrA. The ability of H58 to acquire and maintain AMR 

genes continues to pose a threat, as XDR variants have emerged recently in this lineage. 

Understanding where and how H58 S. Typhi originated and became successful is key to 

understand how AMR drives successful lineages of bacterial pathogens. Additionally, these 

data can inform optimal targeting of TCVs for reducing the potential for emergence and the 

impact of new drug-resistant variants. Emphasis should also be placed upon the prospective 

identification and treatment of chronic carriers to prevent the emergence of new drug 

resistant variants with the ability to spread efficiently. 45,52 These results have been 

preprinted on bioRxiv (Carey et al 2022)198 and submitted for publication. I identified the 

research questions, generated the visualisations for and annotated the maximum-likelihood 

phylogenetic trees and the BEAST tree, and drafted the paper. Colleagues from UKHSA 
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located and revived bacterial samples, a colleague from OUCRU Nepal conducted DNA 

extraction and WGS, and a colleague at LSHTM ran the phylogenetic analyses.  

 

5.2 Introduction 

Given the importance of antimicrobials for the management and control of typhoid, AMR in 

S. Typhi has the potential to be a major public health issue. Indeed, the problem of AMR in 

S. Typhi first appeared in the 1950s with the emergence of resistance against the most 

widely used drug, chloramphenicol.199 MDR S. Typhi, which was first identified in the 1970s 

and became common in the early 1990s,200,201 is frequently conferred by self-transmissible 

IncH1 plasmids carrying a suite of resistance genes, include resistance determinants for 

chloramphenicol (catA1 or cmlA), ampicillin (blaTEM-1D, blaOXA-7), and co-trimoxazole (at 

least one dfrA gene and at least one sul gene).51 Lower efficacy of first-line antimicrobials 

led to the increased use of fluoroquinolones, but decreased fluoroquinolone susceptibility 

became apparent in the mid-1990s, and was widespread in South and Southeast Asia in the 

early 2000s.45,202 Inevitably, as treatment options have become limited, third-generation 

cephalosporins and azithromycin have been used more widely for effective treatment of 

typhoid fever.64–66 However, newly circulating XDR S. Typhi has left azithromycin as the only 

feasible oral antimicrobial for the treatment of typhoid fever across South Asia.24 We are 

arguably at a tipping point, as azithromycin-resistant S. Typhi has since been reported in 

Bangladesh, Pakistan, Nepal, and India, thereby threatening efficacy of common oral 

antimicrobials for effective typhoid treatment.32–34,75  If an XDR organism were to acquire 

azithromycin resistance (single base pair mutation), this would lead to what Hooda and 

colleagues have referred to as pan-oral drug-resistant (PoDR) S. Typhi, which would require 

inpatient intravenous treatment.192 This would come at substantial additional cost to 
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patients and their families, and place additional strain on already overburdened health 

systems. 203–205 

 

In contrast to many other Gram-negative bacteria, S. Typhi is human restricted with limited 

genetic diversity that can be described by a comparatively straightforward phylogenetic 

structure.206 Therefore, the phylogeny and evolution of S. Typhi provide a model for how 

AMR emerges, spreads, and becomes maintained in a human pathogen. AMR phenotypes in 

S. Typhi are typically dominated by a single lineage; H58 (genotype 4.3.1 and consequent 

sublineages), which was the 58th S. Typhi haplotype to be described in the original genome 

wide typing system.48 This highly successful lineage is commonly associated with MDR 

phenotypes and decreased fluoroquinolone susceptibility.45 Previous phylogeographic 

analysis suggested that H58 emerged initially in Asia between 1985 and 1992 and then 

disseminated rapidly to become the dominant clade in Asia and subsequently in East 

Africa.45 H58 is currently subdivided into three distinct lineages – lineage I (4.3.1.1) and 

lineage II (4.3.1.2), which were first identified in a paediatric study conducted in 

Kathmandu,207 and lineage III (4.3.1.3), which was identified in Dhaka, Bangladesh.56 A 

recent study of acute typhoid fever patients and asymptomatic carriers in Kenya 

demonstrated the co-circulation of genotypes 4.3.1.1 and 4.3.1.2 in this setting, and closer 

analysis showed that these East African sequences had distinct AMR profiles and were the 

result of several introduction events.133,208 These events led to the designation of three 

additional genotypes: H58 lineage I sublineage East Africa I (4.3.1.1.EA1), H58 lineage II 

sublineage East Africa II (4.3.1.2.EA2), and H58 lineage II sublineage East Africa III 

(4.3.1.2.EA3).133 In addition, the XDR S. Typhi clone, which was caused by a monophyletic 
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outbreak of genotype 4.3.1.1 organisms, was designated genotype 4.3.1.1.P1 to facilitate 

monitoring of its spread. 

 

It is apparent from investigating the phylogeny of S. Typhi that H58 is atypical in comparison 

to other lineages. This lineage became dominant in under a decade, and first appeared on a 

long basal branch length, indicative of a larger number of single base pair mutations 

separating it from its nearest neighbour (Figure 16a). These observations suggest that there 

is something ‘unique’ about the evolution of this lineage, but we have limited understanding 

of how H58 emerged, what enabled its rapid spread, and when it initially appeared. Here, by 

collating new genome sequences of S. Typhi that were associated with travel to South Asia 

in the late 1980s and early 1990s and comparing them to a global population over the same 

period, we explore an expanded early phylogenetic dataset to resolve the origins and rapid 

success of this important and successful AMR clone.   

 

5.3 Results and discussion 

5.3.1 Sampling 

The main questions that we aimed to address with this study were: i) when and where did 

H58 S. Typhi first emerge; ii) can we better resolve the evolutionary events that lead to the 

long branch length observed for H58 S. Typhi; and iii) how quickly did this lineage spread 

and why? Therefore, to investigate the origins of S. Typhi H58, data from United Kingdom 

Health Security Agency (UKHSA, formerly Public Health England) containing information on 

stored S. Typhi organisms isolated between 1980 and 1995 from travellers returning to the 

UK from overseas and receiving a blood culture were analysed.  
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The database was queried and organisms were selected from the following three categories: 

i) 126 S. Typhi with the E1 Phage type (which is considered to be associated with H58)51 

originating from South Asia (India, Nepal, Pakistan, and Bangladesh), ii) 159 S. Typhi 

organisms with a variety of non-E1 phage types originating from South Asia, and iii) 184 S. 

Typhi organisms with a variety of phage types (both E1 and non-E1) originating from 

locations outside of South Asia. A total of 470 S. Typhi organisms meeting these criteria 

were randomly selected, revived, subjected to DNA extraction and whole genome 

sequenced. Ultimately, our dataset was composed of 463 novel sequences generated as a 

component of this study and 305 existing sequences47,56,152 known to belong to the H58 

lineage and its nearest neighbours, yielding a total of 768 whole genome sequences on 

which to structure subsequent analysis. It is worth noting that our dataset was enriched for 

samples of E1 phage type and samples isolated from travellers returning from South Asia, so 

is not globally representative. This was done in order to provide the highest possibility of 

identifying early H58 isolates. Subsequent work conducted by UKHSA and other colleagues 

has suggested that S. Typhi WGS data isolated from returning travellers is often 

representative of the circulating S. Typhi populations in the countries of origin,55 and that 

routine surveillance of S. Typhi isolated from returning travellers could be used as informal 

sentinel surveillance for countries of travel. However, there may also be some bias 

associated with data obtained from returning travellers (e.g. differences in health-seeking 

behaviours, which may bias towards greater severity and likelihood of AMR), as well as 

differences in patterns of travel, that are worth considering in interpreting the 

representativeness of this dataset.   
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5.3.2 Population structure, genotype distribution, and AMR profiles of historical S. Typhi  

We inferred a maximum likelihood phylogenetic tree from the sequencing data to examine 

the population structure of this historic (1980 – 1995) collection of global S. Typhi 

sequences (Figure 16a). Notably, unlike the extent global population of S. Typhi, which is 

largely dominated by a single lineage,45,52 this historic population exhibited considerable 

genetic diversity, with 37 genotypes represented (Figure 1a). The majority of isolates 

belonged to primary clade 2 (194/463), of which clade 2.0 was most common (36%, 69/194) 

followed by subclades 2.3.3 (14%, 28/194) and 2.2.2 (13%, 25/194). An additional 23% of 

isolates belonged to primary clade 3 (108/463) and 3% of isolates were classified as major 

lineage 1 (12/463). Ultimately, 29% of isolates belonged to major lineage 4 (134/463), of 

which 63% (84/134) were H58. Among these, H58 lineage I (genotype 4.3.1.1) was most 

common (67%, 56/84), followed by genotype 4.3.1 (H58 not differentiated into any 

sublineage; 24%, 20/84). The earliest H58 isolates in our dataset are illustrated in higher 

resolution in Figure 16b.  

 

Although we enriched our historical dataset for samples isolated from travellers returning 

from South Asia, our final dataset generated substantial geographic coverage, with 39 

different countries represented. Therefore, these data are likely to be reasonably 

representative of the circulating S. Typhi in this pivotal period. Notably, the earliest H58 

organism in our dataset that was classified as H58 according to the GenoTyphi scheme was 

isolated in 1983 from an individual entering the UK from India, followed by two additional 

Indian isolates (1988) that were also classified as H58. These organisms differed from the 

larger cluster of H58 organisms by 61-64 SNPs (Figure 16a). All H58 S. Typhi in this dataset 

were isolated from travellers returning from South Asia, with the majority (51/84; 61%) 
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originating from Pakistan and the remainder from India and Bangladesh; 31/84 (37%) and 

2/84 (2%), respectively.  

 

Given that this dataset included isolates from the early MDR era and then following the 

emergence of reduced fluoroquinolone susceptibility, we analysed the data for genes 

associated with MDR and mutations in the DNA gyrase gene, gyrA. Overall, 7% (34/463) of 

the organisms in this historical dataset were genetically defined as being MDR; significantly, 

all were H58 (genotypes 4.3.1, 4.3.1.1, 4.3.1.2, and 4.3.1.3) and isolated between 1991 and 

1995, and 97% (33/34) possessed an IncH1 plasmid (Figure 16b). Thirteen H58 organisms 

contained an IncH1 plasmid carrying AMR genes, but did not possess the genes conferring 

resistance to all three first-line antimicrobials, and thus were not genetically defined as MDR 

(Figure 16b). The first mutation in the quinolone resistance determining region (QRDR) in 

our dataset was a gyrA-D87Y substitutions identified in a genotype 2.5 organism originating 

in South Africa in 1986 (Figure 16a). This was clearly a spontaneous mutation that evolved 

de novo and did not appear to become fixed in the population. Similarly, two single QRDR 

mutations (gyrA-S83F and gyrA-S83Y) occurred independently in H58 organisms (genotype 

4.3.1) in India in 1995 (Figure 16b) and were not observed in descendant populations. No 

mutations in gyrB or parC were observed in this dataset.  

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. The phylogenetic structure of historical (1980 – 1995) S. Typhi isolates. 

Maximum likelihood outgroup rooted phylogenetic tree depicting the genomic sequences of 463 S. Typhi isolated from returning travellers to the United 
Kingdom. Branch colour indicates genotype, and rings outside of the tree indicate country of origin, MDR, and presence of IncH1 plasmid, coloured as per 
the inset legend. QRDR mutations indicated by stars outside the rings.  b) A zoomed-in view of H58 S. Typhi isolates from historical collection. Genotype, 
country of origin, presence of MDR, AMR mutations, and presence of IncH1 plasmids are indicated by bars to the right of the tree and coloured as per the 
inset legend.  QRDR mutations indicated by stars to the right of the bars.



In order to contextualise these isolates to understand the evolutionary events leading to 

this clone, we selected H58 and nearest neighbours (from genotypes 4.1 and 4.2) S. Typhi 

organisms (n=305) that were already available in the public domain from previous 

studies47,56,152 (Table S3) and generated a phylogenetic tree combining these isolates with 

early H58 and nearest neighbour isolates from our unpublished dataset (n=117). In our H58 

and nearest neighbour dataset (n= 422, Figure 17), which included both published data as 

well as our contemporary data, 17 countries were represented.47,56,152 Of the non-H58 

isolates (nearest neighbours), 42% were genotype 4.1 (32/76), 13% (10/76) were genotype 

4.2, 28% (21/76) were 4.2.1, and 16% (12/76) were 4.2.3. These non-H58 nearest neighbour 

organisms were isolated between 1981 and 2000. None of them were MDR, and none 

carried an IncH1 plasmid. Of our H58 isolates (defined as having informative SNPs indicative 

of lineage 4.3.1), the earliest organism was isolated in 1983 in India, followed by two 

additional Indian isolates (1988) that were also classified as H58. However, we can observe 

that there were no more recent isolates from this founder group (Figure 17), implying that 

this lineage became extinct; these isolates did not contain IncH1 plasmids and were non-

MDR. Within the H58 lineage, most of the organisms belonged to H58 sublineage I (4.3.1.1; 

84%, 290/346), followed by sublineage II (4.3.1.2; 7%, 25/346), genotype 4.3.1 (6%, 21/346), 

and sublineage III (4.3.1.3; 3%, 10/346). Overall, 63% (219/346) of these H58 organisms 

were MDR, and 87% (191/219) of these MDR H58 organisms carried an IncH1 plasmid. All of 

the MDR H58 organisms lacking an IncH1 plasmid were genotype 4.3.1.1, the earliest of 

which was isolated in India in 1991. Within this group, the first single point mutation in the 

QRDR occurred comparatively early in an organism isolated in India in 1991.152  

  



 100 

Figure 17. The phylogenetic structure of early H58 organisms and nearest neighbours.  
 

Maximum likelihood rooted phylogenetic tree showing S. Typhi organisms (genotype 4.3.1) 
and nearest neighbours (genotypes 4.1 and 4.2) from our historical collection and from 
published literature (n=422 total). Genotype is indicated by branch colour, presence of 
QRDR mutation(s) are indicated by coloured circles at the end of the branches, and country 
of origin, presence of MDR, AMR mutations, and presence of incH1 plasmid are indicated by 
bars to the right of the tree and coloured as per the inset legend. 
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5.3.3 Evolutionary history of H58 S. Typhi 

Our estimation of the temporal signal of our H58 and nearest neighbours data exhibited a 

strong correlation between the sampling dates and the root-to-tip distances, with a positive 

value for the slope and an R2 value of 0.4743 (Figure 18).  

 

 

Figure 18. An estimation of temporal signal in H58 S. Typhi data. 
 

Path-O-Gen/TempEst results (analysis included n=345 isolates using an alignment of 724 
non-recombinant SNPs), demonstrating strong correlation between sampling dates and 
root-to-tip distance (R2 = 0.4743). 
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Additionally, the randomly reassigned sampling time of sequences 20 times to generate the 

mean rates indicated that there was no overlap between the 95% credible intervals of the 

mean rate of the real data set and that of the date randomization data (Figure 19), thus 

warranting BEAST analysis. 

 

 
 
Figure 19. A TipDatingBeast estimation of temporal signal in H58 S. Typhi data. 
 

TipDatingBeast results (analysis incorporated n=345 isolates and an alignment of 724 non-
recombinant SNPs), demonstrating no overlap between the original mean rates of mutation 
and mean rates of date randomization. 
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Using BEAST analysis, we determined that the median substitution rate of the H58 was 2.79 

× 10−7 substitutions base−1 year−1 [95% highest posterior density (HPD): 2.40 × 10−7 - 3.24 × 

10−7), which is comparable to that observed in previous studies.166 We found that the most 

recent common ancestor (MRCA) of the H58 was estimated to have emerged in late 1987 

(95% HPD: 1986 – 1988). Two H58 sublineages (4.3.1.1 and 4.3.1.2, Figure 20) then emerged 

almost simultaneously in India in 1987 and 1988. The time-inferred phylogeny shows a 

clonal expansion of H58 that originated from South Asia, specifically in India, and then 

disseminated globally. As noted above, 63% (219/346) of isolates were MDR, and 87% 

(191/219) of those isolates contained an IncH1 plasmid known to carry AMR genes. Detailed 

genetic analysis of the IncH1 plasmids observed in most of these MDR isolates revealed high 

genetic similarity, with an average of 1.3755 SNPs difference between them (Figure 21). 

These data suggest that the ancestral H58 organism that was the basis for the major clonal 

expansion was already MDR before undergoing clonal expansion and subsequent global 

dissemination; some ensuing H58 organisms then lost the MDR plasmid in certain settings, 

presumably because of decreased antimicrobial selection pressure with first-line 

antimicrobials, with a corresponding impact on fitness. The fact the three early precursor 

organisms that were not MDR appear to have become extinct supports our hypothesis that 

the presence of an MDR phenotype was a selective event. 

 

It is also stark that QRDR mutations appeared in H58 organisms quickly and frequently. 

Within this H58 dataset, organisms with one or more QRDR mutations appeared within six 

independent lineages of H58, as illustrated in Figures 17 and 20. The earliest H58 lineage 

(lineage II) to develop QRDR mutations was observed in 1991 in India, with a single S83Y 

mutation in the gyrA gene, and the first isolate containing two QRDR mutations (gyrAS83Y; 
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parC-S80R) appeared in a genotype 4.3.1.3 organism in Bangladesh in 1999 (Figure 20). The 

first “triple mutant” (mutations in gyrA-D87G, gyrA-S83F, and parC-E84K) was found in a 

4.3.1.1 Bangladeshi isolate in 1999 (Figure 20).169  
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Figure 20. A dated phylogenetic structure of historical H58 S. Typhi isolates.  
 

BEAST-generated dated phylogeny of H58 S. Typhi isolates from UKHSA collection and 
published literature (n=345). Tip colours indicate presence of specific mutation(s) in the 
QRDR as per inset legend. Branch colour and the first column to the right of the tree 
indicate genotype, the second column indicates country of origin, the third represents 
presence of MDR, and the final column indicates presence of an incH1 plasmid. Our analysis 
suggests that the Most Recent Common Ancestor (MCRA) of H58 appeared in 1987, and 
that two sublineages (I and II) emerged almost simultaneously in India in 1987 and 1988. 
The first single point mutation in the QRDR was observed in 1990, and the first “triple 
mutant” was observed in Bangladesh in 1999. 
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Figure 21. A genetic and phylogenetic evaluation of IncH1 plasmid content of early H58 S. 
Typhi isolates. 

A. Heatmap of SNP differences between Inch1 plasmids of early H58 isolates shown 
alongside ML phylogenetic plasmid tree. B. Tanglegram depicting topological relationship of 
ML phylogenetic trees for early H58 organisms and their respective plasmids.  
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5.3.4 Genetic variation associated with H58 S. Typhi  

Our data support the hypothesis that H58 S. Typhi was successful specifically because of the 

acquisition and maintenance of an MDR plasmid. This selection meant that later gyrA 

mutations were more likely to occur in this lineage given its dominance (and therefore, 

higher rates of replication leading to additional opportunities for mutations to occur), as 

well as assumed frequent fluoroquinolone exposure, given its existing MDR phenotype. 

Based on the results of our mapping, we undertook further genetic analysis to identify non-

synonymous SNPs unique to the early H58 isolates, as well as SNPs that were unique to 

early H58 isolates that were MDR. The motivation was to explain the origins of the long 

branch length illustrated on Figure 16a, to infer why this lineage was so globally successful, 

and identify genetic elements that may stabilize an MDR IncH1 plasmid.  

 

We identified 16 unique non-synonymous SNPs that were exclusive to the early H58 isolates 

as compared to precursor 4.1 and 4.2 organisms, the majority of which were present in 

genes associated with central metabolism and outer membrane structures; one of which 

was associated with pathogenicity (Table 6). Within the early H58 isolates that were also 

MDR, we identified an additional 23 unique non-synonymous SNPs, most of which were 

found in genes encoding proteins predicted to regulate metabolism, degrade small 

molecules, membrane/surface structures, as well as regulators, pathogenicity adaptation, 

and information transfer (Table 7). We additionally identified mutations in a gene 

(t2518/STY0376) encoding a hypothetical protein with an EAL (diguanylate 

phosphodiesterase) domain with a non-synonymous mutation, which has previously been 

identified as being associated with H58 organisms.37 The homologous gene (STM0343) in 

Salmonella Typhimurium has been described as regulating motility and invasion, which 
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suggests that SNPs in this gene might also contribute to virulence.38,39 In addition, we 

identified SNPs in genes that have previously been associated with tolerance to bile in S. 

Typhi (sirA, recB, wecF, dsdA, and yjjV) among the early MDR H58 isolates.40,41  

 

We also aimed to compare the gene content of the early H58 plasmids, in part to investigate 

our hypothesis that the original H58 organism contained an MDR IncH1 plasmid and that 

this plasmid co-evolved with H58 S. Typhi before becoming chromosomally integrated or 

lost in subsequent years, as compared to multiple independent acquisitions of an MDR 

plasmid within the H58 lineage. We assessed genetic similarity of the plasmids by comparing 

alignments for the plasmid sequences of our early H58 organisms using snp-dists 

(https://github.com/tseemann/snp-dists) (see Figure 21b). As mentioned above, these 

plasmids are virtually identical, with a mean pairwise SNP distance of 1.3755 SNPs and 

median distance of 0 SNPs. We generated a tanglegram using the Dendroscope program 

(https://uni-tuebingen.de/en/fakultaeten/mathematisch-naturwissenschaftliche-

fakultaet/fachbereiche/informatik/lehrstuehle/algorithms-in-

bioinformatics/software/dendroscope/) to compare the topologies of maximum likelihood 

phylogenetic trees for our early H58 S. Typhi organisms (n=305) and their respective 

plasmids (Figure 21a). The tanglegram illustrates that there is a high degree of concordance 

between the host (chromosomal) and plasmid trees, which is suggestive of coevolution of 

the plasmid with S. Typhi rather than several distinct plasmid acquisitions. 



Table 6. Non-synonymous SNPs unique to early H58 S. Typhi. 
  

Gene ID SNP 
Position 
in CT18 

Gene Reference 
nucleotide 

4.3.1 
nucleotide 

Ancestral 
codon 

Derived 
codon 

Ancestral 
amino 
acid 

Derived 
amino 
acid 

Functional Category Product 

STY0376 387595  C T ACC ATC T I Central/intermediary metabolism putative rtn protein; diguanylate 
cyclase/ phosphodiesterase domain-

containing protein 
STY0452 461438 yajI G A CGT TGT R C Membrane/surface structures putative lipoprotein 

STY0522 529155 kefA/aefA A G AAA GAA K E Membrane/surface structures integral membrane protein AefA 

STY0698 693560 rlpB C T ATG ATA M I Central/intermediary metabolism rare lipoprotein B precursor 

STY1458 1408039  C T CAG TAG Q *  putative lipoprotein 
STY1703 1629304 ssaP G A GCG GTG A V Pathogenicity/adaptation/chaperones putative type III secretion protein 
STY2371 2202853  C T CGT TGT R C Membrane/surface structures putative nucleoside permease 
STY2513 2348633 glpA G A GGC AGC G S Central/intermediary metabolism anaerobic glycerol-3-phosphate 

dehydrogenase subunit A 
STY2553 2388057 nuoG G A ACT ATT T I Information transfer NADH dehydrogenase I chain G 
STY2564 2401233 yfbT G A CGC TGC R C Central/intermediary metabolism putative phosphatase 
STY3518 3360344 nanE2 T C ATA GTA I V Pseudogenes conserved hypothetical protein 

(pseudogene) 
STY3795 3659647 Ydey C T GGG GAG G E Membrane/surface structures Putative ABC transporter protein, AI-

2 transport system permease 
STY4405 4273783 metH C A CGT AGT R S Central/intermediary metabolism B12-dependent homocysteine-N5-

methyltetrahydrofolate 
transmethylase 

STY4451 4321540  A G AAG AGG K R  single-strand DNA-binding protein 
STY4890 4754034  C T TGG TAG W *  probable carbon starvation protein 
STY4890 4754035  A G TGG CGG W R  probable carbon starvation protein 
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Table 7. Non-synonymous SNPs unique to early MDR H58 S. Typhi  
 

Gene ID SNP 
Position 
in CT18 

Gene Reference 
nucleotide 

4.3.1 
nucleotide 

Ancestral 
codon 

Derived 
codon 

Ancestral 
amino 
acid 

Derived 
amino 
acid 

Functional Category Product 

STY0042 40159 betC G A GGG GAG G E Central/intermediary 
metabolism 

putative secreted sulfatase 

STY0085 89102 etfB/ 
fixA 

A G AAA AGA K R Degradation of small 
molecules 

FixA protein 

STY0376 387082  G A CGA CAA R Q Central/intermediary 
metabolism 

putative rtn protein; diguanylate 
cyclase/phosphodiesterase domain-containing 

protein 
STY0886 880083 ybiK A G ACC GCC T A Central/intermediary 

metabolism 
putative L-asparaginase 

STY1310 1270888  G A CGA CAA R Q Membrane/surface 
structures 

Voltage-gated potassium channel 

STY1328 1286044 trpE T C GAC GGC D G Central/intermediary 
metabolism 

Anthranilate synthase component 

STY1410 1360939 dbpA C T CAG TAG Q * Pseudogenes ATP-dependent RNA helicase (pseudogene) 
STY1917 1810914 hyaE G A GCT ACT A T Information transfer hydrogenase-1 operon protein HyaE 
STY2155 2002943 uvrY G A CTT TTT L F Regulators invasion response-regulator 
STY2875 2750755  G A GCG ACG A T Pathogenicity 

adaptation/chaperones 
large repetitive protein 

STY3001 2875160 sptP G A CAA TAA Q * Pathogenicity 
adaptation/chaperones 

Pathogenicity island 1 tyrosine phosphatase 
(associated with virulence) 

STY3132 3004181 recB T C GAA GGA E G Degradation of 
macromolecules 

exonuclease V subunit 

STY3297 3144053 ordL A C GTG GGG V G Central/intermediary 
metabolism 

Putative gamma-glutamylputrescine 
oxidoreductase 

STY3555 3398551 yhdA G A GCT GTT A V Membrane/surface 
structures 

Putative lipoprotein 

STY3628 3484294 wecF C T GTA ATA V I Conserved hypothetical 
proteins 

Putative 4-alpha-L-fucosyl transferase 

STY3955 3824631 torC T G TCA GCA S A Pseudogenes Cytochrome c-type protein 
STY3977 3843665 dsdA C T GGC GAC G D Degradation of small 

molecules 
D-serine dehydratase 

STY4161 4020211 yhjY C T ACG ATG T M Membrane/surface 
structures 

putative membrane protein 
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STY4314 4192687 gph C T GCG GTG A V Degradation of small 
molecules 

phosphoglycolate phosphatase 

STY4318 4196909 bigA G A CCA TCA P S Pseudogenes putative surface-exposed virulence protein 
(pseudogene) 

STY4392 4253640 dprA G A GCT ACT A T Conserved hypothetical 
proteins 

Putative DNA protecting protein 

STY4805 4665891  G A GCG GTG A V Regulators arginine deiminase 
STY4915 4775254 yjjV C A CCG CAG P Q Conserved hypothetical 

proteins 
TatD DNase family protein 



These analyses suggest that there was a cascade of events that corresponded with the 

genesis of the first H58 S. Typhi. The cumulative mutations signified by the observed long 

branch length is uncommon in S. Typhi and has two feasible explanations. The first is that 

the progenitor organism was a hyper mutator, and that a key mutation in mutS was 

responsible for generating a large amount of genetic diversity in a short time frame.209 

However, no such informative SNPs were observed in the early H58 isolates, although any 

such mutations may have reverted. The second, and more likely explanation, is that the 

organism was in an environment that created an atypical selective pressure to induce 

mutations that facilitated its ability become exposed to, and then accept, an MDR plasmid. 

Previous data on S. Typhi carriage in the gallbladder determined that this environment 

creates an atypical selective pressure and stimulates mutations in metabolism and outer 

membrane structures.208,210 This genetic variation was associated with organisms being 

located on signature long branches; observations here are comparable. Our data suggest 

that H58 S. Typhi became successful due to its early ability to accept and stabilise a large 

MDR plasmid, which may have occurred whilst in the gallbladder; this one-off event and 

onward transmission then created this successful lineage. Therefore, we speculate that 

gallbladder carriage acts as a niche for generation of new variants with both modest (single 

SNPs) and large (plasmid acquisition) events capable of generating new lineages of S. Typhi 

with a selective advantage. 
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5.4. Implications of these findings 

Our phylodynamic analysis of the origins of H58 S. Typhi has important consequences for 

how we understand the emergence and spread of new drug-resistant variants and can help 

inform optimal use of typhoid conjugate vaccines (TCVs). Our data suggest that whilst rare, 

these events can happen given the specific selective pressures, allowing MDR organisms to 

arise and spread rapidly. This observation comes at a critical time in global typhoid control. 

Two TCVs have been prequalified by the World Health Organization, with additional 

candidates in late-stage clinical development, and promising clinical efficacy and 

effectiveness data.95,124 The continued spread of drug-resistant H58 genotypes is clearly a 

major argument for the use of TCV, particularly as resistance to all oral antimicrobials has 

been reported in S. Typhi in South Asia.32–34,75 We continue to observe a pattern in which 

drug-resistant variants emerge in South Asia and spread radially, with H58 being the only 

major genotype to do so to date. 45,52–54,58,63 H58 S. Typhi was first isolated in Kenya shortly 

after its estimated emergence in 1988, further illustrating the potential for rapid spread of 

this lineage.54 This suggests that prioritization of widespread use of TCVs in South Asia can 

not only prevent significant morbidity in the region but should limit the continued 

emergence and spread of drug-resistant organisms elsewhere, which could expand the 

useful lifespan of existing therapeutic options in some parts of the world until TCVs become 

more widely available.  

 

Our data strongly suggest that H58 S. Typhi, which is highly associated with being MDR and 

decreased fluoroquinolone susceptibility, is highly adept at acquiring and maintaining drug 

resistance determinants, which is likely facilitated by unique mutations that occurred in the 

earliest H58 organism. The rapid international dissemination of the H58 lineage, starting in 
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South Asia and spreading throughout Southeast Asia,45,152 into Africa45,53–55,208,211,212 and 

more recently, Latin America,213 suggest that expanded genomic surveillance is warranted 

to monitor its continued global spread. Such information can also help inform the 

development of transmission dynamics models that predict the spread of newer drug-

resistant variants, like XDR, which can also inform TCV introduction decision-making.  

 

We hypothesise that H58 S. Typhi may have emerged in India from a chronic carrier, which 

is supported by the indicative long branch length between early H58 organisms and its 

nearest non-H58 neighbours. This deduction is consistent with observations from previous 

studies conducted in Nepal and Kenya, in which higher mean branch lengths were observed 

in carriage isolates as compared to isolates from symptomatic patients;208,210 this 

phenomenon is to be expected, assuming that chronic carriers will have had a longer time 

from acquisition of infection to shedding and sampling. Notably, considering the structure of 

the phylogenetic tree and the loss of the early non-MDR H58 organisms from the 

population, it is likely that the MDR phenotype was the main catalysing factor for the 

success of this lineage. Additionally, we observed non-synonymous mutations in genes 

associated with outer membrane structures, metabolism and virulence, which we have 

been observed previously in organisms isolated directly from the gallbladder.208,210 Our 

analysis also supports previous transcriptomic analysis showing that H58 S. Typhi has higher 

bile tolerance relative to other laboratory strains (Ty2 and CT18) and show increased 

virulence in the presence of bile, thereby increasing the potential of H58 organisms to 

colonize and persist in the gallbladder. These observations suggest that gallbladder is the 

ideal location for the generation of variants and highlights the potential for chronic carriage 

to lead to the emergence of novel S. Typhi (and other invasive Salmonella) that are 
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genetically predisposed to express new phenotypes, which may include drug resistance. 

Therefore, emphasis should be placed upon the prospective identification and treatment of 

chronic carriers to prevent the emergence of new variants with the ability to spread. 

Contemporary data from returning travellers to the UK suggest that 1.4% of those infected 

with S. Typhi are chronic carriers, and 0.7% are carrying MDR S. Typhi.78 A comparable 

frequency of carriage (1.1%) has been observed among children aged 16 years and younger 

in Mukuru, an informal settlement close to Nairobi, Kenya.208 This prevalence rate is likely to 

be higher in older age groups,6,214,215 and among people living in settings where typhoid is 

hyperendemic, and thus, may present a more substantial risk in terms of sustained 

transmission of drug-resistant S. Typhi and the potential emergence of additional drug-

resistant variants. Scalable, low-cost assays to detect carriers will become vital if we aim to 

eliminate typhoid and prevent future resurgence. 

 

We suggest that H58 S. Typhi likely emerged from a chronic carrier in India in 1987. The 

prototype organism of the successful clonal expansion was already MDR and became highly 

successful across South Asia in over a period of <10 years. Ultimately, sustained use of, and 

exposure to, fluoroquinolones led to selective mutations in gyrA on many independent 

occasions. The dominance of this organism and its ability to maintain AMR genes has latterly 

meant it has become resistant to additional antimicrobials. Our work represents a blueprint 

of how such organisms can arise and become dominant, but also provides the justification 

and evidence for the introduction of new interventions for disease control; if we reduce 

disease burden by vaccination, we will additionally reduce the likelihood of comparable 

events occurring in other S. Typhi organisms and other pathogens. Widespread vaccine 

deployment, as well as screen and treat programs, can not only impact AMR directly 



 116 

through the prevention of drug-resistant infections, but also indirectly, as reduced 

transmission leads to decreased selection pressure on account of lower bacterial 

replication, and potentially decreased antimicrobial use following the prevention of clinical 

disease warranting treatment.  

  



 117 

Chapter 6: Twenty-one Years of Typhoid Genomics – a global genomic 
update paper 
 

6.1 Abstract 

Working closely with collaborators from the LSHTM, the University of Melbourne, Oxford 

Big Data Institute, and the University of Cambridge, I established a Global Typhoid Genomics 

Consortium, which was established to promote sharing of genomic data and standardised 

metadata, and to facilitate its analysis for maximal public health impact and is described in 

greater detail in Chapter 8. One of the first major undertakings of the consortium was to 

generate a global genomic update paper to provide an updated view of global genome 

diversity and AMR patterns over time. This chapter provides an overview of that work and 

includes analysis of the largest S. Typhi genomic dataset to date. This work has been 

conducted in close collaboration with other consortium coordinators from the above-listed 

institutions as well as many international collaborators who have contributed data and 

given feedback on data visualisations and analyses. In addition to establishing the 

consortium, which now has almost 200 members, I identified members of each group to 

have sequenced an S. Typhi genome and invited them to join the consortium, developed a 

memorandum of understanding and code of ethics to establish principles of data use and 

authorship, created a standardised metadata template (bit.ly/typhiMeta) and asked data 

contributors to populate it, generated several summary analyses and visualisations using R, 

and drafted most of the global update paper described in this chapter. Other global 

collaborators generated the WGS data and provided standardised metadata, and colleagues 

from LSHTM generated phylogenetic trees and generated the R markdown file from which 

all analyses may be repeated and uploaded figures, tables, and code to github 

(https://github.com/typhoidgenomics/TyphoidGenomicsConsortiumWG1). These results 
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have been preprinted in medRxiv (Carey et al 2022) and the manuscript is under full review 

at eLife.  

 

6.2 Introduction 

We are at a pivotal stage in the history of typhoid control, and there is potential for typhoid 

endemic LMICs to deploy preventative interventions, leading to large reductions in disease 

incidence. Wider access to clean water and improved sanitation have led to a major 

reduction in global incidence of typhoid fever, which has also been reflected in declining 

incidence of many enteric diseases. This process needs to continue but will require 

sustained investment from national and local governments and thus remains a long-term 

objective. In the short to medium term, widespread use of TCVs can help to further reduce 

global incidence of typhoid fever.80 The WHO has recommended their use in routine 

immunization and catch-up campaigns in endemic countries, specifically highlighting their 

utility in settings where a high prevalence of AMR typhoid fever has been reported.21 

Notably in Pakistan and Zimbabwe, both reactive TCV campaigns and national vaccine 

introduction were motivated by drug-resistant S. Typhi outbreaks in major urban centres, 

highlighting that the case for prevention can be stronger when treatment options are 

limited.67,216 Additional support is likely required to inform TCV decision-making in other 

typhoid endemic countries, particularly where burden and AMR data are scarce and other 

competing immunization priorities must be considered. Given the lack of geographically 

representative blood culture surveillance data and the difficulties associated with 

establishing and sustaining such surveillance, it is important to fully leverage available 

surveillance data. Pathogen sequencing is a key tool that facilitates extracting data on the 
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emergence and spread of AMR variants, which can be informative in decision-making 

around TCV introduction.  

 

In 2001, the first completed whole genome sequence of S. Typhi was published.42 This multi-

drug resistant organisms, CT18, was isolated from a typhoid fever patient in the Mekong 

Delta region of Viet Nam in 1993, and generating this data required two years’ of work 

assembling plasmid-cloned paired-end sequence reads generated by Sanger capillary 

sequencing. Together with other early bacterial pathogen genomes, including a second 

Typhi genome (Ty2) that was published two years later in 2003,217 the CT18 genome 

constituted a major turning point in the potential for disease control, treatment, and 

diagnostics, forming the basis for new insights into comparative and functional 

genomics,218,219 and facilitating early genotyping efforts.48,220 When high-throughput 

sequencing technologies 454 and Solexa (subsequently Illumina) emerged, S. Typhi was an 

obvious first target for in-depth characterisation of a single pathogen population,221 and 

genomics has been increasingly exploited to describe the population structure and global 

expansion of this highly clonal pathogen.45 Now, WGS is becoming a more routine 

component of typhoid surveillance. Salmonella were amongst the first pathogens to 

transition to routine sequencing by public health laboratories in high-income countries,78 

and these systems often capture S. Typhi isolated from travel-associated typhoid cases, 

providing an informal mechanism for sentinel genomic surveillance of pathogen populations 

in typhoid endemic countries.55 More recently, WGS has been adopted for typhoid 

surveillance by national reference laboratories in endemic countries including the 

Philippines,222,223 and PulseNet International is gradually transitioning to WGS.224 Following 

the first global genomic snapshot study, which included nearly 2000 genomes of S. Typhi 
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isolated from numerous typhoid burden studies across Asia and Africa,45 WGS has become 

the standard tool for characterising clinical isolates. Given the very high concordance 

between susceptibility to clinically relevant drugs and known genetic determinants of AMR 

in S. Typhi,43,52,78 WGS is also increasingly relied on to infer resistance patterns.  

 

As described in previous chapters, the increasing prevalence of AMR poses a major threat to 

effective typhoid fever control. Given the wealth of existing and emerging WGS data for S. 

Typhi, we aimed to create a system to enhance visibility and accessibility of genomic data to 

inform current and future disease control strategies, including controlling the emergence 

and spread of AMR, identifying where empirical therapy may need review, and monitoring 

the impact of vaccines on AMR and potential vaccine escape. In establishing the Global 

Typhoid Genomics Consortium (https://www.typhoidgenomics.org/), we aimed to engage 

with the wider typhoid research community to aggregate S. Typhi genomic data and 

standardized metadata to facilitate the extraction of relevant insights to inform public 

health policy through inclusive, repeatable analysis using freely available and accessible 

pipelines and intuitive data visualization. Here, I present a large, geographically 

representative dataset of thirteen thousand S. Typhi genomes and provide a contemporary 

snapshot of the global genetic diversity in S. Typhi and its spectrum of AMR determinants. 

The establishment of the Global Typhoid Genomics Consortium marks twenty-one years of 

typhoid genomics and provides a platform for future typhoid genomics activities, which we 

hope will inform more sophisticated disease control. It has also provided a basis for the new 

AMRnet project (http://www.amrnet.org), which I am collaborating on as a postdoctoral 

research policy fellow at LSHTM. 
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6.3 Results 

6.3.1 Overview of available data 

A total of 13,000 high quality S. Typhi genomes were collated, from 65 studies and five 

unpublished datasets provided by public health laboratories. The distribution of samples by 

region is shown in Table 8, with country breakdown in Figure 22. The majority originated 

from Southern Asia (n=8,231), specifically India (n=2,705), Bangladesh (n=2,268), Pakistan 

(n=1,810) and Nepal (n=1,436). A total of n=1,140 originated from South-eastern Asia, with 

>100 each from Cambodia (n=279), Vietnam (n=224), the Philippines (n=209), Indonesia 

(n=145), and Laos (n=139). Overall, 1,106 genomes originated from Eastern Africa, including 

>100 each from Malawi (n=569), Kenya (n=254), Zimbabwe (n=110). Other regions of Africa 

were less well represented, with n=384 from Western Africa, n=317 from Southern Africa, 

n=59 from Middle Africa (so-named in the M49 region definitions, although more commonly 

referred to as Central Africa), and n=41 from Northern Africa   
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Table 8. Regional distribution of genomes included in this study.1  
 

UN World Region 
Total 

genomes 

1Untargeted illness 
sample, since 2010 

2Travel (%) amongst untargeted 
illness samples, since 2010 

Australia and New Zealand 57 57 0 (0%) 

Caribbean 20 20 20 (100%) 

Central America 103 100 100 (100%) 

Eastern Africa 1,143 854 49 (5.7%) 

Eastern Asia 12 3 3 (100%) 

Eastern Europe 3 1 1 (100%) 

Melanesia 232 37 30 (81.1%) 

Micronesia 4 1 1 (100%) 

Middle Africa 59 21 6 (28.6%) 

Northern Africa 41 6 6 (100%) 

Northern America 167 140 2 (1.4%) 

Northern Europe 109 105 0 (0%) 

Polynesia 324 262 45 (17.2%) 

South America 367 105 5 (4.8%) 

South-eastern Asia 1,140 584 72 (12.3%) 

Southern Africa 317 286 2 (0.7%) 

Southern Asia 8,231 6,623 1,878 (28.4%) 

Southern Europe 10 6 6 (100%) 

Western Africa 384 267 34 (12.7%) 

Western Asia 47 21 21 (100%) 

Western Europe 7 3 3 (100%) 

Unknown 225 0 0 

Total 12,965 9,478 2,284 (24.1%) 

 

 
1 Genomes associated with assumed acute typhoid cases, isolated from 2010 onwards from non-targeted 
sampling frames; this is the subset of data used to generate genotype prevalence distributions shown in 
Figures 23 & 24. Genomes recorded as travel-associated and with known travel to a specific country in this 
region, associated with assumed acute typhoid isolated from 2010 onwards from non-targeted sampling 
frames. Countries were assigned to world regions based on the United Nations (UN) Statistics Division 
standard M49. 
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Figure 23. Total number of genome sequences per country and year.  
 

Heatmap shows number of genomes per country per year incorporated into this analysis. 
Coloured squares indicate the number of genome sequences per country (y) per annum (x) 
as per the inset legend. 
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In total, there were 36 countries with ≥20 genomes (total n=12,409 genomes, 95.7%) and 20 

countries with ≥100 genomes (n=11,761 genomes, 90.7%). Countries with the most 

genomes available (n≥100 each) were mainly those where local burden studies have utilised 

WGS for isolate characterisation (India, Bangladesh, Nepal, Pakistan, Cambodia, Laos, 

Kenya, Malawi, Zimbabwe, Ghana, Nigeria, Chile, Samoa); plus, South Africa, the Philippines, 

United Kingdom and United States, where S. Typhi isolates are sequenced as part of 

national surveillance programmes. 34,35,52,53,55,68,72,78,208,212,213,216,225–228  

 

The genome collection includes n=3,381 isolates recorded as travel-associated, contributed 

mainly by public health reference laboratories in England (n=1,740), USA (n=749), Australia 

(n=490), New Zealand (n=144), France (n=116) and Japan (n=104). The most common 

countries of origin for travel-associated isolates were India (n=1,241), Pakistan (n=783), 

Bangladesh (n=264), Fiji (n=102), Samoa (n=87), Mexico (n=60), Chile (n=49), Papua New 

Guinea (n=45), Nigeria (n=42) and Nepal (n=39). For some typhoid-endemic countries, the 

majority of genome data originated from travel-associated cases captured in other 

countries; those in this category with total n≥10 genomes are Guatemala (n=22/22), El 

Salvador (n=19/19), Mexico (n=60/61), Peru (n=14/14), Haiti (n=12/12), Morocco (n=12/13), 

Iraq (n=19/19), Malaysia (n=35/35), Fiji (n=102/144) and Papua New Guinea (n=45/86). 

 

In total, n=10,726 genomes were assumed to represent acute typhoid fever and recorded as 

derived from ‘non-targeted’ sampling frames, i.e., local surveillance studies or reference 

laboratory-based national surveillance programs that could be considered representative of 

a given time (year of isolation) and geography (country and region of origin) (see Chapter 
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2.5.5 for definitions). The majority of these isolates (9,478, 88.4%) originate from 2010 

onwards, hence genotype and AMR prevalence rates are estimated for this period. 

 

6.3.2 Geographic distribution of genotypes 

The breakdown of genotype prevalence rates by world region, for genomes isolated from 

2010 onwards, is shown in Figure 23a and annual breakdown of genotype prevalence by 

region is given in Figure 23b. (Regional denominators may be found in Table 8). Notably, 

while our data confirm that H58 genotypes dominate in Asia and Eastern and Southern 

Africa, they were virtually absent from other parts of Africa, from South and Central 

America, and from Polynesia and Melanesia. Instead, each of these regions was dominated 

by their own local genotypes. Typhoid fever is no longer endemic in Northern America, 

Europe, or Australia/New Zealand. The genotype distributions shown for these regions were 

estimated from S. Typhi that were isolated locally but not recorded as being travel-

associated; nevertheless, these genomes can be assumed to result from limited local 

transmission of travel-associated infections, and thus to reflect the diversity of travel 

destinations for individuals living in those regions. Annual national genotype prevalence 

rates for well-sampled countries (with N≥50 representative genomes each) with endemic 

typhoid are shown in Figure 23b, and annual national genotype prevalence rates for less 

well sampled countries (with N<50 genomes) are shown in Figure 24. Below, we summarise 

notable features of the global genotype distribution, by region. 
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Figure 23. Annual breakdown of genotypes per world region, 2010-2020. 
 

Annual genotype distribution by world region for regions with ≥20 representative genomes. 
Bars show genotypes observed per annum, coloured as per inset legend. Genotypes present 
at ≥20% frequency in any country are indicated separately, rare genotypes are aggregated 
as ‘Other’. 
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Figure 24. Annual breakdown of genotypes per country. 
 

Annual genotype distribution for countries with <50 representative genomes between 2010-
2020 (plots for countries with ≥50 genomes are shown in Figure 23b). Bars show genotypes 
observed per annum, coloured as per inset legend. Genotypes present at ≥20% frequency in 
any country are indicated separately, rare genotypes are aggregated as ‘Other’ 
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6.3.2.1 Southern Asia 

Southern Asia was the most represented region, with 6,623 genomes suitable for 

prevalence analysis. The genotype distribution confirms the widely reported finding that the 

H58 lineage (4.3.1 and derived genotypes) is the dominant form of S. Typhi in Southern Asia, 

where it is thought to have originated45,52 (overall prevalence, 70.4%; see Figure 23a). 

Notably though, the distribution of H58 genotypes was different between countries in the 

region (see Figure 23b), and in Bangladesh it was associated with a minority of genomes 

(42% [n=670/1,591], compared with 73% in India [n=1,655/2,267], 74% in Nepal 

[n=941/1,275], and 94% in Pakistan [n=1,390/1,484]). India and Nepal were dominated by 

sublineage 2 (genotype 4.3.1.2 and derived genotypes; 54% [n=1,214/2,267] and 57% 

[n=736/1,275], respectively), which was rare in Bangladesh (0.6%; n=9/1,591) and Pakistan 

(3.2%; n=47/1,484). In India, H58 lineage 1 (4.3.1.1) was also present at appreciable 

frequency (12%; n=268/2,267) as was 4.3.1 (i.e. H58 that does not belong to any of the 

defined sublineages 4.3.1.1-3; 7.4% [n=168/2,267]). In Nepal, 4.3.1 was present at 12% 

frequency (n=152/1,275) and 4.3.1.1 at just 4.9% (n=63/1,275). 

In Pakistan, lineage 1 (genotype 4.3.1.1 and derived genotypes) was most common (73%; 

1,089/1.484), with the XDR sublineage (genotype 4.3.1.1.P1) appearing in 201624,67 and 

rapidly rising to dominance (87% in 2020 [n=27/31]; see Figure 23b). Pakistan also had 

prevalent 4.3.1 (17%; [n=254/1,484]). H58 lineage 1 (4.3.1.1) was the single most common 

genotype in Bangladesh; however, it constituted only 34% of the total pathogen population 

(n=546/1,591). Bangladesh has its own H58 lineage 3 (4.3.1.3), which had a total prevalence 

of 8%; only two isolates of 4.3.1 and nine isolates of 4.3.1.2 were detected. Non-H58 

genotypes were also evident in South Asia, with the greatest diversity evident in Bangladesh 

(see Figure 23b). Those exceeding 5% in any one country were: 3.3.2 (5.8% in Bangladesh 
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[n=93/1,591], 12.9% in Nepal [n=164/1,275]), 2.5 in India (8.4%; n=190/2,267), 3.3 in India 

(6.6%; n=150/2,267), 2.3.3 in Bangladesh (17.2%; n=274/1,591), and 3.2.2 in Bangladesh 

(6.6%; n=264/1,591).Annual prevalence estimates were stable over the past decade, except 

for the 4.3.1.1.P1 in Pakistan, which emerged in 2016 and became dominant shortly 

thereafter (see Figure 23b).  

 

6.3.2.2 South-eastern and Western Asia 

In Southeast Asia, H58 accounted for 47.3% (95% CI, 43.2-51.3%) in aggregate (mostly 

lineage 1, 43.0% of total genomes). However, the picture was quite mixed (see Figures 23b 

and 24), with H58 accounting for nearly all isolates in Cambodia (98%; n=216/221; all 

lineage 1), Myanmar (94%; n=46/49; mixed lineages) and Singapore (n=4/4, mixed lineages), 

but largely absent from Indonesia (3%; n=2/65), Laos (n=1/27, 4%) and the Philippines 

(n=1/205, 0.5%). These latter countries showed distinct populations with multiple 

genotypes exceeding 5% frequency: 4.1 (26%), 3 (18%), 2.1 (15%) and 3.1.2 (12%) in 

Indonesia; 3.4 (44%), 3.5.2 (15%), 2.3.4 (11%), 3.2.1 (11%) and 4.1 (7%) in Laos; 3 (79%), 

3.2.1 (11%) and 4.1 (7%) in the Philippines.229 

 

Data from Western Asia was limited to a small number of travel-associated cases (total 

n=21, from Iraq, Lebanon, Qatar, Saudi Arabia, Syria, and the United Arab Emirates) but was 

mostly H58 (n=71%; n=15/21) with 38% lineage 1 (n=8/21) and 19% lineage 2 (n=4/21). 

 

6.3.2.3 Africa 

Only 1,410 (15%) of the 9,478 genomes from untargeted sampling frames in 2010-2020 

were isolated from residents in or travellers to Africa. There is significant 
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underrepresentation from this continent with high endemicity and varying epidemiology 

across subregions. Our aggregated data confirmed that H58 was the dominant cause of 

typhoid in Eastern Africa during the study period (93.3% H58 [95% CI, 91.5-95.0%] 774/830; 

see Figure 23a). It was recently shown that H58 in Kenya derive from three separate 

introductions of H58 into the region, which are now assigned their own genotypes 

(4.3.1.1.EA1, 4.3.1.2.EA2, 4.3.1.2.EA3).208 At the regional level, 4.3.1.1.EA1 dominated 

(Figure 23b). However, there were country-level differences, with 4.3.1.1.EA1 dominating in 

Malawi (94%; n=524/558), Tanzania (83%; n=15/18), Zimbabwe (80%; n=20/25) and earlier 

years in Kenya (59%, n=86/145 in 2012-2016), and 4.3.1.2.EA3 dominating in Rwanda (85%, 

n=20/25) and Uganda (97%, n=35/36) (Figure 23b, 24). Although the specific periods of 

sampling differ for these countries, the rate of H58 was consistently high across the 

available time frames for all countries, with no change in dominant genotypes except for in 

Kenya (see Figure 23b, 24; note the apparent shift to 4.3.1.2.EA3 in Kenya is based on n=4 

isolates only so requires confirmation). 

 

The Southern African region was represented by South Africa, where the majority of data 

came from 2017-2020 (92%; n=262/285), via routine sequencing at the National Institute of 

Communicable Diseases reference laboratory. H58 prevalence in South Africa was high 

(69.5%, [95%CI, 63.9-75.1%]) during this period (mostly 4.3.1.1.EA1, 64.1%), but was much 

lower (25% [95% CI, 4-46%]) among the smaller sampling of earlier years (n=4/16 for 2010-

2012) (see Figure 23b). 

 

In Western Africa, the most common genotypes were 3.1.1 (64.4%, [95% CI, 58.7-70.2%]; 

n=172/266) and 2.3.2 (13.9%, [95% CI, 9.7-18.0%] n=37/266) (Figure 23a). Most of these 
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data come from the Typhoid Fever Surveillance in Africa Programme (TSAP) genomics 

report212 and a study of typhoid in Abuja and Kano in Nigeria,230 which showed that in the 

period 2010-2013, 3.1.1 dominated in Nigeria and nearby Ghana and Burkina Faso whereas 

2.3.2 dominated in The Gambia and neighbouring Senegal and Guinea Bissau.212 Here, we 

found that additional data from travel cases and recent Nigerian national surveillance 

suggest that these patterns reflect long-established and persisting populations (see Figure 

24): 3.1.1 was detected from Benin (2002-2009; n=4/4), Burkina Faso (2006-2013; n=11/17), 

Cote d'Ivoire (2006-2008; n=4/4), The Gambia (2015; n=2/28), Ghana (2007-2017; 

n=93/109), Guinea (2009; n=1/2), Mali (2008; n=1/5), Mauritania (2009; n=1/2), Nigeria 

(2008-2019; n=122/192), Sierra Leone (2015-2017; n=2/2) and Togo (2004-2006; n=2/3); 

and 2.3.2 from Burkina Faso (2012-2013; n=2/17), The Gambia (2008-2014; n=25/28), 

Ghana (2010-2018; n=9/109), Guinea Bissau (2012-2013; n=2/3), Mali (1999-2018; n=3/5), 

Niger (1990-1999; n=2/4), Nigeria (1984-2002; n=4/192), Senegal (2012; n=6/10), and Togo 

(2001; n=1/3). 

 

Limited genome data (n=19) was available for the Middle Africa region (also known as 

Central Africa) (Table 8). Genomes from Democratic Republic of the Congo (DRC) comprised 

n=17 genotype 2.5.1 (16 isolated locally, plus one from USA CDC) and a single 4.3.1.2.EA3 

isolate (from the UK reference lab). Two genomes each were available from Angola (both 

4.1.1, via UK) and Chad (both 2.1, via France). Northern Africa was similarly poorly 

represented, with one isolate from Egypt (0.1, via UK), two from Morocco (0.1, via UK and 

1.1, via USA), two from Sudan (genotype 4, via UK) and one from Tunisia (3.3, from UK). 
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6.3.2.4 The Americas 

Notably, Central American isolates were dominated by 2.3.2 (55%, [95% CI, 45.2-64.8%] n= 

55/100), which was also common in Western Africa (13.9%, [95% CI, 9.7-18.0%]; n=37/266) 

(Figure 23a). Little has been reported about S. Typhi populations from this region 

previously, and the genomes collated here were almost exclusively novel and contributed 

via the US CDC and isolated between 2016 and 2019. They mainly originated from El 

Salvador (n=19, 2012-2019, 89% 2.3.2), Guatemala (n=22, 2016-2019, 41% 2.3.2) and 

Mexico (n=58, 2011-2019, 50% 2.3.2). Prior to 2010, genotype 2.3.2 was also identified in 

isolates from Mexico referred to the French reference lab in 1972 (representing a large 

national outbreak) and 1998. The maximum-likelihood phylogeny for 2.3.2 included several 

discrete clades from different geographical regions in West Africa and the Americas (see 

Figure 25), consistent with occasional continental transfers between these regions followed 

by local clonal expansions. Three clades were dominated by West African isolates (one with 

isolates from West Coast countries, and two smaller clades from Nigeria and neighbouring 

countries); two clades of South American isolates (from Chile, Argentina, and Peru); one 

small clade of Caribbean (mainly Haiti) and USA isolates; and one large clade of Central 

American isolates (from Mexico, Guatemala and El Salvador) (see Figure 25). Other common 

genotypes identified in Central America were 2.0.2 (overall prevalence 23%; 32% in 

Guatemala, 25% in Mexico, 11% in El Salvador,) and 4.1 (17%; 23% in Guatemala, 21% in 

Mexico, not detected from El Salvador) (see Figure 24).  

 

Genomes in neighbouring South America (n=105) were more diverse, with no dominant 

genotype accounting for a majority of cases in the 2010-2020 period (Figure 23a). This 

mainly reflects the diversity of genotypes present in Chile (see Figure 23b), as recently 
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reported in a large study from Santiago (n=97).227 However, this diversity of genotypes was 

also reflected in the smaller datasets from Argentina, and traveller isolates from Peru. 

Genotypes with ≥5% prevalence in the region were 3.5 (27%; n=28/105), 1.1 (18%; 

n=19/105), 2 (18%; n=19/105), 1.2.1 (5.7%; n=6/105) and 2.0.2 (5.7%; n=6/105). WGS data 

recently reported by Colombia’s Instituto Nacional de Salud231 were not included in the 

regional prevalence estimates as they covered only a subset (5%) of surveillance isolates 

that were selected to maximise diversity, rather than to be representative. However, only 

four genotypes were detected in the Colombia study (1.1, 2, 2.5, 3.5), and two-thirds of 

isolates sequenced were genotype 2.5 (67%; n=51/77); 3.5 was also common, at 25% 

(n=20/77). Similarly, all five isolates from French Guiana (sequenced via the French 

reference laboratory) were genotype 2.5, consistent with limited diversity and a 

preponderance of this genotype in the north of the continent. 



 134 

 

Figure 25. Maximum likelihood phylogeny for genotype 2.3.2. 
 

Maximum likelihood phylogenetic tree showing relationships amongst all available genotype 
2.3.2 genomes (n=161), inferred using Gubbins and RaxML. The tree was outgroup rooted 
using representative genomes of the other defined genotypes; scale bar is presented at the 
bottom, units are substitutions. Tips are coloured by world region, according to inset 
legend; triangles indicate genomes harbouring QRDR mutations resulting in predicted 
nonsusceptibility to ciprofloxacin (CipIR). Clades representing local clonal expansions are 
shaded; subtrees subjected to dating analyses are highlighted with dashed boxes. 
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6.3.2.5 Pacific Islands 

In Melanesia and Polynesia, each island has their own dominant genotype (Figure 24a): 4.2 

and its derivatives in Fiji (n=31/32, 97% of all Fiji genomes), 2.1.7 in Papua New Guinea 

(n=5/5 in post-2010 genomes, 100%, consistent with the longer-term trend),232 and 3.5.4 in 

Samoa (n=249/259, 96%).35 

 

6.3.3 Global distribution of AMR  

We estimated the regional (Figure 26) and national (Figure 27) prevalence of clinically 

relevant AMR profiles for the period 2010-2020, inferred from WGS data from non-targeted 

sampling frames for which country of origin and year of isolation could be determined (see 

Chapter 2.5.6). To understand the potential implications of these AMR prevalence rates for 

local empirical therapy, we categorised them according to a traffic light-style system, 

whereby amber colours signal emerging resistance of potential concern (<10%), and red 

colours signal levels of resistance that may warrant reconsideration of empirical 

antimicrobial use (>10%; see Figure 26, 27). The regional view highlights that CipNS is 

widespread, whereas CipR, AziR, and XDR are mostly restricted to Southern Asia, and MDR is 

most prevalent in African regions and to a lesser degree in Asia (Figure 26). National 

estimates for countries with sufficient data (≥50 representative genomes available for the 

period 2010-2020, see Figure 27) indicate that MDR remains a very significant problem 

across all well-sampled African countries ((39% in Nigeria, 61% in South Africa, 66% in 

Ghana, 78% in Kenya, 93% in Malawi), but is much more variable in Asia (3% in India 

[n=67/2,267] and Nepal [n=36/1,275], 25% in Bangladesh [n=393/1,591], 68% in Pakistan 

[n=1,004/1,484], 76% in Cambodia [n=167/221]) and essentially absent from Indonesia 

(n=0), the Philippines (n=0), Samoa (n=0), Mexico (n=1, 1.7%) and Chile (n=0). The 
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underlying genotypes are shown in Figure 29 and highlight that MDR in Asian and Eastern 

African countries is mostly associated with H58 (i.e., 4.3.1 and derived genotypes) but in 

West African is associated with the dominant genotype in the region, 3.1.1. In contrast, 

ciprofloxacin non-susceptibility was associated with more diverse S. Typhi genotypes in each 

country, including essentially all common genotypes in Southern Asian countries (Figure 29). 

National annual prevalence data suggest AMR profiles were mostly quite stable over the last 

decade (with the notable exception of the emergence and rapid spread of XDR S. Typhi in 

Pakistan) but reveal some interesting differences between settings in terms of AMR trends 

and the underlying genotypes (Figures 27 – 29). 
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Figure 26. Prevalence of key AMR genotype profiles by world region (2010-2020). 
 

Prevalence of key AMR profiles by world region, based on representative genomes, i.e. 
untargeted sampling, assumed acute cases, 2010-2020. Percentage resistance values are 
printed for each region/drug combination and are coloured by categorical ranges to reflect 
escalating levels of concern for empirical antimicrobial use: (i) 0: no resistance detected; (ii) 
>0 and ≤2%: resistance present but rare; (iii) 2-10%: emerging resistance; (iv) 10-50%: 
resistance common; (v) >50%: established resistance.  
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Figure 27. Prevalence of key AMR genotype profiles by country, (2010-2020). 
 

Prevalence of key AMR genotype profiles for all countries with at ≥50 representative 
genomes (untargeted, assumed acute cases) from 2010-2020. Percentage resistance values 
are printed for each country/drug combination and are coloured by categorical ranges to 
reflect escalating levels of concern for empirical antimicrobial use: (i) 0: no resistance 
detected; (ii) >0 and ≤2%: resistance present but rare; (iii) 2-10%: emerging resistance; (iv) 
10-50%: resistance common; (v) >50%: established resistance. Annual rates underlying 
these summary rates are shown in Figure 29  
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6.3.3.1 Ciprofloxacin non-susceptibility (CipNS) 
 
In Bangladesh and India, ciprofloxacin non-susceptibility (CipNS) has been near-universal 

since at least 2005 (91-100% prevalence in all years with N≥10 samples since 2005, see 

Figure 28). This was associated mainly with GyrA-S83F (79% prevalence in Bangladesh, 70% 

in India) and GyrA-S83Y mutations (9.2% prevalence in Bangladesh, 26% in India), which 

were detected across diverse genotype backgrounds (see Figure 30); in total, CipNS variants 

were present in 30 genotype backgrounds in India (out of n=34 genotypes, 88%) and 17 in 

Bangladesh (out of n=21 genotypes, 81%). In neighbouring Nepal, CipNS prevalence has 

stabilised in the 85-95% range since 2011 (70% GyrA-S83F, 12% GyrA-S83Y; CipNS in 12 

genotype backgrounds). The persistence of ciprofloxacin-susceptible Typhi in Nepal was 

largely associated with genotype 3.3.2, which maintained annual prevalence of 3-10% 

(mean 5.8%) throughout 2010-2018, rising to 39% in 2019. In Pakistan, CipNS has exceeded 

95% since 2012 (Figure 28), across n=14/17 genotypes (Figure 29). Sustained high 

prevalence of CipNS was also evident in Cambodia (4.3.1.1 with GyrA-S83F). In contrast, 

CipNS has been relatively rare in African countries, but has been increasing in recent years, 

especially in Kenya (from 20% in 2012 to 65% in 2016, p=3x10-9 using proportion trend test) 

and Nigeria (from 8% in 2013 to 80% in 2019, p=7x10-6; see Figure 28). CipNS in these 

settings was associated with QRDR mutations in the locally dominant genotypes, specifically 

GyrA-S83F (15% of 4.3.1.1.EA1), GyrA-S83Y (100% of 4.3.1.2.EA3) and GyrA-S464F in Kenya 

(100% of 4.3.1.2.EA2), and GyrA-S83Y (27% of 3.1.1) in Nigeria (see Figure 30). 
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6.3.3.2 Ciprofloxacin resistance (CipR) 
 

Ciprofloxacin resistance emerges in a stepwise manner in S. Typhi, through acquisition of 

additional QRDR mutations and/or PMQR genes in strains already carrying a QRDR 

mutation. CipR genomes were common (≥10%) in Pakistan, India, and Nepal, and emerging 

(3-6%) in Bangladesh, South Africa, Chile and Mexico (Figure 27). A total of 26 distinct CipR 

genotypes (comprising unique combinations of S. Typhi genotype, QRDR mutations and/or 

PMQR genes) were identified, of which five were found in appreciable numbers (>5 

genomes each, see Figure 30). The XDR strain 4.3.1.1.P1 (carrying GyrA-S83F + qnrS) was 

first identified in Pakistan in 2016,24,233 and here accounted for 75% of S. Typhi genomes 

from Pakistan in 2020 and a dramatic rise in CipR prevalence (Figure 28). This genotype was 

only detected three times without a known origin in Pakistan (one isolate each in India, 

Mexico, and USA). The CipR strain 4.3.1.3.Bdq (carrying GyrA-S83F and qnrS) emerged in 

Bangladesh in ~198952 and here accounted for 95% of CipR genomes in this country. 

4.3.1.3.Bdq genomes were also detected in India (n=4), Singapore (n=1) and South Africa 

(n=1). The other major CipR genotypes were the QRDR triple-mutant 4.3.1.2.1, its derivative 

4.3.1.2.1.1 (which also carries plasmid-borne qnrB), and a QRDR triple-mutant sublineage of 

3.3. These three CipR variants were most common in India, where we estimated 

consistently high CipR prevalence (19-27% per year) from 2014 onwards (Figure 28), 

associated with 15 unique CipR genotypes (Figure 29). Most Indian CipR genomes belong to 

4.3.1.2.1 (92.3%). CipR 4.3.1.2.1 was also found in 12 other countries, most notably Nepal 

(accounting for 95% of CipR genomes), where it has been shown to have been introduced 

from India and result in treatment failure;61 Pakistan (accounting for 6.6% of CipR genomes); 

Myanmar (accounting for n=17/17 CipR genomes); and Chile (accounting for n=5/5 CipR 
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genomes) (see Figure 29). The 3.3 QRDR triple-mutant accounted for 3.8% of CipR genomes 

in India and was also found in neighbouring Nepal (n=4, 3% of CipR). CipR genomes were 

identified from Zimbabwe (4.3.1.1.EA1 with gyrA S83F + qnrS, associated with recent CipR 

outbreaks)211 and South Africa (five different genotypes, totaling 3.5%; see Figure 30), but 

were otherwise absent from African S. Typhi genomes. 
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Figure 28. Frequency of key AMR profiles by country, 2000-2020. 
 

Frequency of key AMR profiles inferred from WGS data, for countries with ≥3 years with ≥10 
representative genomes (untargeted, assumed acute cases) from 2000-2020. Data is shown 
only for country/year combinations with N≥5 isolates. MDR, multidrug resistant; XDR, 
extensively drug resistant; cipIR, ciprofloxacin non-susceptible; cipR, ciprofloxacin resistant. 
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Figure 29. Annual genotype prevalence amongst MDR and CipNS/R genomes, 2010-2020. 
 

Annual genotype prevalence amongst (a) MDR and (b) CipNS/R genomes, for countries with 
≥50 representative genomes between 2010-2020. Genotypes for (a) MDR and (b) CipNS/R 
genomes are coloured according to the inset legends; sensitive genomes of all genotypes 
are aggregated and coloured grey. 
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Figure 30. Distribution of fluoroquinolone resistance determinants by genotype by country. 
 

Distribution of fluoroquinolone resistance determinants by genotype for selected countries 
discussed in text. Node size indicates total number of isolates for a given combination of 
genotype (row) and determinant (column); nodes are coloured to indicate the frequency of 
the determinant within that genotype. Wt = wildtype; i.e. no quinolone resistance 
determining mutations were detected in gyrA or parC and no plasmid-borne quinolone 
resistance (qnr) genes were detected.   
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6.3.3.3 Multidrug resistant (MDR) 
 

Prevalence of MDR (co-resistance to ampicillin, chloramphenicol and co-trimoxazole) has 

declined in India (p=2x10-9 using proportion trend test) to 2% (0-3% per year, 2016-2020), 

and is similarly rare in Nepal (mean 5% in 2011-2019) (see Figure 27). MDR prevalence has 

also declined in Bangladesh (p=2x10-4 using proportion trend test) but remains high enough 

to discourage deployment of older first-line drugs, with prevalence exceeding 20% in most 

years (see Figure 28). In Pakistan, the emergence of the XDR strain 4.3.1.1.P1 has driven up 

MDR prevalence dramatically (p=4x10-11 using proportion trend test), to 87% in 2020.  

MDR prevalence has remained high in Kenya and Malawi since the arrival of MDR H58 

strains (estimated in the late 1990s),208 but has declined steadily in Nigeria, from 72% in 

2010 to 10% in 2017 (p=0.0003 using proportion trend test; see Figure 29). We 

hypothesised that this difference in MDR trends may be linked to the fitness cost imposed 

by carriage of the large IncHI1 MDR plasmid234 (present in all MDR isolates in Nigeria, which 

were genotype 3.1.1), a burden not associated with chromosomally integrated MDR (100% 

of MDR in Malawi, 19% in Kenya, all H58 genotypes). To explore this, we examined the 

relationship between the proportion of MDR isolates that carry the IncHI1 plasmid vs trends 

in MDR prevalence, across countries with appreciable MDR levels (total 7 countries with 

≥5% MDR prevalence; see Figure 31). Two countries showed a significant rise in MDR 

prevalence (Pakistan, p=3x10-11; South Africa, p=9x10-8); in both cases, this rise coincided 

with loss of IncHI1 plasmids (see Figure 31) and presumably migration of MDR to the 

chromosome (as has been clearly shown in XDR 4.3.1.1.P1 strains in Pakistan).24 Cambodia 

followed a similar pattern to Nigeria, whereby all MDR organisms belonged to the same 

genotype (4.3.1.1 in Cambodia, 3.1.1 in Nigeria) and carried the IncHI1 plasmid, and MDR 
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prevalence has declined over time in each case (see Figure 31). As noted above, MDR was 

maintained at high levels in Kenya and Malawi, where the IncHI1 plasmid frequency was 

either in decline (Kenya) or entirely absent (Malawi; see Figure 31). Notably, Bangladesh 

showed a significant decline in total MDR prevalence (p=0.0002), and in MDR prevalence 

within the dominant genotype 4.3.1.1 (p=0.049), despite the majority of MDR (and all MDR 

within 4.3.1.1) being chromosomal rather than plasmid associated.57 
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Figure 31. Trends in annual MDR frequency and proportion of MDR explained by prevalence 
of IncHI1 plasmids, 2000-2020. 
 

Trends in annual MDR frequency (red) and proportion of MDR explained by prevalence of 
IncH1 plasmids (blue). In Pakistan and South Africa, MDR prevalence is increasing 
dramatically, which coincides with a decline of prevalence of IncH1 plasmids among MDR 
isolates, likely due to integration of MDR genes into the chromosome. MDR prevalence 
remained high in Kenya and Malawi, where IncH1 prevalence was either in decline or 
absent. 
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6.3.3.4 Extensively drug-resistant (XDR) 
 
The XDR 4.3.1.1.P1 sublineage (that is, MDR with additional resistance to fluoroquinolones 

and third-generation cephalosporins including ceftriaxone) was recognised as emerging in 

late 2016 in Sindh Province, where it caused an outbreak of XDR typhoid that has since 

spread throughout Pakistan.24,68,233 Here, we identified the genome of strain Rwp1-PK1 

(assembly accession NIFP01000000), isolated from Rawalpindi in July 2015, as genotype 

4.3.1.1.P1. Rwp1-PK1 was isolated from a 17-year-old male with symptomatic typhoid 

whose infection did not resolve following ceftriaxone treatment and was found to be 

phenotypically XDR (resistant to ampicillin, co-trimoxazole, chloramphenicol, ciprofloxacin, 

ceftriaxone).235 The isolate was later sequenced and reported as carrying blaCTX-M-15, 

blaTEM-1, qnrS1 and GyrA-S83F,236 but was not genotyped nor included in comparative 

genomics analyses investigating the emergence of XDR in Pakistan, so has not previously 

been recognised as belonging to the 4.3.1.1.P1 XDR sublineage. We found that the Rwp1-

PK1 genome carries the 4.3.1.1.P1 marker SNV, clusters with the 4.3.1.1.P1 sublineage in a 

core-genome tree (Figure 32) and shares the full set of AMR determinants typical of 

4.3.1.1.P1, indicating that this XDR strain was present in northern Pakistan for at least a full 

year before it was reported as causing outbreaks in the southern province of Sindh.  
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Figure 32. Phylogenetic tree showing position of 2015 Rwalpindi isolate, Rwp1-PK1, in 
context with other genomes from Pakistan. 
 
Core-genome distance-based neighbour-joining tree generated in Pathogenwatch, using all 
genomes from (Klemm et al., 2018) (the first genomic characterisation of the XDR outbreak 
clade, including outbreak strains and local context strains from Sindh Province in 2016-2017) 
and (Rasheed et al., 2020) (genomics report of XDR outbreak strains from Lahore in 2019). 
Tree tips are coloured by genotype, according to inset legend; the 2015 strain Rwp1-PK1 is 
labelled in the tree and indicated with a triangle. Year of isolation and presence of AMR 
determinants are indicated in the heatmap, according to inset legend.  
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6.3.3.5 Ceftriaxone resistant (CefR) 
 
There was no evidence for establishment of the lineage 4.3.1.1.P1 or other XDR lineages 

outside of Pakistan; however, ESBL genes were identified in an additional 33 genomes, 

belonging to 8 other genotypes (Table 9). Several of these carried a blaCTX-M-15 IncY plasmid 

similar to that of 4.3.1.1.P1. These include instances with no other acquired AMR genes in 

plasmid or chromosome (genotype 3 in Philippines; genotype 4.3.1.2 in Iraq); one instance 

with chromosomally integrated AMR genes plus IncY plasmid-borne blaCTX-M-15 (genotype 

2.5.1 in DRC); and instances with a 4.3.1.1.P1-like profile carrying qnrS in the IncY plasmid 

and the MDR locus in the chromosome (n=4 4.3.1, India and Pakistan; n=1 4.3.1.1, Pakistan; 

see Table 9). Notably blaCTX-M-15 IncY plasmids were rare (n=1 to 4 genomes) in all strain 

backgrounds except 4.3.1.1.P1 (total n=654), suggesting that the IncY blaCTX-M-15 plasmid has 

not been stably maintained in other S. Typhi lineages (see Table 9). IncY plasmids were also 

identified in a single genotype 2.3.3 isolated in the UK in 1989 associated with travel to 

Pakistan (carrying catA1, tetA(B)); and in a sublineage of IncHI1-negative 3.1.1 genomes 

from Nigeria carrying blaTEM-1D, dfrA14, sul2, tetA(A), as has been recently reported 

elsewhere.225 Other examples of ESBL carriage appear to represent isolated events (1 or 2 

genomes per ESBL/plasmid or ESBL/genotype combination, see Table 9), except for a 

sublineage of 4.3.1.2 from India carrying blaSHV-12 in a IncX3 plasmid backbone. 

Concerningly, the plasmid also carries qnrB and is present in a QRDR triple-mutant strain 

background (gyrA-S83F, gyrA-D87N, parC-S80I), resulting in a combination of ciprofloxacin 

resistance and third-generation cephalosporin resistance. This group comprised 15 isolates 

from Mumbai (2015-2018), plus three additional isolates from travellers returning to 

England, Australia and the USA from India (2018-2020). 71,72,78,140 This strain therefore 
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appears to have originated in Mumbai and persisted there since at least 2015 for at least six 

years, but our data do not suggest onward spread out of Maharashtra or India.   
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Table 9. Extended spectrum beta-lactamase (ESBL) genes detected in S. Typhi genomes.2  
 

Genotype ESBL 3GCR 
Country  
of Origin n Years Other plasmid / AMR markers 

2.5.1 CTX-M-15 Y DRC237 1 2015 IncY*; blaTEM-1, dfrA7, sul1 
(gyrA-S83F) 

3 CTX-M-15  Y Philippines22

9 
1 2013 - 

SHV-12 Y Philippines23

8 
2 2007 IncHI2A$; blaTEM-1, dfrA18, tetA(D) 

3.3 CTX-M-15 Y UK68 1 2012 (gyrA-S83F) 

3.3.2 CTX-M-15 Y Bangladesh5

6,239 
2 2000 IncI1$; blaTEM-1 

3.5 CTX-M-12 Y Colombia231 1 2012 IncL, IncFIB(pHCM2); 
blaTEM-1, sul1 

4.3.1 CTX-M-15 Y India69 1 2019 IncY$; qnrS, blaTEM-1, dfrA14, sul2,  
(gyrA-S83Y) 

Y/N Pakistan24,52 3 2017-18 IncY; qnrS, blaTEM-1, sul2, catA1, 
dfrA7, sul1, tetA(A) 

(gyrA-S83F) 

4.3.1.1 CTX-M-15 N Pakistan24 1 2016 IncY; qnrS, blaTEM-1, sul2, catA1, 
dfrA7, sul1, tetA(A) 

(gyrA-S83F) 

4.3.1.1.P1 CTX-M-15 Y24 India68 1 2019 IncY # 
qnrS, blaTEM-1, sul2,  
catA1, dfrA7, sul1 

(gyrA-S83F) 
? Mexico 1 2019 

Y Pakistan 654 2016-20 

? USA *§ 1 2019 

CTX-M-55 Y Pakistan 
236,240*§ 

2 2015-18 

4.3.1.2 CTX-M-15 Y Iraq27,78 2 2019 IncY; (gyrA-S83F) 

SHV-12 Y India71,72,78,17

9 § 
18 2015-20 IncX3$; qnrB 

(gyrA-S83F, gyrA-D87N, parC-S80I) 

 
2 ‘Other plasmid/AMR markers’ column includes: (i) plasmid replicons (Inc types) identified in the genome (in 
bold); (ii) other acquired AMR genes; (iii) chromosomal AMR mutations (in brackets). $ indicates this plasmid is 
the reported location of the ESBL gene in the genome assembly; # n=31 4.3.1.1.P1 isolates from Pakistan 
lacked plasmid replicons.  
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6.3.3.6 Azithromycin resistance (AziR) 
 
AziR associated mutations in acrB were identified in 74 genomes. The majority of acrB 

mutants were from Bangladesh (n=55, 73%), followed by India (n=11, 15%) (see Figure 33a), 

although the overall frequency of resistance was very low even in these locations (2.6% in 

Bangladesh, 0.5% in India). Thirteen distinct combinations of genotype and acrB SNP were 

identified, implying at least thirteen distinct events of AziR emergence; six were singleton 

isolates, and four were represented by 2–3 isolates each (Figure 33b). The three more 

common AziR variants all carried R717Q, in H58 lineage 1 or genotype 4.3.1.1 (n=38, mainly 

from Bangladesh), 3.2.2 (n=12, from Bangladesh) or H58 lineage 2 (n=7, from India). Notably 

half (n=7/13) of all acrB/genotype combinations were identified in Bangladesh (see Figure 

33b). All acrB mutants also carried QRDR mutations, and eight were cipR: n=6 belong to the 

CipR 4.3.1.2.1 lineage in India (all carried R717Q and were isolated in 2017 in Chandigarh) 

and n=2 belong to the CipR 4.3.1.3.Bdq lineage (both carried R717L and were isolated in 

2019, one in Singapore and one in Bangladesh).  
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Figure 33. Distribution of azithromycin resistance-associated acrB mutations detected in S. 
Typhi genomes. 
 

Distribution of acrB mutants by (a) year of isolation and (b) country of isolation. The first 
acrB mutant appeared in Samoa in 2007. Other mutants have appeared independently 
across a range of genetic backgrounds, largely in South Asian countries. Country of origin is 
coloured as per inset label.    
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6.3.4 Robustness of national estimates across studies 

The estimates of genotype and AMR prevalence represented here reflect post hoc analyses 

of data that were generated for a variety of different primary purposes, by different groups, 

including in-country surveillance and travel-associated cases captured in other countries. To 

explore the robustness of these national-level estimates, we compared prevalence rates 

estimated from different studies/sources from the same country, where sufficient data 

existed to do so. South Asian countries were each represented by 2 to 4 in-country data 

sources plus travel-associated data collected in 3 to 4 other countries. Figure 34 shows 

genotype prevalence estimates derived from these different sources (with ≥20 isolates 

each) and Figure 35a shows the annual genotype frequency distributions (for years with ≥20 

isolates). In most cases (67% of genotype-source combinations), genotype prevalence rates 

estimated from individual source laboratories yielded 95% confidence intervals (CIs) that 

overlapped with those of the pooled national estimates (see Figure 34). The main exception 

was for 4.3.1.2 in India, where all data sources confirmed 4.3.1.2 was the most prevalent 

genotype, but the point estimates ranged from 40% to 82%, compared with the pooled 

estimate of 53.4% (95% CI, 50.6–56.2%),52 and 95% CIs were frequently non-overlapping 

(see Figure 34). High prevalence of 4.3.1.2 was estimated from contributing laboratories in 

urban Vellore (82% [95% CI, 78-87%]), Chennai (67% [56-77%]), Bengaluru (70% [62-78%]), 

and Mumbai (two laboratories, estimates 74% [65-83%] and 63% [46-79%]); with lower 

prevalence in northern India, New Delhi (three laboratories, estimates 48% [28-68%], 40% 

[31-49%], 39% [22-56%) and Chandigarh (39% [33-45%]). Two Indian laboratories were clear 

outliers, with little or no 4.3.1.2 but very high prevalence of a different genotype: 4.3.1.1 in 

rural Bathalapalli (81% [67-95%]) and 2.5 in the northern city of Ludhiana (77% [66-88]).  
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The relative prevalence of 4.3.1.1.P1 (XDR lineage) in Pakistan vs its parent lineage 4.3.1.1 

also varied between sources, however, this was clearly driven by differences in the time 

frames and locations relative to the emergence of 4.3.1.1.P1, which first arose in Karachi 

and later spread to cause outbreaks elsewhere including Lahore (sampled in 2019) (see 

Figure 35). AMR prevalence estimates were also highly concordant across data sources (see 

Figure 36) and showed strikingly similar temporal trends (Figure 35b). 
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Figure 34. Genotype prevalence estimated from different data sources, for South Asian 
countries.  
 

Genotype prevalence estimates from different labs within the same country for Bangladesh, 
India, Pakistan, and Nepal. Data is shown only for source labs with N≥20 isolates from which 
to estimate prevalence. Lines show 95% confidence interval for each proportion 
(prevalence) estimate; solid circles highlight the pooled point estimate for national 
prevalence in each country. Lines are coloured by country as per the inset legend. 
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Figure 35. Annual genotype and AMR frequencies by isolating lab, for South Asian countries 
with multiple data sources, 2000-2020.  
 
Annual genotype (a) and AMR (b) frequencies by isolating lab for South Asian countries. 
Labs shown are those with ≥20 isolates; and years shown for each lab are those with N≥5 
isolates from that site. (a) Bars are coloured to indicate annual genotype prevalence, as per 
inset legend. (b) Lines indicate annual frequencies of key AMR profiles (MDR, cipIR, cipR, 
cefR), coloured by isolating laboratory as per inset legend. 
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Figure 36. AMR prevalence estimated from different data sources, for South Asian 
countries.  
 

AMR prevalence from different data sources within Bangladesh, Nepal, India, and Pakistan. 
Data is shown only for source labs with N≥20 isolates from which to estimate prevalence. 
Lines show 95% confidence interval for each proportion (prevalence) estimate; solid circles 
highlight the pooled point estimate for national prevalence in each country. Lines are 
coloured by country as per the inset legend. 



 160 

The only other country represented by ≥10 sequenced isolates each from multiple 

laboratories was Nigeria; these were from Abuja (Zankli Medical Center, n=105, 2010-2013) 

and Ibadan (University of Ibadan, n=14, 2017-2018), and reference laboratories in England 

(n=15, 2015-2019) and the USA (n=10, 2016-2019) (see Figure 37). Genotype prevalence 

estimates were concordant across different sources, with single-laboratory 95% CIs 

overlapping with one another and with the pooled point estimate, for all five common 

genotypes (see Figure 37a). The exception was that genotype 3.1.1 accounted for all 

n=14/14 isolates sequenced from Ibadan but ranged from 53-70% prevalence at other 

laboratories and yielded a pooled national prevalence estimate of 67% [95% CI, 60-75%) 

(see Figure 37a, c). AMR prevalence estimates were more variable for Nigeria across 

laboratories (see Figure 37b), but this could be explained by their non-overlapping sampling 

times: Abuja data from early years (2010–2013) showed high MDR (49%) and low CipNS 

(4%) prevalence rates; whereas Ibadan data from later years (2017-2018) showed 

comparatively lower MDR (21%) and higher CipNS (79%) prevalence rates, which is 

consistent with contemporaneous travel data (12% MDR, 60% CipNS, from total n=25 

isolated 2015-2019) (Figure 37b). 
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Figure 37. Genotype and AMR prevalence rate estimates for Nigeria from different data 
sources, 2010-2020.  
 

Data are shown only from source labs with N≥10 isolates from which to estimate 
prevalence. (a) Genotype prevalence and (b) AMR prevalence, using all available isolates per 
lab, 2010-2020. Lines show 95% CI for each proportion (prevalence) estimate. Red indicates 
estimates based on data from individual labs, black indicates pooled estimates (i.e. from all 
labs), as per inset legend. (c) Annual genotype frequencies. Bars are coloured by genotype 
as per inset legend. Lab abbreviations are shown in y-axis labels for panels (a-b). 
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6.4 Discussion 

6.4.1 Data availability 

This study presents the most comprehensive genomic snapshot of Typhi to date, with 

12,965 high quality genomes originating from 111 countries in 21 world regions. The 

consortium model provides improved consistency and completeness of source data 

aggregated from 77 laboratories and 66 unique studies. Our dataset also includes 1,290 

novel genomes sequenced by public health laboratories that would not otherwise have 

been published, including travel data from countries not previously represented in 

published Typhi genomics studies (e.g. El Salvador, Guatemala, Haiti, Mexico and Peru). 

However, it is a post hoc analysis of isolates that were cultured in different contexts 

(including routine diagnostics, as well as study settings where culture would not normally be 

undertaken) and sequenced for different reasons (including retrospective studies, outbreak 

investigations, and routine surveillance). The study therefore has important limitations, 

most notably the scarcity of genomic data from many countries and world regions where 

typhoid is believed to be endemic,1 including Northern and Middle Africa, Western Asia, as 

well as Central and South America (Figure 38). These genomic data gaps reflect an 

underlying lack of routine blood culture or sustained blood-culture surveillance, and limited 

resources and expertise in many settings.241 In addition, public health authorities may be 

disincentivized to generate, analyse, and publish genomic data; we hope that this analysis 

strengthens the case for data generation and sharing for public good. Substantial 

investments have been made in recent years to improve and expand microbiological 

surveillance capacity in some low- and middle-income countries, but major regional 

surveillance gaps remain. It is therefore important to maximise information recovery from 

available data sources, especially WGS, which provides data on the emergence and spread 
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of AMR variants. While the inference of AMR phenotype from WGS is currently highly 

reproducible and accurate for S. Typhi,43,78 continued phenotypic antimicrobial susceptibility 

testing remains crucial to monitor for emerging mechanisms and to guide changes in 

empiric therapy.  

 

For now, routine sequencing of travel-associated S. Typhi infections diagnosed in high-

income countries helps to fill some molecular surveillance gaps for some regions, assuming 

that accurate travel history information is available and the sequence and metadata 

(including country of origin) are shared.55 For example, our study included >3,000 genomes 

shared by public health reference laboratories in England, Australia, New Zealand, France, 

Japan, and the USA. These infections mostly originate in other countries, and can in 

principle provide informative, if informal, sentinel surveillance for pathogen populations in 

countries with strong travel and/or immigration links to those with routine sequencing.140 

Indeed, for some countries and regions, travel data represented most or all the available 

genome data (see Table 8). In this study, where multiple data sources were available for the 

same country, we found that national genotype and AMR prevalence estimates for the 

period 2010-2020 were largely concordant between local surveillance studies and travel-

associated cases captured elsewhere (Figures 35 & 37) particularly when comparing 

contemporaneous annual prevalence estimates. This shows clearly that travel-associated S. 

Typhi isolated in low burden countries can be informative for surveillance of some high 

burden countries, which should serve as incentive for public health reference laboratories to 

share their data to the fullest extent they are able to under local regulations.  



 

 

Figure 38. Geographic distribution of S. Typhi genomic data over duration of study period (n=13,022) 



Another key limitation stemming from the post hoc nature of this study is that it is hard to 

assess how representative the prevalence estimates are for a given region/country and 

timeframe. The GTGC has developed new source/metadata standards for S. Typhi (see 

bit.ly/typhiMeta), that include information on the purpose of sampling, which were 

completed by the original owners of each dataset. Such ‘purpose-of-sampling’ fields are 

currently lacking from metadata templates used for submission of bacterial genomes to the 

public sequencing archives (e.g. NCBI, ENA), and our approach was modelled on that 

established for sharing of SARS-CoV-2 sequence data, designed by the PHA4GE 

consortium.242 In this study, the purpose-of-sampling information was used to identify the 

subset of genome data that could be reasonably considered to be representative of national 

annual trends in genotype and AMR prevalence for public health surveillance purposes 

(n=9,478 genomes post 2010; Figs 1-3). These originate mainly from local typhoid 

surveillance studies (59%), or routine diagnostics/surveillance capturing locally acquired 

(19%) and travel-associated (24%) infections. The comparisons of estimates for a given 

country based on different sources of genomes (Figures 34-37) are reassuring that the 

general scale and trends of AMR prevalence are reliable. The genome-based estimates are 

also in broad agreement with available phenotypic prevalence data on AMR in S. Typhi,243 

although systematic aggregation of susceptibility data is limited. Notably, the genome data 

adds an additional layer of information on resistance mechanisms and the emergence and 

spread of lineages or variants. Importantly, our study shows clearly that, whilst much 

attention has been given to the emergence and spread of drug-resistant H58 S. Typhi, other 

clones predominate outside of Southern Asia and Eastern Africa (Figure 23) and can be 

associated with non-susceptibility to ciprofloxacin (Figure 30), azithromycin (Figure 33) or 
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ceftriaxone (Table 9), which are included in the World Health Organization Essential 

Medicines List as first choice treatment for enteric fever.244  

6.4.2 AMR  

Our data demonstrate that CipNS is emerging or established in all regions except Melanesia 

(here represented by n=35 genomes from Fiji and Papua New Guinea, mainly from 2010, 

although more recent reports support a lack of CipNS in Fiji 245,246 (see Figure 29). For 

countries with sufficient data to assess (≥50 genomes), CipNS was emerging or established 

in all countries except Ghana (Figure 27), with no evidence of declining prevalence (Figure 

29). A diverse range of genotypes and QRDR mutations are involved (Figures 29, 30), likely 

reflecting the lack of fitness cost associated with these mutations.247 That QRDR mutations 

are so widespread is highly concerning, as infections with CipNS strains can take longer to 

resolve, and full clinical resistance can emerge relatively easily against this background, 

through acquisition of either a mobile qnr gene (as occurred in 4.3.1.1.P1 in Pakistan) or 

additional QRDR mutations (as occurred in 4.3.1.2.1 in India). Notably, the data suggest CipR 

typhoid is now a well-established problem across Southern Asia and is emergent in Chile, 

Mexico and South Africa (Figures 27, 28). A recent study estimating national annual 

antibiotic consumption highlighted differences in rates of fluoroquinolone usage between 

regions and countries, which could potentially drive these differences in resistance 

prevalence.248 The highest rates of fluoroquinolone consumption were estimated in South 

Asian countries, rising from 1.67 defined daily doses (DDD) per 1,000 per day in 2000 to 2.81 

DDD/1,000/day in 2010 and 2.94 DDD/1,000/day in 2018 (see 

https://www.tropicalmedicine.ox.ac.uk/research/oxford/microbe/gram-project/antibiotic-

usage-an d-consumption). Fluoroquinolone consumption was also estimated to increase 
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substantially in Latin America, rising from 0.64 DDD/1,000/day in 2000 to 1.85 

DDD/1,000/day in 2010 and 2.26 DDD/1,000/day in 2018. Our data show the highest 

incidence of CipR burden is associated with four main variants (Figure 29). In Pakistan, India 

and Bangladesh, it is associated with locally emerged variants; however, the relatively high 

burden in Nepal is associated with variants acquired from India.61,202 In other regions, CipR 

burden is low and so far linked mainly to the spread of 4.3.1.2.1 out of India,52,63 plus 

occasional de novo emergence of resistant variants, which show no evidence of 

geographical spread. However, the high rates of CipNS in Kenya (53%) and Nigeria (40%) are 

concerning, especially given the increasing usage of fluoroquinolones in these countries 

(estimated 2.1 DDD/1,000/day in 2018 in Kenya and 2.76 DD/1,000/day in Nigeria),248 which 

could potentially drive local emergence and spread of CipR.  

 

While resistance to azithromycin and ceftriaxone have been detected (Table 9, Figures 26-

28 & 33), their prevalence remains low and, except for XDR 4.3.1.1.P1, clonal expansion of 

resistant variants has not been observed. To our knowledge, there are no data reported on 

the fitness cost of acrB mutations or CefR plasmids in S. Typhi; however, the genomic 

evidence suggests a higher fitness cost compared with QRDR mutations, providing further 

support for the use of ceftriaxone or azithromycin over ciprofloxacin as we work to 

introduce preventative measures. Most instances of ESBL-gene carriage in S. Typhi 

(conferring CefR phenotype) have been short-lived (Table 9), suggesting selection against 

the acquisition of new ESBL genes or plasmids. The expansion and dominance of the XDR 

4.3.1.1.P1 genotype in Pakistan is obviously concerning (Figures 27, 28, 32); however, 

despite circulating at high prevalence in Pakistan for more than five years, the strain 

remains azithromycin-susceptible. There is also limited evidence of local transmission of 
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4.3.1.1.P1 in other countries; however, most countries near Pakistan have limited data 

available. A short local outbreak of XDR 4.3.1.1.P1 was reported in China, linked to 

contamination of an apartment block’s water249 and non-travel associated cases have been 

reported in the USA.250 Notably, a CefR+CipR lineage of 4.3.1.2.1 that appears to be well-

established in Mumbai, India, has been isolated only occasionally since 201571,72,78,179 (Table 

9); however, this is the only example of persistence of a CefR strain besides 4.3.1.1.P1, and 

there is no evidence it has yet spread outside Mumbai. We hypothesise that the lack of 

widespread dissemination of 4.3.1.1.P1 and ESBL-positive 4.3.1.2.1 so far may be due to the 

fitness cost imposed by the associated plasmids (~85 Kbp IncY plasmid in 4.3.1.1.P1;24 ~43 

Kbp IncX3 plasmid in 4.3.1.2.1)72. The temporal trend data on MDR prevalence and IncHI1 

plasmids (Figure 31) suggest that migration of the MDR locus from the plasmid to the 

chromosome may have mitigated the fitness cost associated with plasmid-borne MDR. The 

same may be true for ESBL genes, that is, the movement of the ESBL locus from the plasmid 

to the chromosome (as has recently been reported in 4.3.1.1.P168 may result in a fitter CefR 

or XDR variant that can spread more easily. Our data show acrB mutations are occurring 

spontaneously and independently in multiple locations across a variety of genetic 

backgrounds (Figure 33). While they are still not prevalent, increased use of azithromycin 

through public health programmes (e.g. trachoma elimination) as well as widespread misuse 

of azithromycin to treat SARS-CoV-2 infections and use of azithromycin as first-line therapy 

for typhoid-like illness may lead to increased selection pressure. It will therefore be 

important to maintain and expand genomic surveillance, particularly in typhoid endemic 

countries where azithromycin is used widely. It is also notable that, while they are rare 

overall, acrB mutations have already arisen in two of the most common CipR lineages 

(4.3.1.2 and 4.3.1.3.Bdq); this relatively frequent co-occurrence warrants continued 
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monitoring and investigation. While we did not detect the mobile azithromycin resistance 

gene mphA, it is circulating in other S. enterica serovars251,252 and other enteric bacteria that 

share plasmids with S. Typhi (including the human-specific Shigella),253 providing another 

potential mechanism for emergence of azithromycin resistance in S. Typhi.  
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6.4.3 Applications of genomic surveillance for typhoid fever control  

We are at a pivotal stage in the history of typhoid control. Wider access to clean water and 

improved sanitation have led to a major reduction in global incidence of typhoid fever, 

which has also been reflected in declining incidence of other enteric diseases.80 This should 

continue but will require sustained investment from national and local governments and 

thus remains a long-term objective. In the short to medium term, widespread use of typhoid 

conjugate vaccines (TCVs) can help to further reduce global incidence of typhoid fever. The 

WHO has prequalified two TCVs and recommended their use in endemic countries, as well 

as settings where a high prevalence of AMR S. Typhi has been reported.21 Gavi, the Vaccine 

Alliance, has committed funds to support the procurement and distribution of TCVs in 

typhoid endemic countries.254 Four countries have undertaken Gavi-supported national 

introductions (Pakistan, Liberia, Zimbabwe, Nepal) and one country has self-financed a 

national introduction (Samoa).255 In Pakistan and Zimbabwe, TCV introduction was 

stimulated by the occurrence of AMR S. Typhi outbreaks in major urban centres, highlighting 

that the case for prevention can be stronger when curative therapy is less available. 

Additional support is likely required to inform TCV decision-making in other typhoid 

endemic countries, particularly where burden and AMR data are scarce.  

 

With increasingly limited treatment options, vaccines are an even more important tool to 

mitigate the public health burden of AMR S. Typhi, both through the prevention of drug-

resistant infections and through broader, indirect effects, like reduction of empiric 

antimicrobial use leading to reduced selection pressure. While TCVs have been shown to be 

highly effective against drug-resistant S. Typhi,25,99 public health policymakers have to weigh 
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the value of TCVs against other competing immunisation priorities. While TCV introduction 

is scaled up globally, antimicrobial stewardship should also be prioritised. Aggregated, 

representative data showing distribution and temporal trends in AMR can inform local 

treatment guidelines to extend the useful lifespan of antimicrobials licensed to treat typhoid 

fever, potentially including reverting to former last-line drugs in some settings. The traffic 

light system presented in this analysis (see Figures 27 & 28) provides a framework for 

monitoring trends in AMR and adjusting empiric therapy guidelines accordingly. Genomic 

surveillance has a particularly important role to play in monitoring for changes in clinically 

important resistance in S. Typhi, as a shift in resistance mechanism or early evidence of 

clonal spread, which can only be identified definitively using WGS, could provide early 

warning of a likely increase in prevalence. This study provides an analytical framework for S. 

Typhi genomic analysis, based on an open, robust, reproducible data flow and analysis 

framework leveraging open-access online data analysis platforms (Typhi Mykrobe for read-

based genotyping;256 the GHRU pipeline for genome assembly172 and Typhi Pathogenwatch 

for assembly-based genotyping and tree-building).43 We have made available all data 

processing and statistical analysis code, and underlying sequence and metadata, via GitHub 

and FigShare. Together, these provide: (i) a comprehensive data and code resource for the 

research and public health communities interested in typhoid surveillance data; (ii) a model 

for the inclusion of WGS in project-based or routine surveillance studies of typhoid that can 

be readily replicated and adapted; and (iii) a sustainable model for aggregated analysis of 

typhoid genomic surveillance data that can readily incorporate new data and extract 

features (genotypes, AMR determinants, plasmid replicons) of importance to clinical and 

public health audiences. Notably, this Consortium-driven effort shows that new insights can 

be gained from aggregated analysis of published data, which were not evident from the 
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individual contributing studies, for example (i) the XDR strain 4.3.1.1.P1 existed in Pakistan 

in 2015, a year earlier than previously reported (Figure 32); (ii) the CefR+CipR strain 

reported in Mumbai71,72 has persisted between at least 2015-2020 and is now more easily 

identified as 4.3.1.2.1 with blaSHV-12; (iii) persistence of MDR in certain settings is 

correlated with migration of MDR from plasmid to chromosome (Figure 31), which has 

implications for the future persistence and potentially spread of ESBL strains.  

 

This dataset provides clear, actionable information about the distribution and temporal 

trends in AMR across multiple countries and regions. Where data gaps exist, the potential of 

travel-associated data to serve as “sentinel” surveillance has been demonstrated previously 

by Ingle et al24,140 and supported by additional data included in this analysis. These data can 

and should inform prioritisation of TCV introduction and improvements to water, sanitation, 

and hygiene (WASH) infrastructure. Sustaining and expanding genomic surveillance can also 

facilitate measuring the impact of TCV introduction on local bacterial populations, as has 

been done for previous vaccines like pneumococcal conjugate vaccines. In addition, 

monitoring for potential “strain replacement” with other Salmonella serovars following TCV 

introduction can and should inform the prioritisation of the development and deployment 

of future combination Salmonella vaccines.  

 

The SARS-CoV-2 pandemic illustrated the power of open, continuous data sharing and 

crowdsourced analysis, and the importance of ensuring that genomic surveillance leads to 

local benefits. The scale of this analysis, which was made possible through the efforts of an 
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extensive network of collaborators, enables the extraction of key insights of public health 

relevance. The authors hope that this Consortium effort serves as a starting point for 

continued data generation and sharing and collective analysis, with additional participation 

from an expanded group of stakeholders. In particular, we hope that researchers and public 

health authorities from areas with little publicly available data see the value of reporting 

and sharing genomic data for collective public health benefit. In addition, we hope that the 

current momentum for donor and government support of molecular surveillance is 

sustained, so that additional groups are able to generate their own data and fill regional 

data gaps to inform local public health action.  

 

6.4.4. Next Steps 

This chapter is part of a larger ongoing body of work that is being undertaken by the Global 

Typhoid Genomics Consortium. Phylodynamic analyses (dating analyses for key genotypes 

and ancestral state reconstruction) are ongoing and thus have not been included in this 

section but will ultimately be included in the manuscript. The analysis described in this 

chapter has been submitted as a manuscript to eLife and is under review. For maximal 

transparency and reproducibility, all underlying code developed for data analysis is freely 

available at https://github.com/katholt/TyphoidConsortium20yrs. We are also developing a 

commentary with members of our Advisory Group (largely composed of public health and 

infectious disease epidemiology experts) to outline key insights of public health relevance 

and to highlight the value of continued data sharing, as well as the potential to analyse and 

visualise data using Typhi Pathogenwatch and TyphiNET. The functionality and public health 

utility of these two platforms will be described in greater detail in Chapter 7   
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Chapter 7: Applications of genomic data to inform typhoid fever 
control and next steps 
 
7.1 Abstract 

This chapter establishes the global scale of the problem of AMR and outlines three major 

use cases for the use of WGS in informing typhoid fever control, each of which is described 

in detail below. We also present freely available resources that can facilitate the generation, 

analysis, and visualisation of S. Typhi genomic data. This information was also presented at 

the 12th International Conference on Typhoid & Other Invasive Salmonelloses on December 

7, 2021 and has been written up in an accepted as part of a supplement in Open Forum in 

Infectious Diseases. Finally, this chapter outlines future directions and next steps for all of 

the work presented as part of this thesis. Colleagues from the GTGC, Pathogenwatch, and 

Africa CDC provided overviews of freely available resources for the generation, analysis, and 

visualisation of genomic data. I developed the use cases, drafted most of the manuscript, 

and have identified future research directions and applications independently.  

 

7.2 Background – WGS and AMR 

AMR is one of the largest threats to global public health, and bacterial AMR was estimated 

to be associated with 4.95 million (95% 3.62, 6.57) deaths in 2019, including 1.27 million 

(0.911, 1.71) deaths that were attributable to bacterial AMR.41 The pathogens associated 

with the highest attributable mortality in this analysis were Escherichia coli, Staphylococcus 

aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii, and 

Pseuodomonas aeruginosa, which were estimated to be responsible for 929,000 (660,000 - 

1,270,000) deaths attributable to AMR and 3.57 million deaths (2.62 - 4.78 million) 

associated with AMR in 2019.40 An estimated 23,700 deaths were considered attributable to 
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drug-resistant S. Typhi. However, this analysis only considered two “bug-drug” combinations 

– MDR S. Typhi and fluoroquinolone-resistant S. Typhi, so is likely to be an underestimate of 

associated and attributable mortality caused by drug-resistant typhoid fever.  

 

The WHO published a list of antibiotic-resistant “priority pathogens” that posed the greatest 

threat to human health based on prevalence and severity of drug resistance for which new 

antimicrobials are needed in 2017 (Figure 39).257 The list is divided into three categories in 

accordance with the urgency of need for new antimicrobials based on mortality, 

requirement for long impatient stays, prevalence of resistance, transmissibility, number of 

treatment options, and whether or not new antimicrobials to treat a given disease are 

already in research and development. Critical bacteria include multidrug resistant bacteria 

that disproportionately affect patients in hospitals, nursing homes, and who rely on 

ventilators or other devices for care. They can cause serious or even deadly infections. The 

medium and high priority lists include other increasingly drug-resistant bacteria.   

 

 



 

 

 

 

 

 

 
 

 
 

 
 

 
 

 
 
 
 

 
 

Figure 39. Global priority list of antibiotic-resistant bacteria to guide research, discovery, and development of new antimicrobials (Tacconelli et 
al). 238 
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The detection of AMR has classically been conducted using culture-based antimicrobial 

susceptibility testing (AST), which continues to be standard practice in clinical microbiology. 

While AST provides useful visual information about how bacteria behave in the presence of 

antimicrobials at prespecified concentrations, there are limits to the utility of AST data in 

patient management as well as higher-level disease control. It can be difficult to compare 

antimicrobial susceptibility testing (AST) data across different labs, as different testing 

methods may be used, including broth dilution tests, antimicrobial gradient methods 

including E-tests, disk diffusion tests, and automated instrument systems.258 Individual 

laboratory technicians may interpret results differently (e.g. variable measurement of disk 

diameter in the case of disk diffusion tests), and different clinical breakpoints may be used, 

from the Clinical Laboratory Standards Institute (CLSI) in the United States or the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST).259 In addition, these 

breakpoints are updated periodically, so if precise measurements are not recorded, results 

may be difficult to compare even within one laboratory over a certain time period. In 

addition, most AST methods requires culturing of patient samples and subculturing of 

bacterial colonies identified before any susceptibility testing can be conducted, meaning 

that patients are often given broad-spectrum antimicrobials well in advance of identification 

of a causative pathogen, much less any antimicrobial susceptibility results.  

 

In addition to these limitations, AST data do not provide information about molecular 

mechanisms of resistance, making it impossible to draw any inferences about transmission 

dynamics, whether it be across different hospital wards or continents, which complicates 

decision-making around outbreak response. In addition, AST data do not provide 
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information between relatedness of bacteria, making it difficult to ascertain the source of 

an outbreak. Genetic-based methods for bacterial typing like multi-locus sequence typing 

(MLST) provide additional granularity but are limited as they rely on a small fraction of the 

total genome. WGS data provide genome-wide data (down to single-nucleotide variant or 

SNP level) that can be used to identify and confirm presence of molecular mechanisms of 

AMR, confirm pathogen identity, and provide information about pathogen ancestry and 

virulence.260–262 Next-generation sequencing (NGS) has facilitated relatively rapid, accurate, 

and cost-effective determination of entire pathogen genomes, and comparative 

phylogenetic analysis enables estimation of relatedness of different isolates, which can be 

combined with clinical and other epidemiological data to describe transmission dynamics 

and the emergence and spread of AMR.223  WGS is being used more frequently to address 

AMR in multiple disease areas, through routine surveillance, outbreak investigation, and 

informing the development of improved diagnostics and therapeutics.  
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7.3 Uses cases for WGS to inform typhoid control policy 

WGS is a powerful tool that can help to improve our understanding of typhoid epidemiology 

and the burden of AMR. WGS data can also provide valuable information about 

transmission pathways, on local, national, and global levels, that can inform better targeting 

of interventions to achieve typhoid control goals. WGS has facilitated investigations of the 

molecular mechanisms of new resistance phenotypes, including XDR typhoid and the recent 

emergence of azithromycin resistant S. Typhi in Bangladesh, Pakistan, and India. By 

providing clear, standardized information about drug resistance profiles of circulating 

bacterial strains, WGS has the potential to direct local treatment guidelines to extend the 

useful lifespan of existing antimicrobials that are licensed to treat typhoid fever. Genomic 

data can also inform the prioritization of vaccine introduction, and phylogenetic analysis can 

be used to measure the impact of vaccines on bacterial communities. Understanding the 

genomic impact of TCV introduction and whether vaccines work equally well in preventing 

disease from different lineages can inform whether typhoid elimination is a feasible goal. In 

addition, monitoring for potential “strain replacement” with other typhoidal Salmonella 

serovars following TCV introduction can and should inform the prioritization of the 

development and deployment of future combination Salmonella vaccines.  

 

There is an important role for WGS in advancing typhoid control goals. More widespread 

generation and targeted use of sequence data could help to progress the three following 

objectives: 1) generating data about typhoid transmission and AMR patterns, 2) informing 

the prioritization of interventions and monitoring their impact, and 3) extending the lifespan 

of existing antimicrobials.  
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Figure 40. Use cases for WGS to inform typhoid control policy. 

 

WGS data can provide valuable information about AMR patterns and transmission 

dynamics, which can inform prioritisation of interventions and measurement of their 

impact. WGS data can also inform more targeted use (and less unnecessary use) of 

antimicrobial therapy, which can slow the emergence of AMR.  
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7.3.1 Generating data about typhoid transmission and AMR patterns 
 

AST has long been a mainstay of individual-level patient management as well as higher-level 

(national, regional) surveillance, and is unlikely to be fully replaced by WGS, but AST has 

several key limitations. It can be difficult to compare AST data across different labs. 

Different testing methods may be used: broth dilution tests, antimicrobial gradient methods 

including E-tests, disk diffusion tests, and automated instrument systems.258 Individual 

laboratory technicians may interpret results differently (e.g. variable measurement of disk 

diameter in the case of disk diffusion tests), and different clinical breakpoints may be used, 

from the Clinical Laboratory Standards Institute (CLSI) in the United States or the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST).259 In addition, these 

breakpoints are updated periodically, so if precise measurements are not recorded, results 

may be difficult to compare even within one laboratory over a certain time period. Not all 

breakpoints have been validated extensively with clinical data, as is the case for 

azithromycin breakpoints for S. Typhi,197 so categorization of species as susceptible, 

intermediate, or resistant based on some breakpoints may give a sense of false precision. In 

addition, most AST methods requires culturing of patient samples and subculturing of 

bacterial colonies identified before any susceptibility testing can be conducted, meaning 

that patients are often given broad-spectrum antimicrobials well in advance of identification 

of a causative pathogen, much less any antimicrobial susceptibility results. Repeat testing 

may be difficult, as banked isolates may fail to revive.  

 

While WGS may not address the issue of time required for results, WGS data provide 

valuable, actionable outputs, both statically and longitudinally, that are easily comparable 

across different laboratories. Where molecular mechanisms of AMR are known, WGS data 
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provide clear, definitive information about the resistance profile of a given isolate. In 

addition, phylogenetic analysis of WGS data enables high-throughput comparison of 

multiple different isolates in terms of AMR profile and molecular mechanism(s) of 

resistance, and even facilitates inference about relatedness of strains and transmission 

dynamics. WGS facilitates the investigation and discovery of new molecular mechanisms of 

resistance, which can then be identified retrospectively in existing sequence data much 

more easily than reviving banked specimens and then repeating culture and AST. WGS can 

also facilitate the development of targeted molecular testing to monitor the spread of a 

specific resistance gene, or lineage, for use in either clinical specimens or environmental 

specimens.  

 

WGS data from a specific, non-targeted sampling frame – be it a hospital, a regional 

reference laboratory, or even a national public health laboratory – can provide a valuable 

snapshot of circulating genotypes and AMR profiles. In addition, sequence data can facilitate 

the investigation of new AMR phenotypes to determine molecular mechanisms of 

resistance, enabling heightened surveillance for these new resistant strains as well as 

investigation into their emergence and spread. One important example of this was the 

recent investigation of the XDR typhoid outbreak in Pakistan. Following alarming reports of 

ceftriaxone-resistant typhoid in Hyderabad in November 2016,67 genomic investigation 

revealed that a new strain had emerged that was not only resistant to first-line 

antimicrobials chloramphenicol, ampicillin, and trimethoprim–sulfamethoxazole, but also 

fluoroquinolones and third generation cephalosporins. This strain, which belongs to the H58 

clade, acquired a “promiscuous” plasmid encoding additional resistance elements, including 

blaCTX-M-15 extended-spectrum β-lactamase, and the qnrS fluoroquinolone resistance gene, 
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that had previously been identified in other enteric bacteria.24  The discovery of this new 

strain and subsequent genomic investigation led to intensified nationally representative 

surveillance, which allowed for the discovery that this novel strain had spread from 

Hyderabad, Pakistan to Karachi and throughout Sindh province, ultimately spreading to 

Punjab and beyond. 

 

This public health program follows many years of effort to characterise the global 

epidemiology of typhoid fever, in which WGS has played a significant role. As previously 

described, the emergence and spread of AMR have posed an increasing threat to typhoid 

control, particularly in South Asia, where resistance to each class of oral antimicrobials used 

to treat typhoid fever has emerged.34 As new resistance phenotypes have emerged, WGS 

has facilitated the further investigation of the underlying molecular mechanisms. WGS-

based investigation of an outbreak of ceftriaxone-resistant typhoid in Hyderabad, Pakistan 

revealed the emergence of a new, extensively drug-resistant (XDR) variant that was not only 

MDR, but also resistant fluoroquinolones and third generation cephalosporins.67 This variant 

had acquired a plasmid encoding additional resistance elements, including a blaCTX-M-15 and a 

qnrS fluoroquinolone resistance gene.24 Determining the molecular mechanisms of XDR 

typhoid enabled researchers and public health professionals to understand that this was a 

new strain that had likely emerged in Pakistan (rather than being introduced from 

elsewhere), and facilitated intensified surveillance of XDR typhoid in Pakistan to understand 

where it was spreading and how quickly.  

 

In addition to elucidating the molecular mechanisms of AMR and providing well-defined, 

standardised AMR data where mechanisms of resistance are known, WGS data provide a 
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more dynamic view of typhoid fever epidemiology by illustrating how and where drug-

resistant strains emerge and illustrating where these strains spread and over what 

timeframe. Tracking the spread of resistant strains and predicting the subsequent spread of 

new resistant strains can help target interventions more effectively. Understanding whether 

isolated S. Typhi is imported, or endemic will have implications for the urgency, type, and 

scale of public health response. The 2018 WHO Position Paper on typhoid vaccines indicated 

that TCV introduction should be prioritised “in countries with the highest burden of typhoid 

disease or a high burden of antimicrobial-resistant S. Typhi”.21 Given the ubiquitous nature 

of drug-resistant typhoid, the substantial anticipated country demand for TCVs, and the 

presence of only two WHO prequalified manufacturers of TCV, additional selection criteria 

may be required. Globally representative WGS data show that drug-resistant typhoid 

typically emerges and spreads from South Asia;45,52 therefore, prioritising TCV introduction 

in this region may reduce the burden of AMR in the region and prevent the spread of new 

resistance phenotypes globally, as has been observed previously with the spread of H58 

typhoid to east and sub-Saharan Africa.45 Phylogenetic and phylodynamic data can inform 

optimal vaccine introduction strategies for other key highly drug-resistant pathogens 

through the identification of drug-resistance “hot spots”, as and when new vaccines become 

available. This will not only prevent infections and save lives in the region, but also limit the 

continued emergence and spread of resistant S. Typhi to other regions.  

 

Of course, access to sequencing is not ubiquitous, and there are many parts of the world 

from which S. Typhi genomic data are not publicly available. However, work undertaken by 

the colleagues from the United Kingdom Health Security Agency and the University of 

Melbourne has demonstrated that the genomic profile of S. Typhi isolated from returning 
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travellers to the UK is likely to be representative of the S. Typhi population structure in the 

country of travel. Thus, analysis of returning traveller data can provide some insight into the 

presence and drug-resistance profile of S. Typhi in countries where genomic surveillance is 

not routinely conducted, acting as a form of sentinel surveillance.55  

 

7.3.2 Inform prioritization of interventions and measure their impact  

By generating clearer static and dynamic insights into local bacterial populations, genomics 

can help inform prioritization and targeting of interventions like TCVs, WSH, and health 

education. Understanding where S. Typhi is circulating, what the AMR patterns are, and 

where the S. Typhi have come from (e.g. local, endemic transmission as compared to 

imported cases) can help policymakers to decide whether or not to introduce TCVs and 

which strategy to use (which age groups and geographic locations to target). Knowing that 

there is local transmission of drug-resistant S. Typhi should encourage policymakers to 

introduce TCVs more broadly, and potentially to implement WASH interventions, 

particularly if S. Typhi can be isolated from shared water or sewage samples.263 If the 

isolated S. Typhi are determined to be travel-associated based on WGS data and associated 

metadata, policymakers may choose instead to intensify surveillance rather than 

implementing a national control program.  

 

The example of the discovery and subsequent targeted monitoring of XDR S. Typhi 

transmission in Pakistan provides an excellent example of the potential value of WGS data in 

informing the deployment of preventative interventions like TCVs. Following initial reports 

of XDR typhoid in Hyderabad in November 2016, intensified surveillance was undertaken to 

monitor its spread throughout the country.264 Reactive vaccination campaigns were initiated 
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in Hyderabad and Karachi, where the burden was initially greatest, and vaccine safety and 

effectiveness data were generated.99,104 These efforts informed the decision of the Federal 

Expanded Program on Immunization (EPI) to introduce typhoid conjugate vaccine (TCV) into 

their national immunisation programme, making Pakistan the first country to do so.126 The 

phased introduction began with a vaccination campaign targeting ~ 10 million children in 

the urban areas of Sindh province in November 2019, where the burden of XDR typhoid was 

highest, and a subsequent campaign was conducted in Islamabad and Punjab province, 

where XDR had spread, that covered >13 million children.265 In this instance, WGS and 

phenotypic AMR data had a direct impact on the decision to introduce TCV and on the 

vaccine introduction strategy itself.  

 

Crucially, genomics can also help measure the impact of interventions like vaccines on 

bacterial populations, including identifying potential vaccine escape strains. This targeting 

and monitoring become particularly critical if the typhoid research and funding community 

decides to expand current typhoid control goals and targets elimination. To critically assess 

the feasibility of elimination, it will be important to interrogate the following questions: 

 

1) Do existing conjugate vaccines protect against all lineages of S. Typhi? if not, how 

do we target variants with other measures?  

2) What is the role of chronic carriers in sustaining transmission? Do we need to 

implement screen and treat programs in areas where carriage is thought to be 

present?  

3) Are circulating organisms endemic and/or imported? This will inform additional 

targeting of interventions, which will require coordinated, networked approach.  
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To answer some of these questions, it will be essential to establish clinical and genomic 

surveillance for S. Typhi in countries that are introducing TCV into their national 

immunization programs and implementing large-scale catch-up campaigns to understand 

the local bacterial population structure before TCV introduction and how if at all that 

changes following TCV introduction. Ideally, this would be broad-reaching blood culture 

surveillance in which all Salmonella isolates were submitted to WGS, coupled with 

population screening for chronic carriers. Understanding the age distribution of disease, as 

well as the distribution of genotypes and AMR types, should inform optimal targeting of TCV 

introduction. Understanding the impact of TCV on disease incidence, age distribution, and 

genotypic distribution of S. Typhi will help inform better targeting of TCV introduction and 

potentially address the question of, how much typhoid control can be achieved by 

widespread TCV deployment? The genomic component of this surveillance should include 

other Salmonellae to ensure any potential strain replacement (either different S. Typhi 

lineages, or “replacement” of S. Typhi with S. Paratyphi A, for example) could be detected 

following vaccine introduction. WGS data will also yield important information about the 

likely origins of any isolated S. Typhi, meaning that it will be easier to determine how much 

local transmission can be reduced following TCV introduction, and how much continued 

introduction is driven by local transmission as compared to external introduction. In a late-

stage elimination scenario, this information will be important in terms of understanding 

which lever(s) to further reduce transmission, including vaccination entry requirements to 

prevent additional travel-associated cases, and/or additional local TCV catch-up campaigns 

to reduce local transmission.  
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7.3.3 Extending the lifespan of existing antimicrobials 

In addition to introducing preventative tools, it is important to maintain viable treatment 

options when typhoid fever cases are detected. There are a few ways that WGS can be 

deployed to slow the continued emergence and spread of drug resistance, thereby 

extending the useful lifespan of existing antimicrobials. 

 

1) Use of WGS as a point of care diagnostic to inform appropriate therapy 

At a patient level, phenotypic tests yield uncertain results, as breakpoints are not always 

validated with clinical data. Presence of established molecular mechanisms of yields 

unambiguous results about the antimicrobial sensitivity profile of a given isolate. Where 

possible, using sequencing to directly inform individual patient management would likely 

slow development of resistance by reducing unnecessary use of antimicrobials, or informing 

more targeted therapy. This might lead to delays between a patient seeking care and 

receiving treatment, assuming the treating physician would wait for the AMR readout from 

sequencing data, and thus might not be practical or advisable in cases of acute illness. In 

addition, given some of the resource, supply chain, and training constraints detailed in 

Chapter 7, conducting WGS on all patient samples from patients presenting with non-

differentiated febrile illness might not be possible at this time. However, in this case, 

performing WGS on a subset of samples within large referral hospitals might also yield 

useful data about local trends in AMR that could still inform better antimicrobial 

stewardship practices.  
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2) Use of WGS as a population surveillance diagnostic to track AMR and inform 

antimicrobial use 

Antimicrobial stewardship is limited by availability of timely, geographically relevant AMR 

data to inform treatment guidelines, and guidelines may be slow to be updated. Ideally, 

genomic surveillance would be integrated into national AMR surveillance to inform “real 

time” treatment guidelines. If a stratified randomised (non-targeted) subset of pathogens 

isolated from relevant patient samples (in this case, S. Typhi from blood) from tertiary care 

hospitals and/or large diagnostic facilities were submitted to WGS and sequence data and 

AMR information were shared at national, regional, or even hospital levels, this could 

inform more regular updating of antimicrobial prescribing recommendations based on 

circulating resistance profiles, thereby “saving” last-line treatments, such as carbapenems 

until they are absolutely needed.  

 

3) Use of WGS to develop new diagnostic assays for identification of AMR  

Efforts have been made previously to develop S. Typhi-specific polymerase chain reaction 

(PCR) diagnostic assays using S. Typhi-specific genes, which are identified through analysis of 

WGS data.266 Such methods can be used to test environmental samples like shared water 

supplies or sewage, both to indicate presence or absence of bacteria, as well as a change in 

detectable levels following the deployment of a large-scale intervention, and can partially 

mitigate some of the challenges associated with culturing S. Typhi from water and other 

environmental samples. The utility of this approach is somewhat limited by the fact that 

molecular tests may indicate presence of specific S. Typhi DNA, but not of the presence of 

viable bacteria,267 but can still provide a good indication that there is, or has recently been, 
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S. Typhi circulating within a community. This approach can be extended to detect the 

presence of specific AMR genes for surveillance purposes. This has been performed by 

colleagues from Child Health Research Foundation in Bangladesh, who used genomic 

analysis of 56 azithromycin-resistant S. Typhi and Paratyphi A isolates with a an AcrB-

R717Q/L mutation to develop a simple, low-cost PCR assay to monitor the spread of 

azithromycin resistance.77 Such a tool could provide a quicker indication than AST about 

appropriate therapy at point of care to prevent treatment failures, and could be a useful 

surveillance tool by providing readouts from multiple patient samples or even pooled 

environmental samples and facilitating monitoring of trends over time.   

 

7.4 Freely available resources for the generation and analysis of S. Typhi genomic data 

7.4.1 Overview 

In addition to outlining use cases for WGS in informing improved typhoid fever prevention 

and control, I sought to highlight freely available resources to support the generation, 

analysis, and visualisation of S. Typhi WGS data to inform policy, which we presented in a 

workshop at the most recent Coalition Against Typhoid international meeting in December 

2021. These are described in detail below.  

 

7.4.2 SEQAFRICA 

The cost of sequencing a genome continues to drop, but at the time of writing, many 

laboratories and public health institutes that could benefit from sequence-derived 

information cannot afford to generate it. In addition to the monetary cost of generating 

high-quality genomic DNA, preparing and analysing sequencing libraries, generating 
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sequence reads, performing quality assurance and analysis, the dearth of expertise required 

to perform these tasks poses a problem in many settings on the African continent.268 

Pathogen sequencing is most easily justified by showcasing data from sequencing.241 This 

creates a ratchet effect where those that require sequencing cannot justify the need and 

therefore cannot access the monetary and training resources to be able to generate or 

analyse their own sequence data. 

 

WGS is a key tool in understanding mechanisms and transmission dynamics of AMR. 

Recognizing this, the Fleming Fund, which has provided support for AMR surveillance in over 

twenty LMICs, has funded SEQAFRICA. The goals of SEAFRICA are to integrate WGS into 

AMR on the African continent and to sustainably build capacity for generating and 

understanding sequence data for surveillance. The SEQAFRICA consortium is comprised of 

regional sequencing centers in Nigeria, Tanzania and South Africa, a national sequence 

center in Ghana and a South Africa COVID-19 response center (Figure 41). The consortium is 

coordinated by the Danish Technical University in Denmark.   
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Figure 41. Overview of SEQAFRICA sites.  

 

SEQAFRICA’s objectives are to bring whole genome sequencing into AMR surveillance in 

Africa and to build capacity sustainably through training.  The consortium has three regional 

sequencing centers: Nigeria (University of Ibadan, UI), Tanzania (Kilimanjaro Clinical 

Research Institute, KCRI) and South Africa (National Institute for Communicable Diseases, 

NICD); a national center: Ghana (Noguchi Memorial Institute for Medical Research, NMIMR) 

and a COVID-19 response center: South Africa (NICD Center for Respiratory Diseases and 

Meningitis (NICD-CRDM)) 
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SEQAFRICA receives and reviews sequencing proposals from across the continent and 

provides sequencing support for projects that have high priority to inform the epidemiology 

of AMR, at no cost to participating investigators. This modus operandi provides access to 

sequencing for high priority initiatives that lack adequate resources and facilitates 

sequencing of small isolate collections of rarer organisms that can fill importance 

surveillance gaps. Thus far, sequenced isolates have come from a range of public health 

institutes, African Fleming Fund Fellows leading surveillance in their respective countries, 

and researchers in 15 African countries. Completed genomes are placed in the public 

domain within three months of completion, so SEQAFRICA is rapidly filling critical 

surveillance and research gaps with bacterial genome data from Africa.  

 

Established in 2018, SEQAFRICA is now more than three quarters of the way towards 

achieving its goal of sequencing 16,000 genomes. Salmonella species, including S. Typhi, 

have been priorities from the start. However, SEQAFRICA has received few S. Typhi 

sequencing requests by the time of writing. This reflects overall low isolation rates of S. 

Typhi at various sites on the continent, which in turn is due to poor access to blood culture, 

as well as initial limited awareness of the program, and the benefits that S. Typhi genome 

sequencing can yield. Additionally, most S. Typhi isolates are obtained as part of externally 

funded term-limited research and surveillance projects, which often have their own 

arrangements for sequencing.269 Such initiatives generate a wealth of data, but these tend 

to come from a smaller range of locales than routine, nationally-owned sequencing, like that 

conducted by the National Institute for Communicable Diseases (NICD, South Africa).270,271 

For countries setting up surveillance, AMR and S. Typhi surveillance are mutually enhancing. 

For example, Nigeria has found that boosting AMR surveillance in a system that includes a 
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genomic surveillance component is one way to extend the number and diversity of S. Typhi 

genomes.272  For countries that do not have their own genomic surveillance for AMR, 

SEQAFRICA represents an excellent option for health facilities or national surveillance 

systems to generate S. Typhi genomic information and is therefore synergistic with Fleming 

Fund Country grant projects that focus on constructing the architecture of national 

surveillance systems, including building clinical microbiology at sentinel and national levels. 

 

Awareness of the value and potential of sequencing, as well as the understanding of how to 

implement it, will grow with training programs, including those offered by SEQAFRICA. The 

consortium has taught online introductory courses on WGS in antimicrobial resistance 

surveillance; the WGS workflow: Isolate to Analysis; SARS-CoV-2 WGS and Basic 

Bioinformatics using the Command Line. The consortium has also scheduled in-person 

courses for a subset of >100 online trainees in Ghana that completed these online courses 

on WGS sequencing and Advanced Bioinformatics using the Command line in 

September/October 2022 https://antimicrobialresistance.dk/seqafrica/seqafrica-

courses.aspx. In addition to the open courses, coordinated sequencing at SEQAFRICA nodes 

has also allowed staff working at the centers, who received in-person training at DTU at the 

start of the project, to gain very high-level proficiency. Many of these people work at public 

health institutes that acquired Illumina and/or Nanopore sequencing facilities during the 

COVID-19 pandemic273 and can now apply these tools to bacterial genome sequencing. 

Thus, the potential for SEQAFRICA and complementary initiatives, like the Africa Pathogen 

Genomics Initiative, to promote S. Typhi surveillance beyond the lifespan of the regional 

grant is very high.  
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7.4.3 Typhi Pathogenwatch  

Typhi Pathogenwatch43 is a web application that was developed to support genomic 

epidemiology and public health surveillance of S. Typhi. It enables genome analytics, such as 

genotyping according to established nomenclature, detecting the presence of AMR 

determinants and plasmid replicon genes, and contextualization with public genomic data.  

 

Typhi Pathogenwatch uses genome assemblies to perform three essential tasks for 

surveillance and epidemiological investigations, i.e., (i) placing isolates into lineages or 

clonal groups based on their genetic distance, (ii) identifying their closest relatives and 

linking to their geographic distribution, and (iii) detecting the presence of genes and 

mutations associated with AMR. In addition, Typhi Pathogenwatch provides compatibility 

with typing information for MLST, cgMLST, in silico serotyping (SISTR), the GenoTyphi 

genotyping scheme, and plasmid replicon sequences (PlasmidFinder). 

 

The application can be accessed at https://pathogen.watch/styphi, where users can create 

an account to upload and analyse their genomes. User data remains private and stored in 

their personal account. Public genomes (n=4,909 at the time of writing) available in 

Pathogenwatch with linked metadata are curated by the Global Typhoid Genomics 

Consortium. Metadata include, when available, country, date and source of isolation, travel 

information, patient age, and purpose of sampling. Users can browse and create custom 

collections of private and/or public genomes available in the application 

(https://pathogen.watch/genomes/all?organismId=90370) via a set of filters including 

country, date, MLST, genotype, and resistance (Figure 42).  



 196 

 

 

 

 

Figure 42. Screen capture of Pathogenwatch data selection page. 

The Genomes page in Pathogenwatch allows the user to select a custom dataset of 

genomes based on available filters (left) or by clicking on individual genomes (ticked boxes). 

A collection can be created from selected genomes and all analytics can be downloaded. 
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The results for a single genome are displayed in a genome report that can be downloaded as 

a PDF. The results for a collection of genomes can be viewed online (Figure 43) and 

downloaded as trees and tables of genotypes, AMR predictions, assembly metrics, and 

typing information. Results can also be accessed later and shared via a collection ID 

embedded in a unique weblink, thus facilitating collaborative surveillance. The collection in 

Figure 3 shows that resistance to broad-spectrum cephalosporins in a subset of genomes 

from India could be explained by the presence of extended-spectrum beta-lactamase genes, 

either blaSHV-12 in an IncX3 plasmid (red), or blaCTX-M-15 in an IncY plasmid (white). Genomes 

with blaSHV-12 show a narrow geographic distribution (map) but wider temporal distribution 

(timeline), while genomes with blaCTX-M-15 show a wider geographic distribution but 

narrower temporal distribution. 
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Figure 43. Screen capture of phylogenetic tree, and geographic and temporal distribution of 

user data using Pathogenwatch. 

 

A collection of 18 genomes uploaded by the user (circles) or public (squares) selected from 

the Genomes page as resistant to broad-spectrum cephalosporins and from India, highlight 

the link between the blaSHV-12 gene (red) and the IncX3 plasmid replicon sequence, and the 

blaCTX-M-15 gene (white) and the IncY plasmid replicon. 
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Typhi Pathogenwatch combines accurate genomic predictions of AMR with broad 

geographic and population context within an easy-to-use interface accessible to users of all 

bioinformatics skills levels. Global genotype and AMR data generated by Typhi 

Pathogenwatch are utilized and aggregated by the TyphiNET dashboard (see next section). 

Our approach allows the rapid and incremental addition of new data and can be used to 

underpin surveillance of typhoid and public health decision making at the local, national, or 

international scales.  

 

7.4.4 TyphiNET: An online AMR surveillance dashboard for global genomic surveillance of S. 

Typhi 

TyphiNET is a newly developed online resource that aims to provide easy access to genome-

derived data on the global distribution of S. Typhi genotypes and AMR determinants 

(available at: http://typhi.net).274 TyphiNET empowers users to explore global trends in 

genome-derived metrics of public health utility, including AMR and genotype frequencies 

summarised down to national annual prevalence levels, without specialist computing 

technologies or bioinformatics expertise. Genotype and AMR data are imported from Typhi 

Pathogenwatch and filtered to include only genome collections that represent non-targeted 

sampling, suitable for estimating national annual prevalence data. Input data can be further 

filtered to include only specified time periods, or to exclude data derived from returning 

travellers. Users can generate ‘up-to-date’ downloadable reports and data visualisations of 

typhoid populations at a global- and/or country-level via any standard web browser.  

 

Data can be viewed at global or country levels. Global patterns of national genotype and 

AMR frequencies can be visualised on the world map (Figure 44), with countries coloured to 
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indicate prevalence ranges (estimated from genome data) for clinically relevant drug 

resistance phenotypes. Categories of AMR that can be visualised in this way are MDR, aziR, 

CipI/R, XDR, and sensitive to all relevant antimicrobials. Users can also generate maps 

showing prevalence of genotype 4.3.1 (H58; commonly associated with AMR), the dominant 

genotype per country, and the number of genomes available for each country



Figure 44. TyphiNET user generated global overview of ciprofloxacin non-susceptibility frequencies.  
 
Top panels indicate the number of sequences and genotypes present in the TyphiNET database as of May 2022. Left panel indicates controls 
for filtering the data visualised by data source (all data, locally collected, or travel-associated cases) and time period (by providing start and 
end years for the period). Countries on the map are coloured by the frequency of ciprofloxacin non-susceptibility as per the inset legend (top 
right of map). Data for each country are shown when n≥20 sequences are available. Controls to zoom in and out of the map, and to centre the 
map are available at the bottom left of the map. Hovering the mouse over any of the countries on the map provides summary statistics. 
Clicking on individual countries triggers county-level summaries (shown in Figure 45). Camera button allows users to download visualisations. 



 
The following plots can be viewed for either global data or a selected country (Figure 45): (i) 

drug resistance frequencies over time; (ii) trends in genotype frequency over time; (iii) the 

frequency of resistance to different drug classes among pathogen genotypes; and (iv) the 

molecular drivers of AMR within pathogen genotypes. Country-level visualisations for 

Pakistan, using all available genomes from 2003-2020 including returning travellers, are 

shown in Figure 45 and illustrate the previously identified emergence and expansion of 

genotype 4.3.1.1.P1 responsible for ongoing outbreaks of XDR typhoid in Pakistan,24,233 

typified by resistance to former first-line drugs, ciprofloxacin, and third generation 

cephalosporins (3GC). TyphiNET visualisations show an increase in the proportion of S. Typhi 

that are resistant to classical first-line drugs, ciprofloxacin, and 3GC from around 2017 (Fig 

45A), coinciding with an increase in genotype 4.3.1.1.P1 (black in Fig 45B). Examination of 

resistance frequencies within genotypes demonstrates that 3GC resistance is associated 

only with genotype 4.3.1.1.P1 (purple in Fig 45C) and mediated by the acquisition of a 

blaCTX-M-15 gene (blue in Fig 45D).  
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Figure 45. TyphiNET country-level overviews of S. Typhi populations in Pakistan.  
 
(A) Drug resistance trends over time plot show resistance frequencies to selected drug 
classes per year where n≥10 sequences are available. Lines are coloured as per the inset 
legend, here we have selected ‘ESBL’ (i.e. 3GC resistance, purple), ciprofloxacin resistance 
(blue/grey) and co-trimoxazole (orange) to simplify the view. (B) Annual genotype 
distribution plot reveals the frequencies of pathogen genotypes per year. Genotypes are 
coloured as per the inset legend. (C) Resistance frequencies within genotypes plot shows 
frequencies of resistance to different drug classes, within common genotypes. Bars are 
coloured according to the inset legend. The 5 most resistant genotypes are shown by 
default. (D) Resistance determinants within genotypes plot shows the distribution of specific 
genes and mutations mediating resistance to a selected drug class, within common 
pathogen genotypes.  
 

A B

C D
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TyphiNET provides easy access to aggregated genome-derived resistance frequencies for 

clinically relevant antimicrobials utilised in controlling typhoid, making this data accessible 

for the first time to a broad range of users without genomics expertise. It is anticipated that 

these data will be of public health utility as they have the potential to inform national and 

regional treatment guidelines and control strategies. For example, overviews of resistance 

frequencies could assist in guiding empirical treatment of typhoid in LMIC settings where 

the disease is likely endemic, but surveillance data are lacking. In high-income countries 

where most infections are travel-associated, individual treatment could be informed by 

resistance frequencies from the country or countries visited. High resistance frequencies to 

multiple antimicrobials may be informative for targeting other intervention strategies such 

as the programmatic use of typhoid conjugate vaccines in specific regions. The inclusion of 

data from travel-associated cases provides informal sentinel surveillance for resistance in 

countries which S. Typhi surveillance data are not available.55 

 

TyphiNET was developed as an open source MERN (MongoDB, Express, React, Node.js) stack 

JavaScript application (code available at: https://github.com/zadyson/TyphiNET). Source, 

genotypes,47,133,134 and AMR data from ‘non-targeted’ sampling frames sequences are 

imported regularly from Typhi Pathogenwatch43 and curated by contributors to the Global 

Typhoid Genomics Consortium.  

 

7.4.5 Global Typhoid Genomics Consortium 

The Global Typhoid Genomics Consortium was established in April 2021, to provide a 

mechanism for the global typhoid research community to engage collaboratively in the 

aggregation of S. Typhi genomic data to facilitate monitoring the emergence and spread of 
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AMR and to inform targeted public health action. The specific goals of the consortium are to 

(1) encourage prompt sharing of typhoid genome data for public health benefit; (2) facilitate 

the extraction and reporting of key data of public health relevance; and (3) promote and 

facilitate the dissemination and use of information derived from typhoid genomic data to 

monitor AMR and post-vaccination impact. One of the first major initiatives of the 

consortium was the generation of a global update paper, which is described Chapter 6. 

 

The key activities of the Consortium are to encourage and coordinate sharing and release of 

typhoid genomics data in a manner that maximise its potential to inform public health. The 

Consortium does not seek to generate or claim ownership of any genome data; rather the 

model is to encourage data generators to deposit raw genome data into public databases 

(ENA or SRA), and share source information using a standardised metadata template 

(available at https://bit.ly/typhiMeta). This model facilitates harmonization of source 

information across aggregated S. Typhi data – which is crucial to allow downstream 

integration of the data for public health benefit – while ensuring that Consortium members 

retain full control over their data and when they choose to make it public. Typhi 

Pathogenwatch (described above) is used as the central analysis platform to generate 

inferred genotypes and AMR determinants from raw genomes, and to maintain a publicly 

available and searchable database of genome assemblies and an interactive global 

phylogeny. Genotyping is done using the GenoTyphi framework,47,133 whose ongoing 

curation will be managed by a working group of the Consortium. A key field in the 

Consortium metadata template is ‘purpose of sampling’, which seeks to identify sets of 

genomes that are derived from ‘non-targeted’ sampling frames that are suitable for 
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estimation of national annual prevalence rates of AMR and genotypes (e.g. in the TyphiNET 

dashboard, described above, and other reports). 

 

Consortium membership is free and open to all (see https://www.typhoidgenomics.org/); 

the intention is to include all those with an academic or public health interest in using WGS 

to investigate, monitor and/or understand typhoid epidemiology. Current membership (as 

at mid-2022) numbers over 150 individuals from 39 countries. A majority of members are 

from countries in Africa and Asia where typhoid is endemic; however, there is also 

considerable participation from countries where typhoid is considered a travel-associated 

disease and subject to routine WGS (which provide useful ‘sentinel surveillance’ data for 

common travel destinations).55 Consortium activities are overseen by a multidisciplinary 

steering committee of international experts in typhoid surveillance and epidemiology, and 

an advisory board of stakeholders from the global public health community has been 

engaged to help identify ways to promote typhoid genomic surveillance – and particularly 

the use of pathogen WGS data – for public health benefit. 

 

7.4.6 Conclusions  

Efforts to “democratize” or broaden access to WGS technologies, reagents, and trainings are 

well under way, and have been accelerated in some instances as access to sequencing 

technologies and training have increased during the COVID-19 pandemic.275 However, there 

is still a need for additional funding and support for the purchase and maintenance of 

sequencing machines, reagents, and training. The COVID-19 response clearly illustrated the 

power of researchers, public health professionals, donors, governments, and 

bioinformaticians working together with the common goal of data sharing and collaborative 
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analysis, even if stakeholders in LMICs were disincentivized to be transparent, as in the case 

of travel bans following the initial reports of the Omicron variant from Southern Africa.276 

There is more work to be done to increase access to sequencing and analysis capacity, and 

more work to be done to convince governments and donors that supporting these activities 

is key to future global health security, but the power of data sharing and collaboration 

through consortia like the COVID-19 Genomics UK (COG-UK) consortium,277 as well as the 

utility of freely available data sharing, visualization, and analysis tools like Nextstrain278 have 

been demonstrated very clearly. 
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7.5 Discussion and Next Steps 

Genomics and typhoid epidemiology have rapidly become more sophisticated, and the field 

is still moving forward apace, as epidemiological data gaps are being filled and newly 

licensed vaccines are being introduced into national immunization programs. However, 

there are still major regional data gaps, and questions remain in the minds of policymakers 

about how to locate and analyse existing data as they evaluate the public health value of a 

TCV programme, particularly when set against the backdrop of multiple competing 

immunization priorities. The continued emergence and spread of drug-resistant S. Typhi 

heightens the urgency for the widespread deployment of TCVs, and generating, sharing, and 

visualising WGS data could provide much needed support to decision-makers in typhoid 

endemic countries.   

 

SARS-CoV-2 has demonstrated the value of global genomic surveillance and data sharing, 

and one of its legacies will be broader access to and use of sequencing and phylogenetic 

analysis. Such capacity could be expanded to include surveillance of S. Typhi and other 

priority pathogens if this is not already being done. Generating additional, more 

geographically representative S. Typhi WGS data and standardised metadata and sharing 

these data more broadly can facilitate a better understanding of where S. Typhi exists, what 

drug-resistance profiles exist, and how and where drug-resistance emerges and spreads. By 

making this information available and comprehensible to policymakers through efforts like 

the Global Typhoid Genomics Consortium and platforms like Typhi Pathogenwatch and 

TyphiNET, we can ensure that this information informs the introduction of TCVs, the 

selection of vaccination strategies, including timing, location, and target age range for catch-

up campaigns. In addition, this information can inform better antimicrobial stewardship 
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practices to extend the useful lifespan of licensed antimicrobial agents. In addition, WGS 

and genomic-informed analyses can help us to develop better diagnostic tools, and to 

understand the impact of TCVs on bacterial population structures. Improved diagnostics and 

better genomic surveillance can help us to understand global disease incidence, target 

interventions, measure their impact, and assess the feasibility of typhoid elimination by 

demonstrating how far large-scale TCV deployment goes towards disease control.  

 

Work presented in this thesis clearly demonstrates the role that WGS can play in identifying 

molecular mechanisms of resistance, tracking the emergence and spread of drug-resistant S. 

Typhi, and informing decisions to introduce TCV. Discussion in later chapters outlined 

additional ways that WGS can be used to advance typhoid fever control goals. There are 

definite next steps for each body of work presented in this thesis, and as well as for some 

additional typhoid control initiatives. 

 

7.5.1 Azithromycin resistance in South Asia 

Work presented in this thesis demonstrating the independent emergence of azithromycin 

resistant S. Typhi in multiple locations in South Asia has been presented at multiple 

academic conferences and WHO meetings (see Appendix 1). As mentioned previously, 

Pakistan has introduced TCVs into their national immunization programme. We are 

collaborating with the Aga Khan University as part of the TyVAC Consortium to develop 

sequencing and bioinformatic analysis capacity to ensure that they can generate and 

analyse their own WGS data to track the spread of XDR and potentially azithromycin-

resistant S. Typhi, as well as to measure of the genomic impact of TCV introduction in 

Pakistan. I am also organizing a stakeholder convening through the TyVAC consortium to 
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develop an agreed-upon framework for measuring the genomic impact of TCV, as this 

concept is often discussed, but in nebulous terms. This guidance or framework would be 

incorporated into the World Health Organization’s work to develop methodologies on how 

to measure the impact of vaccines on AMR using TCV as an example, which I am leading as a 

consultant (Appendix 7). This approach could also be leveraged in Nepal and Zimbabwe, 

where national TCV introduction is also ongoing. We are working with collaborators in 

Zimbabwe to establish the “baseline” S. Typhi population structure in Harare before a large 

TCV campaign and will look to support a post-vaccination analysis as well.  

 

At time of writing, neither Bangladesh nor India has publicly made the decision to introduce 

TCV into their respective national immunisation programmes, but I intend to continue to 

work with key stakeholders in these settings (and more broadly) to ensure that WGS data 

are being generated and shared to monitor any additional emergence of drug-resistant S. 

Typhi, both to inform TCV introduction as well as to inform treatment practices. 

 

7.5.2 Origins of H58  

The phylogenetic and phylodynamic analysis conducted as part of the origins of H58 S. Typhi 

work will used to inform a transmission dynamic model that has been developed by Virginia 

Pitzer and colleagues at Yale School of Public health to predict the future spread of XDR 

typhoid. We hope that this modelling work will encourage countries to consider the 

implementation of typhoid conjugate vaccines and WSH interventions to guard against the 

possibility of the XDR typhoid to their respective settings, as well as other enteric 

pathogens. While the hypothesis that the original H58 isolate came from the gallbladder of 

a chronic carrier may require additional investigation, this work and other work 
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investigating chronic carriers in Vietnam, Chile, and Kenya208,210,227 also strengthens the 

concept that chronic carriers can play a large role in sustaining typhoid transmission, and a 

proportionately higher role in formerly endemic settings, which suggests that more work 

should be done to develop and validate a sensitive, low-cost screening assay for chronic 

carriers so that they may be identified and treated.  

 

7.5.3 Global Typhoid Genomics Consortium  

The results of this analysis have been preprinted and are still under review at eLife. Upon 

acceptance of the manuscript (hopefully) and submission of an accompanying commentary 

highlighting key points of public health relevance for submission to a global health journal, I 

intend to continue to build on the momentum that we have generated to promote 

additional data sharing and awareness of the consortium activities and the TyphiNET data 

visualisation platform in support of TCV introduction decision-making and antimicrobial 

stewardship. This includes promoting awareness and understanding of the potential role of 

returning traveller data to serve as sentinel surveillance from areas where scant data exist. I 

plan to do this through my engagement with the TyVAC consortium, as well as my ongoing 

Enteric Fever Burden of Disease consulting work with the WHO’s Immunisations, Vaccines, 

and Biologicals group. I also intend to work with other academic research groups and public 

health laboratories to promote generation, sharing, and analysis of genomic data and 

standardised metadata using the consortium metadata template, with a focus on areas from 

where few data are publicly available.   
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Building on previous multicountry surveillance studies of typhoid and others salmonelloses such as the Diseases of the Most 
Impoverished program and the Typhoid Surveillance in Africa Project, several ongoing blood culture surveillance studies are 
generating important data about incidence, severity, transmission, and clinical features of invasive Salmonella infections in sub-Sa-
haran Africa and South Asia. These studies are also characterizing drug resistance patterns in their respective study sites. Each study 
answers a different set of research questions and employs slightly different methodologies, and the geographies under surveillance 
differ in size, population density, physician practices, access to healthcare facilities, and access to microbiologically safe water and 
improved sanitation. These differences in part reflect the heterogeneity of the epidemiology of invasive salmonellosis globally, and 
thus enable generation of data that are useful to policymakers in decision-making for the introduction of typhoid conjugate vac-
cines (TCVs). Moreover, each study is evaluating the large-scale deployment of TCVs, and may ultimately be used to assess post-
introduction vaccine impact. The data generated by these studies will also be used to refine global disease burden estimates. It is 
important to ensure that lessons learned from these studies not only inform vaccination policy, but also are incorporated into sus-
tainable, low-cost, integrated vaccine-preventable disease surveillance systems.

Keywords.  blood culture; enteric fever surveillance; Salmonella Typhi; typhoid fever.

Enteric fever, the collective term for typhoid and paratyphoid 
fevers, describes a systemic infection caused by Salmonella 
enterica serovars Typhi or Paratyphi A, B, or C.  Recent 

estimates suggest that these organisms cause 14.3 million in-
fections (95% confidence interval [CI], 12 500 000–16 300 000) 
and 136 000 deaths (95% CI, 77 000–219 000) annually [1]. 
Invasive nontyphoidal Salmonella (iNTS) disease is caused 
by other Salmonella serovars, most frequently by Salmonella 
Typhimurium, Salmonella Enteritidis, or Salmonella Dublin. 
Invasive nontyphoidal Salmonella disease caused an estimated 
535 000 infections (95% CI, 409 000–705 000) and 77 500 deaths 
(95% CI, 46 400–123 000) in 2017 [2], of which 18 400 were 
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attributed to human immunodeficiency virus. While improved 
water treatment and sanitation infrastructure have elimin-
ated enteric fever as a public health problem in high-income 
countries, invasive Salmonella infections, which include iNTS, 
remain a public health issue in many low- and lower-middle-
income countries.

A major impediment to understanding the true burden of 
enteric fever and iNTS disease is the lack of appropriately sen-
sitive diagnostics and inconsistent usage of existing tests. Bone 
marrow culture is considered the gold standard for diagnosis of 
typhoid and paratyphoid fever, but given the invasive and chal-
lenging nature of obtaining bone marrow aspirate, it is rarely per-
formed [3]. Often, treating physicians rely on a serological test 
like the Widal test, which has limited utility in endemic settings 
[4]. Blood culture–based diagnostics are recommended for use 
in surveillance of typhoid fever and other invasive Salmonella 
infections by the World Health Organization (WHO) [5], but 
these tests are not available in most low-resource settings, which 
often lack adequate resources and trained personnel required to 
conduct routine blood culture tests [3]; when they are available, 
blood cultures are only 40%–60% sensitive, depending in part 
on the volume of blood collected and prior antibiotic usage, and 
results are not available for several days, so are not useful for 
decisions on empiric therapy [6].

Often, febrile patients will not present to healthcare facilities 
for diagnosis and treatment. Potential deterrents to health-
care seeking include distance to and accessibility of the closest 
healthcare facility, or costs associated with treatment and/or 
hospitalization, combined with ease of access and affordability 
of antimicrobials in the community. As a result, the true number 
of invasive Salmonella infections may be underestimated.

In 2009, the WHO highlighted the need for additional data 
on the burden of invasive Salmonella disease [7]. At that time, 
early estimates of disease burden relied on extrapolation of data 
obtained from surveillance studies conducted in limited geo-
graphical regions, which did not entirely reflect the diversity of 
epidemiological settings in which typhoid is encountered [8]. 
A  historic lack of population-based surveillance studies has 
also contributed to uncertainty around disease burden, partic-
ularly in the African continent. A review of the global burden 
of enteric fever conducted in 2004 showed that only 2 countries 
in Africa had conducted systematic, population-based surveil-
lance between 1954 and 2000 (South Africa and Egypt) [8].

To address the limitations of existing data sets, several sur-
veillance studies have been established over the past decade, 
funded primarily by the Bill & Melinda Gates Foundation and 
the Wellcome Trust. One of the first studies funded was the 
Typhoid Fever Surveillance in Africa Program (TSAP), coor-
dinated by the International Vaccine Institute (IVI). The TSAP 
study demonstrated higher overall incidence  rates of typhoid 
fever in sub-Saharan Africa than previously suspected across 
both rural and urban sites, as well as high incidence  rates of 

iNTS disease across multiple sites [9]. In the years that fol-
lowed, additional surveillance studies were funded to provide 
more data on the burden of disease in diverse epidemiological 
settings and to answer additional questions about clinical fea-
tures of enteric fever, such as the prevalence of severe manifest-
ations of disease and chronic intestinal carriage. These included 
the Severe Typhoid Fever Surveillance in Africa program 
(SETA, IVI); the Surveillance for Enteric Fever in Asia Project 
(SEAP, Sabin Vaccine Institute); the Strategic Typhoid Alliance 
Across Africa and Asia (STRATAA, University of Oxford); 
and the Surveillance of Enteric Fever in India (SEFI, Christian 
Medical College, Vellore). Preliminary data from these studies 
have helped to inform the WHO Strategic Advisory Group of 
Experts’ recommendation for typhoid conjugate vaccine (TCV) 
use in the control of typhoid fever in endemic settings [10], and 
additional data generated by these studies will help direct op-
timal use of TCVs going forward.

Each of these studies has been conducted across mutliple dis-
tinct epidemiological settings and aims to address subtly dif-
ferent questions relating to invasive Salmonella disease burden. 
In this article, we compare the methodological similarities and 
differences between these diverse and complementary studies. 
We also identify early lessons learned and outstanding data 
gaps, and issue recommendations for optimizing and sustaining 
surveillance systems going forward.

STUDY SETTINGS AND METHODS

Severe Typhoid Fever Surveillance in Africa (SETA)

The SETA program builds on the infrastructure established as 
part of the TSAP study to characterize the severity and long-
term effects of typhoid fever and iNTS disease  across Africa. 
TSAP collected blood culture data between 2010 and 2014 and 
generated typhoid incidence rates from sites in 10 sub-Saharan 
African countries: Burkina Faso, Ethiopia, Ghana, Guinea-
Bissau, Kenya, Madagascar, Senegal, South Africa, Sudan, and 
Tanzania. The TSAP results showed a great deal of heteroge-
neity in typhoid incidence across sites, with crude rates ranging 
from 0 to 284 cases per 100 000 person-years, and that there 
is a high burden in both rural and urban sites [9]. SETA sur-
veillance was continued at sites in Madagascar, Burkina Faso, 
and Ghana, and surveillance was extended to include addi-
tional sites in the Democratic Republic of Congo, Ethiopia, and 
Nigeria. These sites were selected based on existing evidence 
of typhoid transmission and clinical microbiology capacity, as 
well as to ensure geographical representativeness of key regions 
within the continent.

Within each of the SETA study areas, patients were recruited 
at healthcare facilities across multiple tiers. Each site included 
a referral hospital, which, to be included in SETA, had to be 
equipped with imaging and surgical capacity to identify and 
treat intestinal perforations, as well as primary or secondary 
healthcare centers, which enrolled less severe febrile subjects 
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using broader enrollment criteria [11]. Each recruitment 
center was assigned a geographic catchment area from which 
a defined population was identified. In all countries apart from 
Madagascar, the catchment area of the primary and/or sec-
ondary centers was “nested” within the catchment area of the 
tertiary center. A  healthcare utilization survey (HCUS) was 
conducted in households randomly selected from the nested 
and broader study catchment areas to estimate incidence rates 
based on the proportion of the population seeking healthcare at 
the respective study facilities.

Screening for study eligibility was systematically conducted at 
all study facilities, including inpatient, outpatient, surgical, and 
emergency wards at referral facilities. To augment case detec-
tion, Salmonella bacteremia detected in SETA laboratories from 
patients who were not enrolled in the study were also included, 
as well as patients with intestinal (ileal) perforation suspected 
to be due to typhoid, from referral hospitals. Intestinal perfora-
tion cases were recruited into the study regardless of whether or 
not the patient resided in the study catchment area. Upon en-
rollment, blood, stool, oropharyngeal, and urine samples were 
collected. Blood was subjected to conventional microbiological 
culture for detection and identification of bacterial pathogens 
as well as other immunological investigations; stool was cul-
tured to assess acute carriage status, and urine was examined 
for antibiotic residues to determine patterns in antimicrobial 
pretreatment.

Patients with blood culture–confirmed Salmonella Typhi, 
Salmonella Paratyphi, and non-Typhi Salmonella serotype in-
fections were recruited into the long-term follow-up com-
ponent of the study. Two healthy household members and 4 
healthy neighborhood controls were enrolled for each case, and 
the entire cohort was followed for 1  year with contact points 
at predefined intervals to collect clinical information, blood 
and stool samples, and cost-of-illness and quality-of-life assess-
ments [11].

Surveillance for Enteric Fever in Asia Project (SEAP)

SEAP is a multicountry, multisite, population-based surveil-
lance study aimed at characterizing the burden of enteric fever 
in South Asia. The project had two phases: phase 1, a retrospec-
tive clinical record review of invasive Salmonella infections, and 
phase 2, a prospective surveillance study. Phase 1 showed that 
Salmonella Typhi and Paratyphoid A was isolated from 0.43% 
to 2% of blood cultures conducted at hospitals in Bangladesh, 
Nepal, Pakistan, and India [12].

The prospective component of the study—initiated in 
October 2016—was conducted at urban and periurban sites 
in Bangladesh, Nepal, and Pakistan. Sites were selected to 
represent diverse communities in South Asia, but choices 
were constrained by the availability of laboratories capable 
of performing high-quality blood cultures. In addition to pa-
tients meeting the inclusion criteria at the hospital sites, the 

SEAP study also recruited enteric fever cases from laboratory 
networks beyond the site hospitals. Blood specimens were 
collected for culture, and a subsample of participants pro-
vided urine samples to test for residual antibiotic metabolites 
to understand antibiotic usage patterns. Data were collected 
on clinical manifestations, markers of severity of illness, com-
plications of illness, and antimicrobial resistance. In addition, 
in collaboration with the US Centers for Disease Control and 
Prevention, an economic study of enteric illness was imple-
mented at all 3 sites [12].

SEAP used a hybrid surveillance approach, adapted from 
Luby et al [13, 14], combining facility-based surveillance with 
an HCUS, administered to a representative subset of house-
holds using a single-stage, cluster design; among patients with 
fever lasting 3 or more days, the proportion that sought care 
for the febrile episode at a study facility was used as an adjust-
ment to the number of enteric fever cases at the facility, for the 
purpose of calculating incidence and disease severity rates. 
Geographic catchment areas were delineated at surveillance 
sites encompassing the majority of suspected enteric fever cases 
identified during phase 1. Catchment areas used administrative 
boundaries so that study staff could easily determine if patients 
resided in the catchment area [12]. SEAP used a hybrid surveil-
lance approach, adapted from Luby et al [13, 14], combining 
facility-based surveillance with an HCUS, which was admin-
istered to a representative subset of households using a single-
stage, cluster design [13]. The proportion within the surveyed 
group who reported a fever lasting 3 or more days and sought 
care for the febrile episode at a study facility was then used as 
an adjustment for care-seeking at the study facilities within the 
catchment area.

Surveillance of Enteric Fever in India (SEFI)

There has been a lack of nationally representative enteric fever 
incidence data in India, as highlighted by a 2016 meta-analysis 
[15]. To fill these data gaps, the SEFI program was established 
by the Christian Medical College, Vellore, and its design was 
developed in collaboration with the Indian Council of Medical 
Research, the Translational Health Sciences and Technology 
Institute, the Indian Academy of Pediatrics, and other public 
health stakeholders [16]. The SEFI team established a 3-tiered 
surveillance system to estimate the age-specific incidence of en-
teric fever in children, examine the heterogeneity of incidence 
in diverse settings  across India, and generate information on 
antimicrobial resistance patterns and cost of illness. Study en-
rollment began in October 2017.

The tier 1 surveillance for estimating the incidence of enteric 
fever in children consists of active, community-based surveil-
lance in 1 rural and 3 urban sites, which  were selected to be 
broadly representative of different geographic settings and pop-
ulation densities. At each of the 4 sites, 6000 children between 
6  months and 15  years are followed each week for 2  years to 
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estimate the age-specific incidence rates of enteric fever in chil-
dren. At least 1 contact each month is in-person and the rest are 
either in-person or by telephone. Parents are also encouraged 
to reach out to the study team if a child has fever in between 
weekly follow-up points, and all participating families are given 
thermometers and diary cards. Any fever of 3 or more consecu-
tive days is considered a suspected case, and the child is referred 
to a study facility on the fourth day of fever, where a blood cul-
ture is performed if the child has had fever in the past 12 hours. 
Risk factors and other demographic data are also collected from 
participating households to permit extrapolation of incidence 
estimates to other similar risk settings [17].

Tier 2 is passive, hospital-based surveillance, which has been 
harmonized across 6 secondary-care facilities in 6 settings (5 
rural and 1 urban) with well-defined catchment populations be-
tween 100 000 and 400 000 each. All patients hospitalized at a 
study facility with a fever are considered eligible. Upon consent, 
a blood culture is collected irrespective of duration of fever or 
temperature. Those with blood culture–confirmed enteric fever 
are followed up for 28 days to capture costs and clinical compli-
cations. Biannual HCUSs are administered to 5000 randomly 
selected households in 100 clusters at each site. These are used to 
determine the probability of seeking healthcare at the study fa-
cility. The population denominators are estimated by projecting 
annual growth rates from the 2011 census for each village in 
the catchment area and validated by reviewing the population 
in the sampled clusters in the HCUS. The tier 2 surveillance 
system was designed to estimate the incidence of severe enteric 
fever (requiring hospitalization) across all age groups.

Tier 3 surveillance is being conducted at 8 laboratories 
linked to tertiary care hospitals. The aims of this component 
of the surveillance system are to generate estimates of the pro-
portion of blood cultures that are positive for Salmonella Typhi 
or Paratyphi A  and to characterize antimicrobial resistance 
patterns. Patients with nontraumatic ileal perforations are also 
enrolled in tier 2 and 3 surveillance and followed up for up to 
90 days for clinical and health economic outcomes.

Strategic Typhoid Alliance Across Africa and Asia (STRATAA)

The STRATAA consortium, which includes key partners from 
the University of Oxford’s Oxford Vaccine Group, the Malawi 
Liverpool Wellcome Trust Clinical Research Programme, 
the International Center for Diarrhoeal Disease Research, 
Bangladesh (icddr,b), and the Oxford University Clinical 
Research Unit (Vietnam and Nepal), has conducted a pro-
spective multicomponent epidemiological study in 3 densely 
populated urban sites in Bangladesh, Nepal, and Malawi [18]. 
This study combines passive febrile illness surveillance with se-
rological surveillance. A baseline population of approximately 
100 000 was established at each site by demographic census. 
Field teams visited each individual house, recording GPS po-
sition and collecting epidemiological data at the household 

and individual level. A  census update was conducted every 
6 months at the Bangladeshi site and at 12 months in Nepal, 
and a final census was conducted at all 3 sites after 2 years. In 
addition, 2 HCUS and water, sanitation, and hygiene surveys 
were performed in each site during the surveillance period to 
generate additional data on healthcare-seeking behavior and 
to investigate potential disease risk factors and transmission 
routes.

Passive surveillance was conducted from June 2016 in re-
ferral hospitals and primary health centers. Patients living 
within the population catchment area who presented to a study 
facility reporting fever of 2  days or longer or having a docu-
mented temperature of ≥ 38°C were enrolled and consented 
and blood cultures were taken [18]. Age-stratified serosurveys 
were performed at each study site to assess seroincidence of ty-
phoid infection. The resulting seroincidence rates will be used 
to validate and provide upper bounds on the incidence rates de-
rived from blood culture surveillance, using host responses as 
a proxy for incidence of infection. Additionally, the serosurveys 
were designed to identify potential chronic carriers of S. Typhi. 
After identifying individuals with a high anti-Vi antibody re-
sponse, follow-up with stool collection and culture was per-
formed to identify stool shedding.

DISCUSSION

Study Similarities

There are important methodological similarities across these 
four studies. Each study includes passive, healthcare facility–
based blood culture surveillance of febrile patients to generate 
crude age-stratified  incidence rate estimates stratified by age. 
Each study team also conducts an HCUS and applies correc-
tion factors to these crude rates to account for the proportion 
of patients from within the catchment area or study population 
seeking care for febrile illness at a study facility. All 4 studies 
make an adjustment for eligible cases missed by the study 
(either patients who met eligibility criteria but were not ap-
proached for enrollment, or who were enrolled and chose not 
to consent, or both), as well as an adjustment for blood culture 
sensitivity. Antimicrobial resistance patterns from sites in all 4 
studies are being analyzed, and whole-genome sequencing of 
selected Salmonella isolates will be available from all studies. 
Cost-of-illness studies are embedded within each of these 
studies, as is screening for chronic typhoid carriage.

The SEAP and SETA studies employ similar methods to cal-
culate incidence, owing in part to efforts coordinated by the 
Scientific Advisory Process for Optimal Research on Typhoid 
Burden of Disease Project (SAPORT, Emory University) group 
to harmonize methods; therefore, the results are more easily 
compared. Both studies generate data on the incidence of se-
vere disease and follow enteric fever patients for at least 6 weeks 
to characterize long-term sequelae. SEFI tier 2 surveillance 
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processes also closely resemble that of SEAP and SETA, al-
though enrollment criteria differ across all 3 studies.

Each of the studies contributes data to advance broader en-
teric fever control objectives. Epidemiological data generated 
from all 4 have been shared with policymakers in relevant coun-
tries in support of decision-making around TCV introduction. 
The impact of TCV deployment is being evaluated or will be 
evaluated at site(s) from 3 of the 4 studies, although the designs 
of these studies and the delivery strategies under evaluation 
differ. A TCV impact assessment is being conducted through 
Kharadar General Hospital in Karachi, Pakistan (SEAP), in re-
sponse to an extensively drug-resistant typhoid outbreak [19]. 
The University of Maryland and University of Oxford with 
Typhoid Vaccine Acceleration Consortium (TyVAC) partners 
are conducting 3 large-scale TCV trials at STRATAA surveil-
lance sites: a cluster-randomized efficacy trial in Bangladesh 
[20] and 2 individually randomized efficacy studies in Nepal 
and Malawi [21, 22]. Interim analysis of the Nepal RCT showed 
that TCV had an 82% vaccine efficacy at 1 year after vaccina-
tion in children < 15 years of age [23]. Leveraging SETA surveil-
lance, the University of Cambridge and partners are planning 2 
TCV studies through the THECA (Typhoid Conjugate Vaccine 
Introductions in Africa) consortium: a cluster-randomized trial 
in Ghana using a similar methodology to the TyVAC trial in 
Bangladesh, as well as a mass-vaccination campaign with co-
hort effectiveness evaluation in the Democratic Republic of 
Congo [24]. In addition, alternatives to blood culture surveil-
lance—namely, seroepidemiology and/or environmental sam-
pling—are being validated at sites in all 4 studies.

Study Differences

There are several differences between the methodologies of these 
studies, which are important to consider when interpreting and 
comparing results. While there is some overlap, the objectives are 
not uniform across the 4 studies. Eligibility criteria differ, as do the 
type, number, and frequency of sample collections. The approach 
to estimating adjusted incidence rates differs between studies, and 
for SETA and SEFI, within study tiers as well. These and other ge-
neral methodological differences are summarized in Table 1.

Each study generates both crude and adjusted incidence 
rates, but the approach to defining population denominators 
and the choice of adjustment factors used differ. Population 
denominators affect both crude and adjusted incidence rate 
calculations, so this distinction is important. The STRATAA 
approach to estimating the population denominator is different 
from the approach used by SEAP, SETA, and SEFI tier 2, as the 
demographic censuses provide precise population denomin-
ators. In SEAP, SETA, and SEFI tier 2, eligible cases come from 
predefined geographic catchment areas, which is arguably less 
precise but also less resource-intensive, and enables surveillance 
to cover larger catchment areas. Each study employs an adjust-
ment for blood culture sensitivity, but STRATAA samples from 

probability distributions informed by a recent meta-analysis of 
blood culture sensitivity by volume of blood acquired per sub-
ject and reported prior antibiotic usage [25], whereas SEAP and 
SETA apply the same correction factor (assuming sensitivity 
of 59%) to each blood culture result [26]. For the healthcare-
seeking adjustment, SETA assumes the same risk of typhoid 
infection for patients who seek care at a study facility and for 
patients who seek care elsewhere, whereas SEAP, SEFI tier 2, 
and STRATAA assume a differential typhoid risk for febrile pa-
tients who seek care at a study facility [13, 27]. SEFI tier 1 does 
not include a healthcare-seeking adjustment, since it employs 
active surveillance.

There are also key differences between these studies based 
on the geographies under surveillance, which are illustrated in 
Figure 1. The STRATAA sites are in densely populated, urban 
areas, whereas SEFI, SETA, and SEAP have a mixture of urban, 
periurban, and rural sites. There are observed differences in 
physician practices around administration of blood culture 
and clinical familiarity with typhoid fever among some South 
Asian sites, and differences in the availability of antimicrobials 
across all study sites. There are differences in preexisting 
capacities across sites to conduct routine blood culture sur-
veillance, and the difference in blood volumes collected and 
antimicrobial usage across sites could lead to variability in the 
sensitivity of results. There is also a great deal of variability in 
accessibility of healthcare facilities, local water and sanitation 
behaviors infrastructure, and fecal sludge management.

There is value in the diversity of these study approaches. 
Some methodological differences are driven by rational, prag-
matic choices made by study investigators that reflect dif-
ferences between sites captured above. Each study addresses 
distinct data gaps, like potential transmission routes, prevalence 
of chronic carriers, and duration of immune response to nat-
ural infection, all of which will potentially inform optimal in-
tervention strategies. Each study includes efforts to validate 1 or 
more low-cost alternatives to blood culture surveillance, which 
means that there is likely to be greater clarity in the near future 
about which approaches, if any, are viable, feasible, and cost-ef-
fective. The diversity of settings under surveillance broadens 
our understanding of the global incidence rates of typhoid fever 
and other invasive Salmonella infections, which will impact pri-
oritization and targeting of combination vaccine development 
efforts. Having more broadly representative genomic data also 
facilitates monitoring the evolution and spread of different anti-
microbial resistance genotypes, which also should inform more 
sophisticated targeting of interventions.

CONCLUSIONS

In a position paper from 2008, the WHO stated that the deploy-
ment of the then-available typhoid vaccines “should be based 
on detailed knowledge of the local epidemiological situation” 
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while simultaneously acknowledging the limitations of the ex-
isting data, particularly for the African continent [7]. In the 
intervening decade, the availability of safe, immunogenic, and 
efficacious TCVs [23, 28] has strengthened the need for ac-
curate burden of disease data across diverse epidemiological 
settings. In this article, we have described the design and meth-
odology of 4 landmark surveillance studies that collectively 
incorporate 44 surveillance facilities, 11 countries, and a total 
population under surveillance of > 20 million people. We argue 
that these studies have made large strides toward achieving the 
2008 targets, and it is hoped that this article provides an im-
portant overview of the methodologies, strengths, and limita-
tions of each individual study. Together, these data will provide 
key stakeholders and country-level decision makers with more 
accurate estimates of disease burden, allowing targeted, timely, 
and cost-effective deployment of new preventative strategies.

The TSAP study demonstrated that there was a significant 
incidence of typhoid fever and iNTS disease in Africa. SETA, 
SEAP, SEFI, and STRATAA are generating data on disease 
transmission, risk factors, cost of illness, and incidence of severe 
disease in Africa and some parts of Asia. Furthermore, these 
studies have provided baseline data in support of ongoing or 
planned phase 3/4 TCV trials. Data from these studies are now 
being used to enable national stakeholders to make informed 
decisions on optimal TCV delivery strategies, and to direct the 
development and prioritization of future Salmonella combina-
tion vaccine approaches. Methodological differences notwith-
standing, each study has contributed important data to advance 
global typhoid control.

Each surveillance study will provide an estimate of disease 
burden for a particular setting at a particular point in time and 
will reflect transmission dynamics specific to a particular set-
ting. We acknowledge that caution should be exercised when ex-
trapolating these figures in an attempt to provide country-level 
estimates of disease burden, as the true distribution of disease 
is likely to display marked intra- and intercountry and temporal 
variation [29]. Furthermore, estimates of disease burden are 
unlikely to be static and will likely change in response to im-
provements or breakdown of sanitation infrastructure and the 
deployment of TCVs. Consideration should be given toward 
the establishment of ongoing surveillance programs to track 
changes in spatial and temporal trends in disease incidence. 
Such programs should be integrated into broader, vaccine-
preventable disease surveillance efforts, and should potentially 
incorporate new, lower-cost alternatives to blood culture sur-
veillance if and when these methods are validated, for maximal 
sustainability.

The updated 2018 WHO position paper on typhoid vaccina-
tion recommends that “endemic countries strengthen the surveil-
lance of typhoid fever in all age groups, and monitor the presence 
of antimicrobial resistant strains of S. Typhi in endemic and epi-
demic disease, before and after introduction of typhoid vaccines” 
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[10]. Nevertheless, the large surveillance studies described herein 
are unlikely to be funded in perpetuity, and a shift in emphasis 
may need to be made toward strengthening routine national 
surveillance systems with a more targeted remit. It is therefore 
imperative that the existing studies achieve maximal utility by ad-
dressing outstanding questions relating to age-specific incidence, 
transmission, carriage, strain/serovar replacement, and incidence 
post-TCV introduction. In addition, the continued validation of 
alternative low-cost methods for typhoid surveillance at these sites 
could yield substantial benefit to the field.
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ABSTRACT Antimicrobial resistance is an ongoing issue in the treatment of typhoid
fever. Resistance to first-line antimicrobials and extensively drug resistant (XDR) Sal-
monella Typhi isolates in Pakistan have left azithromycin as the only remaining effec-
tive oral treatment. Here, we report the emergence of organisms with a single point
mutation in acrB gene, implicated in azithromycin resistance, in a S. Typhi isolate
from Pakistan. The isolation of this organism is worrisome and highlights the signifi-
cance of the introduction of typhoid conjugate vaccine in South Asia.

IMPORTANCE The emergence of XDR Salmonella Typhi in Pakistan has left azithro-
mycin as the only viable oral treatment option. Here, we report the detection of an
azithromycin resistance-associated mutation in one S. Typhi isolate. This finding is
important because any possible spread of azithromycin resistance in S. Typhi isolates
would make it nearly impossible to treat in outpatient settings due to the need of
injectable antibiotics. Our findings also signify the importance of introduction of ty-
phoid conjugate vaccine in regions of endemicity such as Pakistan.

KEYWORDS Salmonella Typhi, typhoid fever, antimicrobial resistance, azithromycin
higher MIC, Pakistan

Typhoid fever, the disease caused by the bacterium Salmonella Typhi, is responsible
for an estimated 11.8 million infections and 128,200 deaths annually worldwide (1).

S. Typhi is a human-restricted pathogen that is transmitted via the fecal-oral route.
Typhoid mortality ranged from 10 –30% of cases in the preantimicrobial era (2), but
when treated with effective antimicrobials, typhoid has a case fatality rate of �1% (3).
The rise of multidrug resistance (MDR) in the 1990s (4), followed by fluoroquinolone
resistance (5), resulted in limited treatment options. The emergence and spread of an
extensively drug-resistant (XDR) S. Typhi variant in Pakistan (6, 7), which is resistant to
chloramphenicol, ampicillin, co-trimoxazole, streptomycin, fluoroquinolones, and third-
generation cephalosporins, has left azithromycin as only realistic option for typhoid
treatment in Pakistan (8). The recent report of azithromycin-resistant S. Typhi in
Bangladesh highlights the issues associated with the reliance on this drug and signals
the potential of untreatable typhoid (9).

Typhoid is notifiable in Pakistan, and the Aga Khan University has conducted standard-
ized prospective facility and laboratory-based blood culture surveillance in outpatient and
inpatient wards at Aga Khan University Hospital and Kharadar General Hospital between
September 2016 and September 2019 through the Surveillance for Enteric fever in Asia
Project (SEAP). These hospitals serve �30 million people, including densely populated
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informal urban settlements. Subjects presenting to outpatient clinics living in predefined
catchment areas with three consecutive days of fever for whom a study clinician recom-
mended a blood culture were enrolled. Inpatients with clinical suspicion of typhoid or with
nontraumatic ileal perforation were also enrolled. After blood culture, serologically con-
firmed S. Typhi isolates were subjected to antimicrobial susceptibility testing against
azithromycin, ampicillin, co-trimoxazole, chloramphenicol, ciprofloxacin, levofloxacin, ceftri-
axone, cefepime, cefixime, and ceftazidime by disk diffusion; resistant organisms (according
to CLSI guidelines) were confirmed by Etest (bioMérieux, France) (10).

Between the specified dates, 10,080 patients were enrolled in SEAP in Karachi; 2,104
had a positive blood culture for S. Typhi, and 139 had a positive blood culture for S.
Paratyphi A. Six S. Typhi isolates exhibited potential azithromycin resistance by disc
diffusion (diameter � 12 mm). Upon MIC testing, one failed to revive, four isolates had
azithromycin MICs ranging between 1 and 2 �g/ml and one S. Typhi isolate had an MIC
of 12 �g/ml (CLSI susceptibility breakpoint � 16 �g/ml) (10). This places this isolate at
the upper range of the wild-type azithromycin susceptibility distribution, with addi-
tional resistance to chloramphenicol, fluoroquinolones, and co-trimoxazole, but it was
susceptible to third-generation cephalosporins.

We aimed to investigate the genetic basis of the higher azithromycin MIC and place this
organism into phylogenetic context with contemporaneous S. Typhi through whole-
genome sequencing (WGS). Genomic DNA was extracted and subjected to WGS on a
Hiseq2500 (Illumina, San Diego, CA) to generate 125-bp paired-end reads. The resulting
sequence data were mapped against the CT18 reference sequence (accession no.
AL513382) using the RedDog mapping pipeline to identify single-nucleotide variants
(SNVs) and to confirm the S. Typhi genomes were within H58 lineage I (4.3.1.1) (7, 9,
11–19). (https://github.com/katholt/genotyphi). After removing repetitive sequences
and recombination (20), we generated a final alignment 7,661 chromosomal SNVs for
664 isolates (see Table S1 in the supplemental material). Maximum-likelihood phylo-
genetic trees were inferred from the chromosomal SNV alignments with RAxML (v8.2.9)
(21) and visualized in Microreact (22) (https://microreact.org/project/8FjPCdisk) and the
ggtree package in R (23). SRST2 (24) was used with ARGannot (25) and PlasmidFinder
(26) to identify antimicrobial resistance genes and plasmid replicons, respectively.
Mutations in gyrA, and parC, as well as the R717Q mutation in acrB, were detected using
GenoTyphi (https://github.com/katholt/genotyphi).

This higher azithromycin MIC S. Typhi isolate (MIC of 12 �g/ml), was typed as genotype
4.3.1.1 (H58 lineage I), which is the same sublineage at the XDR clade circulating in Pakistan.
The organism additionally had single mutation in gyrA (S83F), resulting in reduced fluoro-
quinolone susceptibility. The apparent mechanism of higher MIC against azithromycin was
an R717Q mutation in the gene encoding AcrB, a mutation identical to the recently
described azithromycin resistant (MIC of �32 �g/ml) S. Typhi 4.3.1.1 in Bangladesh (9). The
identification of this mutation in S. Typhi in Pakistan raises the possibilities that this was
either a de novo mutation in the Pakistan-specific 4.3.1.1 cluster or an organism that was
part of larger, internationally disseminating, azithromycin-resistant clone. To determine
which was more likely, we used a collection of 663 South Asian 4.3.1.1 (H58 lineage I)
sequences to contextualize S. Typhi isolate FQ2181 (7, 9, 11–19). The resulting phylogenetic
tree demonstrated that this was a spontaneous mutation which emerged in Pakistan, since
it was distantly related (relative within H58 lineage I) to the organisms with acrB mutations
in Bangladesh, and independent of the proximal XDR sublineage (Fig. 1).

Typically, the isolation of a single S. Typhi exhibiting resistance to the primary treatment
would not be a major cause for concern. However, this isolate demonstrates an additional,
independent acquisition of the same mutation that has been observed in Bangladesh (9).
Given the reliance of azithromycin for the treatment of typhoid and other bacterial
infections and the “fluoroquinolone experience,” we predict that we are likely to see more
of these homoplasies arising. It is too early to predict how these particular organisms may
spread, and it is encouraging that these mutations have not yet been reported in XDR S.
Typhi. However, given the nature of these mutations, one could arise in XDR S. Typhi,
and/or the XDR plasmid may be mobilized into an azithromycin-resistant lineage.
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Pakistan has initiated a nationwide typhoid conjugate vaccine (TCV) rollout pro-
gram, which began with a mass vaccination in Sindh province in November 2019 (27).
Now, there is in a race against time in the prevention of untreatable typhoid fever. With
one World Health Organization prequalified manufacturer of TCV supplying vaccine for
Gavi-eligible countries and several additional manufacturers in late-stage clinical de-
velopment (28), there is reason to be optimistic about typhoid control. However, the
vaccine is not yet available in all countries of endemicity, and effective treatment is still
paramount for typhoid control. Consequently, we need to progress with additional
intervention strategies and not overlook that antimicrobials have a substantial impact

FIG 1 South Asian H58 lineage I (genotype 4.3.1.1) phylogenetic tree (n � 664 genomes). Branches are colored by
source country according to the inset legend and first color bar. The second color bar indicates genomes
containing the acrB-R717Q mutation. The third color bar indicates mutations in the quinolone resistance deter-
mining region (QRDR) of genes gyrA, and parC. The final color bar indicates MDR and XDR sequences.
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on typhoid disease control. In addition, as part of this sustained effort, we need to
continue to track phenotypic and genotypic antimicrobial resistance in S. Typhi to
inform best practices for antimicrobial prescribing and the impact of TCV implemen-
tation.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TABLE S1, XLSX file, 0.1 MB.
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Background. The emergence and spread of antimicrobial resistance (AMR) pose a major threat to the effective treatment 
and control of typhoid fever. The ongoing outbreak of extensively drug-resistant Salmonella Typhi (S. Typhi) in Pakistan has left 
azithromycin as the only remaining broadly efficacious oral antimicrobial for typhoid in South Asia. Ominously, azithromycin-
resistant S. Typhi organisms have been subsequently reported in Bangladesh, Pakistan, and Nepal.

Methods. Here, we aimed to understand the molecular basis of AMR in 66 S. Typhi organisms isolated in a cross-sectional study 
performed in a suburb of Chandigarh in Northern India using whole-genome sequencing and phylogenetic analysis.

Results. We identified 7 S. Typhi organisms with the R717Q mutation in the acrB gene that was recently found to confer resist-
ance to azithromycin in Bangladesh. Six out of the seven azithromycin-resistant S. Typhi isolates also exhibited triple mutations in 
gyrA (S83F and D87N) and parC (S80I) genes and were resistant to ciprofloxacin. These contemporary ciprofloxacin/azithromycin-
resistant isolates were phylogenetically distinct from each other and from those reported from Bangladesh, Pakistan, and Nepal.

Conclusions. The independent emergence of azithromycin-resistant typhoid in Northern India reflects an emerging broader 
problem across South Asia and illustrates the urgent need for the introduction of typhoid conjugate vaccines in the region.

Keywords.  Salmonella Typhi; typhoid fever; antimicrobial resistance; azithromycin resistance; India.

Salmonella enterica serovar Typhi (S. Typhi), the etiologic agent of 
typhoid fever, is associated with an estimated 10.9 million infec-
tions and 116 800 deaths globally [1]. The majority of this disease 
burden is concentrated in South Asia, which has a modeled in-
cidence rate of 592 cases per 100 000 person-years [1]. A pooled 
estimate of typhoid fever incidence of 377 cases per 100 000 in 
India has also been calculated using limited population-based 
data; significant geographical heterogeneity was observed [2]. 
The ongoing Surveillance for Enteric Fever in India (SEFI) Study 
is generating geographically representative, age-specific incidence 
data, as well as additional information regarding cost of illness, 
range of clinical severity, and antimicrobial resistance (AMR) 
patterns associated with S. Typhi in India [3]. These data will 
undoubtedly provide a more comprehensive understanding of 

typhoid fever incidence rates across the Indian subcontinent and, 
ultimately, in supporting decision making concerning typhoid 
conjugate vaccine (TCV) introduction in India [4].

Growing rates of AMR have made typhoid control in-
creasingly challenging, beginning with the rise of multidrug 
resistance (MDR; resistant to chloramphenicol, trimethoprim-
sulfamethoxazole, ampicillin) in the 1990s [5] and the subse-
quent increase in fluoroquinolone resistance in the early 2000s, 
which was predominantly focused in South and Southeast 
Asia [6, 7]. Ultimately, these phenotypic changes led to the 
common use of third-generation cephalosporins for the treat-
ment of typhoid fever. The emergence and spread of exten-
sively drug-resistant (XDR; resistant to chloramphenicol, 
ampicillin, cotrimoxazole, streptomycin, fluoroquinolones, and 
third-generation cephalosporins) typhoid in Pakistan has left 
azithromycin as the only available oral antimicrobial for effective 
treatment of typhoid fever across South Asia [8]. Concerningly, 
azithromycin-resistant S. Typhi have subsequently been re-
ported in Bangladesh, Pakistan, and Nepal, although this phe-
notype has not yet arisen in XDR organisms [9–11].

It is apparent that we have an escalating problem with drug-
resistant S. Typhi in South Asia, due in part to empirical treat-
ment of febrile patients and widespread community availability 
of antimicrobials. We are currently unsure of the regional 
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distribution of azithromycin resistance or the potential for the 
emergence of a specific sublineage with this phenotype, as has 
been observed for MDR, XDR, and fluoroquinolone resistance. 
Here, we aimed to characterize the molecular basis of AMR 
in S. Typhi in a cross-sectional study performed in a suburb 
of Chandigarh in Northern India. Through whole-genome 
sequencing (WGS), we describe the distribution of a collec-
tion of azithromycin-resistant S. Typhi and show that these 
organisms have arisen independently of those in Pakistan and 
Bangladesh through the acquisition of an identical mutation in 
the arcB gene. Our data support the prioritization of TCV in-
troduction to prevent the continued emergence and spread of 
drug-resistant S. Typhi in South Asia.

METHODS

Ethics

Ethical clearance was granted by the Institutional Ethics 
Committee of the Government Multi-specialty Hospital, Sector 
16, Chandigarh (letter no. GMSH/2018/8763 dated 26 July 
2018)  and the Postgraduate Institute of Medical Education 
and Research (PGIMER) Institutional Ethics Committee 
(IEC-08/2018–285 dated 24 September 2018). Administrative 
approval to carry out this collaborative study on enteric fever 
was granted by the Chandigarh Health Department (CHMM-
2017/2991 dated 28 August 2017). Approval was also granted by 
the Collaborative Research Committee of PGIMER (no. 79/227-
Edu-18/4997 dated 12 December 2018). Informed consent was 
a prerequisite for inclusion in the study.

Study Design

The S. Typhi isolates were obtained from blood cultures taken 
from febrile patients presenting to Civil Hospital Manimajra 
in Chandigarh (CHMM) between September 2016 and 
December 2017, where passive blood culture surveillance has 
been conducted since November 2013. The CHMM is a 100-
bed secondary healthcare facility located on the outskirts of 
Chandigarh, and serves a catchment area of approximately 
200  000 people, including referrals from 4 primary care cen-
ters. Data from patients with blood culture–confirmed invasive 
Salmonella infection, which includes Salmonella serovars Typhi 
and Paratyphi A, B, and C, from both inpatient and outpatient 
wards were used in the study. Clinical history, laboratory test 
results, and risk factor data were recorded for each confirmed 
case of enteric fever for patients residing in Manimajra. This 
analysis focuses solely on confirmed cases of S. Typhi.

Identification and Antimicrobial Susceptibility Testing

Bacterial isolates were identified as S. Typhi using conventional 
biochemical tests; motility agar, Hugh–Leifson Oxidative-
Fermentation test, the Triple Sugar Iron test, citrate test, urease 
test, phenyl pyruvic acid test, and indole test. All isolates were 
eventually confirmed using antisera from Central Research 

Institute, Kasauli. Antimicrobial susceptibility was determined 
for the following antimicrobials by disc diffusion: ampicillin 
(10 μg), chloramphenicol (30 μg), trimethoprim/sulfamethoxa-
zole (1.25/23.75 μg), ceftriaxone (30 μg), azithromycin (15 μg), 
ciprofloxacin (5 μg), and pefloxacin (5 μg). Zone diameters were 
measured and interpreted as per Clinical Laboratory Standards 
Institute guidelines [12]. Minimum inhibitory concentration 
(MIC) testing was also conducted on all organisms showing 
resistance to any of the above antimicrobials by disc diffusion 
using E-tests (bioMerieux, France).

Whole-Genome Sequencing and Phylogenetic Analysis

All S. Typhi were stored and shipped to PGIMER Chandigarh. 
Isolates from patients residing outside of Manimajra were ex-
cluded, as were those for which there were inadequate clinical 
metadata, or the DNA yield was below the amount required 
for WGS. Total genomic DNA was extracted from the S. Typhi 
using the Wizard genomic DNA extraction Kit (Promega, 
Madison WI, USA) and subjected to WGS using the Illumina 
MiSeq platform (Illumina, San Diego, CA, USA) to generate 
250-bp paired end reads. We then aimed to put these sequences 
into global and regional phylogenetic context. Subsequently, 
these reads were mapped against the CT18 reference sequence 
(accession no. AL513382) using the RedDog mapping pipe-
line (V1beta.10.4; available at: https://github.com/katholt/
RedDog) to identify single nucleotide variants (SNVs) [13–15]. 
RedDog uses Bowtie (v2.2.9) [16] to map reads to the reference 
sequence; SAMtools (v1.9) [17] is used to identify SNVs with 
phred quality scores above 30; to filter out SNVs supported by 
less than 5 reads, or with more than 2.5 times the genome-wide 
average read depth (representing putative repeated sequences), 
or with ambiguous (heterozygous) consensus base calls. For 
each SNV position that passed these criteria in any single se-
quence, consensus base calls/alleles for that position were ex-
tracted from all genomes and used to construct an alignment 
of alleles across all SNV sites. Ambiguous base calls and those 
with a phred quality score of less than 20 were treated as un-
known alleles and represented with a gap character in the SNV 
alignment. Read alignments were used to assign isolates to pre-
viously defined lineages according to the extended genotyping 
framework [13] by subjecting the alignments Binary Alignment 
Map (BAM format) to analysis using the GenoTyphi pipeline 
(available at: http://github.com/katholt/genotyphi).

Chromosomal SNVs with confident homozygous calls 
(phred score >20) in more than 95% of the genomes mapped 
(representing a “soft” core genome) were concatenated to form 
an alignment of alleles at 26 991 variant sites, and alleles from 
S. Paratyphi A  str. AKU1_12601 (accession no. FM200053) 
[18] were also included using the same mapping approach 
for phylogenetic tree outgroup rooting. SNVs called in repet-
itive sequences and prophage regions were removed from the 
alignment using the parseSNPtable.py script from RedDog 

D
ow

nloaded from
 https://academ

ic.oup.com
/cid/advance-article/doi/10.1093/cid/ciaa1773/6124509 by guest on 31 January 2021

https://github.com/katholt/RedDog
https://github.com/katholt/RedDog
http://github.com/katholt/genotyphi


Azithromycin-Resistant Salmonella Typhi • cid 2021:XX (XX XXXX) • 3

(354 kbp; ~7.4% of bases in the CT18 reference chromosome, 
as defined previously) [13, 19, 20] and a pseudo-genome align-
ment inferred using the CT18 reference sequence with the 
snpTable2GenomeAlignment.py script (also from RedDog). 
Any further recombination was filtered from the resultant 
whole-genome pseudo-alignment using Gubbins (v2.3.2) [21], 
resulting in a final alignment length of 25  832 chromosomal 
SNVs for 3473 isolates.

RAxML (v8.9.2) [22] was used to infer maximum likelihood 
(ML) phylogenetic trees from the final chromosomal SNV 
alignment, with a generalized time-reversible model, a gamma 
distribution to model site-specific rate variation (the GTR+ Γ 
substitution model; GTRGAMMA in RAxML), and 100 boot-
strap pseudo-replicates to assess branch support. Resultant ML 
trees were visualized with Microreact [23] (https://microreact.
org/project/nniNzBL2uq3XZXYDKgG374) and the Interactive 
Tree of Life [24]. SRST2 (v0.2.0) [25] was used with ARGannot 
(available at: https://github.com/katholt/srst2/blob/master/
data/ARGannot_r3.fasta) [26] and PlasmidFinder (avail-
able at: https://github.com/katholt/srst2/blob/master/data/
PlasmidFinder.fasta) [27] databases to identify AMR genes and 
plasmid replicons, respectively. Mutations in gyrA and parC, 
as well as the R717Q mutation in acrB, were detected using 
GenoTyphi (https://github.com/katholt/genotyphi). Raw read 
data were deposited in the European Nucleotide Archive (ENA)
under accession number ERP124488.

RESULTS

Epidemiological Observations

Typhoid fever is a major public health concern among chil-
dren and young adults in this region of Northern India. It is 
thought that many cases in this area, a hub for the states of 
Punjab, Haryana, and Himachal Pradesh, are associated with 
the mixing of large populations of seasonal workers from the 
adjoining states. These workers generally live in informal 
dwellings with poor sanitation and limited access to safe water. 
Approximately 1500 patients with suspected enteric fever pre-
sent to the CHMM facility annually and receive blood cultures, 
of which approximately 10% are positive for S. Typhi. There is 
a seasonal peak of typhoid fever in this facility during the mon-
soon months from May to September (Figure 1). As a compo-
nent of a typhoid surveillance program at CHMM, study staff 
provided health education about safe drinking water and chlo-
rine tablets to all households where there was a confirmed ty-
phoid fever case from mid-2017 onwards. This likely accounts 
for the reduction in case numbers from 2017 to 2019.

The S. Typhi organisms interrogated here by WGS were iso-
lated between September 2016 and December 2017 and all 
originated from blood cultures taken from febrile patients at-
tending CHMM. All patients with a positive blood culture for S. 
Typhi resided within 12.9 km of the healthcare facility and were 

located in an area of approximately 28 km2 (Figure 2). S. Typhi 
was isolated throughout the specified months, again with a 
higher number of cases observed between May and September. 
The median age of patients with typhoid included in this anal-
ysis was 7  years. The standard-of-care antimicrobials at this 
facility for patients with suspected enteric fever in outpatient 
settings are cotrimoxazole, cefixime, and/or azithromycin, and 
ceftriaxone for inpatients.

The Local Phylogenetic Structure of S. Typhi

Ultimately, after data quality control, we generated and analyzed 
66 S. Typhi genome sequences from Chandigarh. We observed 
that the population structure of S. Typhi around Chandigarh 
exhibited a high level of genetic diversity with 8 co-circulating 
genotypes, indicative of population mixing and sustained intro-
duction of organisms from a variety of locations across India 
(Figure 3). However, and in an analogous manner to other lo-
cations in Asia (and East Africa), most organisms (80%, 53/66) 
belonged to lineage 4.3.1 (H58), with the majority of those 
(66%, 35/53) belonging to 4.3.1.2. In total, 24% (16/66) of iso-
lates were subclade 4.3.1 and 3% (2/66) were 4.3.1.1. Additional 
genotypes were composed of subclade 3.3 (7.5%, 5/66), clade 
2.5 (7.5%, 5/66), clade 3.3.1 (1.5%, 1/66), clade 4.1 (1.5%, 1/66), 
and major lineage 2 (genotype 2; 1.5%, 1/66).

Fluoroquinolone Resistance

All (66/66) S. Typhi genome sequences, regardless of the geno-
type, possessed mutations in gyrA, conferring reduced suscep-
tibility to fluoroquinolones. Notably, given that these mutations 
were observed in a range of genotypes, these had occurred inde-
pendently, likely as a result of sustained antimicrobial pressure 
from widespread fluoroquinolone use. We further observed 
multiple gyrA mutation profiles in 4.3.1 organisms conferring 
intermediate resistance against fluoroquinolones (0.12 μg/mL < 
ciprofloxacin MIC < 1 μg/mL). These mutations included S83Y 
(29.1%, 16/55), S83F (16.4%, 9/55), and D87N (1.8%, 1/55). 
Additionally, we identified a subclade of organisms that repre-
sented 49.1% (27/55) of the 4.3.1 isolates, all of which belonged 
to 4.3.1.2, that contained the classical triple mutations associ-
ated with fluoroquinolone resistance (S83F and D87N in gyrA 
and S80I in parC) [14]. These organisms exhibited high-level 
fluoroquinolone resistance (ciprofloxacin MIC >24  μg/mL). 
Our observations with respect to ubiquitous fluoroquinolone 
resistance were concerning; however, none of the S. Typhi iso-
lates were MDR, which may be associated with a reduced reli-
ance on older classes of antimicrobials.

Azithromycin Resistance

We identified that 7 of 66 (10.6%) of the sequenced isolates 
contained a mutation in acrB, a gene encoding a compo-
nent of the AcrAB efflux pump [28]. Mutations in acrB have 
been previously observed to be associated with resistance 
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to azithromycin [9]. There are currently no other described 
mechanisms of azithromycin resistance in S. Typhi. Here, 
the acrB mutation was nonsynonymous (R717Q) and iden-
tified in 6 genotype 4.3.1.2 organisms and in 1 genotype 
3.3.1 organism. These data are indicative of convergent 
mutation in different lineages, highlighting a potential 
increasing reliance on azithromycin; this selective pressure 
is further accentuated by the small clonal expansion in gen-
otype 4.3.1.2 (Figure 3).

The R717Q mutation in acrB has been linked to high 
azithromycin MICs in genotype 4.3.1.1 S. Typhi iso-
lates from Bangladesh [8] and also in genotype 4.3.1.1 
S. Typhi in Pakistan [9]. Here, 6 of 7 of the contempo-
rary Indian S. Typhi isolates identified here with the 
same R717Q mutation in acrB showed nonsusceptibility 
to azithromycin with MICs greater than 16  μg/mL 
(Table  1). Our data suggested that these R7171Q muta-
tions in the acrB gene have arisen spontaneously in India. 
To test this hypothesis, we constructed an expanded phy-
logenetic tree comprising a global S. Typhi collection, 

including organisms from across South Asia and the re-
cently described azithromycin-resistant organisms from 
Bangladesh, Pakistan, and Nepal. We found that the 
azithromycin-resistant S. Typhi from India were phyloge-
netically distinct from those reported from Bangladesh, 
Pakistan, and Nepal (Figure  4). Additionally, we found 
that the azithromycin-resistant organisms associated 
with acrB mutations were dispersed around the tree and 
appear to have arisen on at least 6 different occasions, 
with a differing acrB mutation in organisms from Nepal 
(R717L) [11].

The azithromycin-resistant isolates from India described 
here were isolated in 2017, meaning that they are contempo-
raneous with those reported from Bangladesh and Pakistan, 
and arose independently in phylogenetically distinct lineages. 
Last, 6 of the 7 Indian isolates with the R717Q mutation in arcB 
(all 4.3.1.2) were also within the group of organisms with the 
triple mutation associated with high-level fluoroquinolone re-
sistance, making these organisms highly resistant to these 2 key 
oral antimicrobials.

Figure 1.  The annual seasonality of typhoid fever in Manimajra, Chandigarh. Plots showing the number of typhoid cases recorded the civil hospital in Manimajra from 
2014 to 2019. The observed annual peak in typhoid cases corresponds with the monsoon season in Northern India (May to September).
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DISCUSSION

In this study, we aimed to describe the genomic aspects the S. 
Typhi causing disease in an endemic region in Northern India. 
We investigated antimicrobial susceptibility patterns using phe-
notypic testing and WGS data and then placed these data into 
a regional and global context using published genomic data. 
Notably, we identified 7 azithromycin-resistant S. Typhi isolates. 
These organisms belonged to 2 different lineages and were genet-
ically distinct from azithromycin-resistant isolates recently re-
ported from Bangladesh, Pakistan, and Nepal. Our observations 
suggest that azithromycin-resistance mutations at codon 717 in 
arcB are arising independently in locations where there is sub-
stantial selective pressure induced by azithromycin. At present, 
azithromycin resistance in S. Typhi is rare, as the 24 acrB mutants 
concatenated here represent all published S. Typhi sequences 
with this mutation. An increased reliance on azithromycin for 
treatment of typhoid fever (given in a 500-mg dose twice a day 
on day 1 and once a day for 2 weeks for adults and as a 10-mg/kg 
dose once a day for 2 weeks in children in this location) and other 
invasive bacterial infections in South Asia appears to be driving 
resistance. We also speculate that this may be facilitated by an in-
teraction with fluoroquinolone-resistance mutations, which may 
stimulate the acquisition of further resistance phenotypes [29]. 
Additionally, ongoing clinical trials measuring the impact of pro-
phylactic administration of azithromycin on growth and mor-
tality of infants and young children in Pakistan, Bangladesh, and 

India [30] signal the inevitability of what Hooda and colleagues 
[30] have termed pan-oral drug-resistant Typhi. This scenario 
would necessitate inpatient intravenous drug administration for 
effective treatment of typhoid fever in the region at enormous 
cost to patients and to healthcare systems. Where intravenous 
drug administration is not an option, typhoid could once again 
become a disease with a high mortality rate, as was observed in 
the pre-antimicrobial era.

While the catchment area of this study is not representative 
of the entire Indian subcontinent, the phenomenon described 
herein is unlikely to be restricted to Chandigarh. India is cur-
rently the largest consumer of antimicrobials of all low- and 
middle-income countries, with a reported 6.5 billion defined 
daily doses (DDDs) in 2015, or 13.6 DDDs per 1000 inhabit-
ants per day [31, 32]. With such widespread availability and use 
of antimicrobials nationally, selective pressure on circulating 
pathogens is likely immense. The SEFI study will soon yield 
additional concrete AMR data from multiple, geographically 
representative sites in India, which will further elucidate AMR 
patterns across the country. Ideally, these data will inform local 
antimicrobial stewardship practices and may be used as a basis 
for prioritization of future interventions.

How then to tackle this “red queen” dilemma? Drug-
development efforts cannot keep pace with bacterial evolution. 
Therefore, there is an urgent need for preventative interven-
tions, namely water, sanitation, and hygiene (WASH) inter-
ventions and TCV introduction, in India and across South 

Figure 2.  The spatial distribution of confirmed typhoid fever cases in Chandigarh. Map of Chandigarh (scale shown) of the residential locations of the Salmonella Typhi 
cases recorded at the civil hospital in Manimajra between September 2016 and December 2017. S. Typhi genotype is indicated by color (see key), azithromycin-resistant 
isolates are indicated with stars, and the number of cases in each coordinate is represented by the size of the circles. All cases were located within a 28-km2 area. There is 
a cluster of cases of genotype 4.3.1.2 in a 0.25-km2 area of central Manimajra, which includes 5 of the 6 closely related azithromycin-resistant isolates.
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Asia. There is also a need for enhanced typhoid surveillance, in 
South Asia and globally, specifically to monitor the emergence 
and spread of this and other resistance phenotypes. Historic 
genomic data show us that drug-resistant S. Typhi lineages 
emerge in South Asia and then spread to East Africa and even 
Latin America [33]. With the widespread prophylactic deploy-
ment of azithromycin through clinical studies and public health 
programs in West Africa and South Asia [30, 34] it will be crit-
ical to monitor global AMR patterns to mitigate a public health 
catastrophe. Recently published data from the MORDOR 
(Macrolides Oraux pour Réduire les Décès avec un Oeil sur 
la Résistance) cluster-randomized trial in Niger showed that 
a random sample of children (ages 1–59  months) living in 

Table 1.  Salmonella Typhi Considered Nonsusceptible to Azithromycin 
Identified in This Study

ENA Accession Number Study IDa MIC,b μg/mL

ERS5214693 B950_2017 >256

ERS5214717 B628_2017 24

ERS5214720 B550_2017 >256

ERS5214747 B396_2017 64

ERS5214766 B231_2017 16c

ERS5214773 B117_2017 >256

ERS5214778 B113_2017 128

Abbreviations: ENA, European Nucleotide Archive; MIC, minimum inhibitory concentration.
aAll organisms contained acrB mutation.
bClinical and Laboratory Standards Institute (CLSI) guidelines for azithromycin susceptibility 
(MIC): susceptible, ≤16 µg/mL; resistant, ≥32 µg/mL.
cContained acrB mutation but borderline susceptible by MIC.

Figure 3.  The phylogenetic distribution of Salmonella Typhi isolated at the civil hospital in Manimajra, Chandigarh. Phylogenetic tree made in RAxML of the 67 iso-
lates genome sequenced. This collection shows considerable genetic diversity, with 8 genotypes represented (as color coded on branches and in the key). Mutations in the 
Quinolone Resistance Determining Region (QRDR) and presence of the acrB-R717Q mutation are shown for each organism. There are 2 distinct clusters of organisms with the 
acrB mutation that confers azithromycin resistance; each of these individual organisms are indicated with a star.
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villages randomized to receive a single dose of azithromycin 
twice annually through mass drug administration were 7.5 
times more likely (95% confidence interval, 3.8–23.1) to have 
macrolide-resistance determinants in their gut microbiomes 
after 48 months than their peers residing in villages that were 
randomized to receive a placebo [35]. These data further un-
derscore the need for continued and intensified AMR surveil-
lance in these and other areas where community azithromycin 
use is high.

This emerging problem additionally represents an 
opportunity for the use of genomics to inform policy. 
Whole-genome sequencing data provide clear information 
regarding AMR in organisms where molecular mechan-
isms of resistance are understood. Genomic surveillance 
also enables the identification and characterization of 
new resistance phenotypes, as was the case for XDR ty-
phoid [8] and the new azithromycin-resistant organisms 

identified in Bangladesh and described further here [9]. 
The outputs of antimicrobial susceptibility testing are 
not always straightforward, particularly in cases where 
susceptibility breakpoints have not been validated exten-
sively using clinical data, as is the case for azithromycin 
[36]. Genomic AMR data can inform prioritization of TCV 
introduction, as well as implementation of WASH inter-
ventions. Genomic surveillance should also be an impor-
tant component of long-term monitoring of the impact of 
widespread TCV deployment. Not only can genomic sur-
veillance provide additional information on the impact of 
TCV on AMR it will also illustrate the impact of vaccine 
on bacterial population structures and enable the identifi-
cation of any vaccine escape mutants. Such information is 
vital to understanding the long-term impact of vaccine and 
to facilitate any potential future efforts for global typhoid 
elimination.

Figure 4.  Azithromycin-resistant Salmonella Typhi in a global context. The diagram depicts a maximum likelihood rooted phylogenetic tree with a final alignment of 
25 832 chromosomal SNVs for 3472 globally representative isolates, including all publicly available isolates from India. The color of the internal branches represents the 
genotype, the colored ring around the tree indicates the country or region of origin for each isolate, and the blue stars indicate which isolates originate from this study. 
Additionally, the tree contains each known S. Typhi isolate with an acrB mutation in public databases, these originate from India, Nepal, Bangladesh, and Pakistan. The loca-
tion of the XDR isolates from Pakistan are added for context. Abbreviations: AzithroR, azithromycin resistant; SNV, single nucleotide variant; XDR, extensively drug-resistant. 
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Abstract  30 

Antimicrobial resistance (AMR) poses a serious threat to the clinical management of typhoid fever. 31 

AMR in Salmonella Typhi (S. Typhi) is associated with the H58 lineage, which arose comparatively 32 

recently before becoming globally disseminated. To better understand when and how this lineage 33 

emerged and became dominant, we performed detailed phylogenetic and phylodynamic analyses on 34 

contemporary genome sequences from S. Typhi isolated in the period spanning the emergence. Our 35 

dataset, which contains the earliest described H58 S. Typhi, indicates that the prototype H58 36 

organisms were multi-drug resistant (MDR). These organisms emerged spontaneously in India in 37 

1987 and became radially distributed throughout South Asia and then globally in the ensuing years. 38 

These early organisms were associated with a single long branch, possessing mutations associated 39 

with increased bile tolerance, suggesting that the first H58 organism was generated during chronic 40 

carriage. The subsequent use of fluoroquinolones led to several independent mutations in gyrA. The 41 

ability of H58 to acquire and maintain AMR genes continues to pose a threat, as extensively drug-42 

resistant (XDR; MDR plus resistance to ciprofloxacin and third generation cephalosporins) variants, 43 

have emerged recently in this lineage. Understanding where and how H58 S. Typhi originated and 44 

became successful is key to understand how AMR drives successful lineages of bacterial pathogens. 45 

Additionally, these data can inform optimal targeting of typhoid conjugate vaccines (TCVs) for 46 

reducing the potential for emergence and the impact of new drug-resistant variants. Emphasis should 47 

also be placed upon the prospective identification and treatment of chronic carriers to prevent the 48 

emergence of new drug resistant variants with the ability to spread efficiently. 49 

 50 
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Introduction 58 

Salmonella enterica serovar Typhi (S. Typhi) is the etiologic agent of typhoid fever, a disease 59 

associated with an estimated 10.9 million new infections and 116,800 deaths annually.1 The disease 60 

classically presents as a non-differentiated fever and can progress to more severe manifestations or 61 

even death.2  Typhoid fever necessitates antimicrobial therapy, as the associated mortality rate in the 62 

pre-antimicrobial era ranged from 10–30%;3 presently, typhoid has a case fatality rate (CFR) of <1% 63 

when treated with effective antimicrobials.4 S. Typhi is spread via the faecal-oral route, typically 64 

through the ingestion of contaminated food or water.2 Therefore, high prevalence rates of typhoid 65 

fever were historically associated with urban slums in South Asia with poor sanitation.5 Recent 66 

multicentre surveillance studies have demonstrated that typhoid fever is also a major problem in both 67 

urban and rural areas in sub-Saharan Africa.6–8  68 

 69 

Given the importance of antimicrobials for the management and control of typhoid, antimicrobial 70 

resistance (AMR) in S. Typhi has the potential to be a major public health issue. Indeed, the problem 71 

of AMR in S. Typhi first appeared in the 1950s with the emergence of resistance against the most 72 

widely used drug, chloramphenicol.9 Multi-drug resistant typhoid (MDR; resistance to all first-line 73 

antimicrobials chloramphenicol, trimethoprim-sulfamethoxazole, and ampicillin) was first identified 74 

in the 1970s and became common in the early 1990s.10,11 MDR in S. Typhi is frequently conferred by 75 

self-transmissible IncH1 plasmids carrying a suite of resistance genes, include resistance determinants 76 

for chloramphenicol (catA1 or cmlA), ampicillin (blaTEM-1D, blaOXA-7), and co-trimoxazole (at 77 

least one dfrA gene and at least one sul gene).12 Lower efficacy of first-line antimicrobials led to the 78 

increased use of fluoroquinolones, but decreased fluoroquinolone susceptibility became apparent in 79 

the mid-1990s, and was widespread in South and Southeast Asia in the early 2000s.13,14 Inevitably, as 80 

treatment options have become limited, third-generation cephalosporins and azithromycin have been 81 

used more widely for effective treatment of typhoid fever.15–17 However, newly circulating 82 

extensively-drug resistant variants of S. Typhi (XDR; MDR plus resistance to fluoroquinolones and 83 

third generation cephalosporins) has left azithromycin as the only feasible oral antimicrobial for the 84 

treatment of typhoid fever across South Asia.18 We are arguably at a tipping point, as azithromycin-85 
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resistant S. Typhi has since been reported in Bangladesh, Pakistan, Nepal, and India, thereby 86 

threatening efficacy of common oral antimicrobials for effective typhoid treatment.19–22  If an XDR 87 

organism were to acquire azithromycin resistance (single bae pair mutation), this would lead to what 88 

Hooda and colleagues have referred to as pan-oral drug-resistant (PoDR) S. Typhi, which would 89 

require inpatient intravenous treatment.23 This would come at substantial additional cost to patients 90 

and their families, and place additional strain on already overburdened health systems. 24–26 91 

 92 

In contrast to many other Gram-negative bacteria, S. Typhi is human restricted with limited genetic 93 

diversity that can be described by a comparatively straightforward phylogenetic structure.27 Therefore, 94 

the phylogeny and evolution of S. Typhi provide a model for how AMR emerges, spreads, and 95 

becomes maintained in a human pathogen. AMR phenotypes in S. Typhi are typically dominated by a 96 

single lineage; H58 (genotype 4.3.1 and consequent sublineages), which was the 58th S. Typhi 97 

haplotype to be described in the original genome wide typing system.28 This highly successful lineage 98 

is commonly associated with MDR phenotypes and decreased fluoroquinolone susceptibility.14 99 

Previous phylogeographic analysis suggested that H58 emerged initially in Asia between 1985 and 100 

1992 and then disseminated rapidly to become the dominant clade in Asia and subsequently in East 101 

Africa.14 H58 is currently subdivided into three distinct lineages – lineage I (4.3.1.1) and lineage II 102 

(4.3.1.2), which were first identified in a pediatric study conducted in Kathmandu,29 and lineage III 103 

(4.3.1.3), which was identified in Dhaka, Bangladesh.30 A recent study of acute typhoid fever patients 104 

and asymptomatic carriers in Kenya demonstrated the co-circulation of genotypes 4.3.1.1 and 4.3.1.2 105 

in this setting, and closer analysis showed that these East African sequences had distinct AMR 106 

profiles and were the result of several introduction events.31,32 These events led to the designation of 107 

three additional genotypes: H58 lineage I sublineage East Africa I (4.3.1.1.EA1), H58 lineage II 108 

sublineage East Africa II (4.3.1.2.EA2), and H58 lineage II sublineage East Africa III (4.3.1.2.EA3).32 109 

In addition, the XDR S. Typhi clone, which was caused by a monophyletic outbreak of genotype 110 

4.3.1.1 organisms, was designated genotype 4.3.1.1.P1 to facilitate monitoring of its spread. 111 

 112 
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It is apparent from investigating the phylogeny of S. Typhi that H58 is atypical in comparison to other 113 

lineages. This lineage became dominant in under a decade, and first appeared on a long basal branch 114 

length, indicative of a larger number of single base pair mutations separating it from its nearest 115 

neighbour (Figure 1a). These observations suggest that there is something ‘unique’ about the 116 

evolution of this lineage, but we have limited understanding of how H58 emerged, what enabled its 117 

rapid spread, and when it initially appeared. Here, by collating new genome sequences of S. Typhi 118 

that were associated with travel to South Asia in the late 1980s and early 1990s and comparing them 119 

to a global population over the same period, we explore an expanded early phylogenetic dataset to 120 

resolve the origins and rapid success of this important and successful AMR clone.   121 

 122 

Results and discussion 123 

Sampling 124 

The main questions that we aimed to address with this study were: i) when and where did H58 S. 125 

Typhi first emerge; ii) can we better resolve the evolutionary events that lead to the long branch 126 

length observed for H58 S. Typhi; and iii) how quickly did this lineage spread and why? Therefore, to 127 

investigate the origins of S. Typhi H58, data from United Kingdom Health Security Agency 128 

(UKHSA, formerly Public Health England) containing information on stored S. Typhi organisms 129 

isolated between 1980 and 1995 from travellers returning to the UK from overseas and receiving a 130 

blood culture were analysed.  131 

 132 

The database was queried and organisms were selected from the following three categories: i) 126 S. 133 

Typhi with the E1 Phage type (which is considered to be associated with H58)12 originating from 134 

South Asia (India, Nepal, Pakistan, and Bangladesh), ii) 159 S. Typhi organisms with a variety of 135 

non-E1 phage types originating from South Asia, and iii) 184 S. Typhi organisms with a variety of 136 

phage types (both E1 and non-E1) originating from locations outside of South Asia. A total of 470 S. 137 

Typhi organisms meeting these criteria were randomly selected, revived, subjected to DNA extraction 138 

and whole genome sequenced. Ultimately, our dataset was composed of 463 novel sequences 139 

generated as a component of this study and 305 existing sequences30,33,34 known to belong to the H58 140 
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lineage and its nearest neighbours, yielding a total of 768 whole genome sequences on which to 141 

structure subsequent analysis.  142 

 143 

Population structure, genotype distribution, and antimicrobial resistance profiles of historical S. 144 

Typhi  145 

We inferred a maximum likelihood phylogenetic tree from the sequencing data to examine the 146 

population structure of this historic (1980 – 1995) collection of global S. Typhi sequences (Figure 1). 147 

Notably, unlike the extent global population of S. Typhi, which is largely dominated by a single 148 

lineage,14,35 this historic population exhibited considerable genetic diversity, with 37 genotypes 149 

represented (Figure 1a). The majority of isolates belonged to primary clade 2 (194/463), of which 150 

clade 2.0 was most common (36%, 69/194) followed by subclades 2.3.3 (14%, 28/194) and 2.2.2 151 

(13%, 25/194). An additional 23% of isolates belonged to primary clade 3 (108/463) and 3% of 152 

isolates were classified as major lineage 1 (12/463). Ultimately, 29% of isolates belonged to major 153 

lineage 4 (134/463), of which 63% (84/134) were H58. Among these, H58 lineage I (genotype 154 

4.3.1.1) was most common (67%, 56/84), followed by genotype 4.3.1 (H58 not differentiated into any 155 

sublineage; 24%, 20/84). The earliest H58 isolates in our dataset are illustrated in higher resolution in 156 

Figure 1b.  157 

 158 

Although we enriched our historical dataset for samples isolated from travellers returning from South 159 

Asia, our final dataset generated substantial geographic coverage, with 39 different countries 160 

represented. Therefore, these data are likely representative of the circulating S. Typhi in this pivotal 161 

period. Notably, the earliest H58 organism in our dataset that was classified as H58 according to the 162 

GenoTyphi scheme was isolated in 1983 from an individual entering the UK from India, followed by 163 

two additional Indian isolates (1988) that were also classified as H58. These organisms differed from 164 

the larger cluster of H58 organisms by 61-64 single nucleotide polymorphisms (SNPs) (Figure 1a). 165 

All H58 S. Typhi in this dataset were isolated from travellers returning from South Asia, with the 166 

majority (51/84; 61%) originating from Pakistan and the remainder from India and Bangladesh; 31/84 167 

(37%) and 2/84 (2%), respectively.  168 
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 169 

Given that this dataset included isolates from the early MDR era and then following the emergence of 170 

reduced fluoroquinolone susceptibility, we analysed the data for genes associated with MDR and 171 

mutations in the DNA gyrase gene, gyrA. Overall, 7% (34/463) of the organisms in this historical 172 

dataset were genetically defined as being MDR; significantly, all were H58 (genotypes 4.3.1, 4.3.1.1, 173 

4.3.1.2, and 4.3.1.3) and isolated between 1991 and 1995, and 97% (33/34) possessed an IncH1 174 

plasmid (Figure 1b). Thirteen H58 organisms contained an IncH1 plasmid carrying AMR genes, but 175 

did not possess the genes conferring resistance to all three first-line antimicrobials, and thus were not 176 

genetically defined as MDR (Figure 1b, Table S1). The first mutation in the quinolone resistance 177 

determining region (QRDR) in our dataset was a gyrA-D87Y substitutions identified in a genotype 2.5 178 

organism originating in South Africa in 1986 (Figure 1a). This was clearly a spontaneous mutation 179 

that evolved de novo and did not appear to become fixed in the population. Similarly, two single 180 

QRDR mutations (gyrA-S83F and gyrA-S83Y) occurred independently in H58 organisms (genotype 181 

4.3.1) in India in 1995 (Figure 1b) and were not observed in descendant populations. No mutations in 182 

gyrB or parC were observed in this dataset.  183 

 184 

In order to contextualise these isolates to understand the evolutionary events leading to this clone, we 185 

selected H58 and nearest neighbours (from genotypes 4.1 and 4.2) S. Typhi organisms (n=305) that 186 

were already available in the public domain from previous studies30,33,34 (Table S2) and generated a 187 

phylogenetic tree combining these isolates with early H58 and nearest neighbour isolates from our 188 

unpublished dataset (n=117). In our H58 and nearest neighbour dataset (n= 422, Figure 2), which 189 

included both published data as well as our contemporary data, 17 countries were represented.30,33,34 190 

Of the non-H58 isolates (nearest neighbours), 42% were genotype 4.1 (32/76), 13% (10/76) were 191 

genotype 4.2, 28% (21/76) were 4.2.1, and 16% (12/76) were 4.2.3. These non-H58 nearest neighbour 192 

organisms were isolated between 1981 and 2000. None of them were MDR, and none carried an 193 

IncH1 plasmid. Of our H58 isolates (defined as having informative SNPs indicative of lineage 4.3.1), 194 

the earliest organism was isolated in 1983 in India, followed by two additional Indian isolates (1988) 195 

that were also classified as H58. However, we can observe that there were no more recent isolates 196 
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from this founder group (Figure 2), implying that this lineage became extinct; these isolates did not 197 

contain incH1 plasmids and were non-MDR. Within the H58 lineage, most of the organisms belonged 198 

to H58 sublineage I (4.3.1.1; 84%, 290/346), followed by sublineage II (4.3.1.2; 7%, 25/346), 199 

genotype 4.3.1 (6%, 21/346), and sublineage III (4.3.1.3; 3%, 10/346). Overall, 63% (219/346) of 200 

these H58 organisms were MDR, and 87% (191/219) of these MDR H58 organisms carried an IncH1 201 

plasmid. All of the MDR H58 organisms lacking an IncH1 plasmid were genotype 4.3.1.1, the earliest 202 

of which was isolated in India in 1991.Within this group, the first single point mutation in the QRDR 203 

occurred comparatively early in an organism isolated in India in 1991.33  204 

 205 

Evolutionary history of H58 S. Typhi 206 

Using BEAST analysis, we determined that the median substitution rate of the H58 was 2.79 × 10−7 207 

substitutions base−1 year−1 [95% highest posterior density (HPD): 2.40 × 10−7 - 3.24 × 10−7), which is 208 

comparable to that observed in previous studies.36 We found that the most recent common ancestor 209 

(MRCA) of the H58 was estimated to have emerged in late 1987 (95% HPD: 1986 – 1988). Two H58 210 

sublineages (4.3.1.1 and 4.3.1.2) then emerged almost simultaneously in India in 1987 and 1988. The 211 

time-inferred phylogeny shows a clonal expansion of H58 that originated from South Asia, 212 

specifically in India, and then disseminated globally. As noted above, 63% (219/346) of isolates were 213 

MDR, and 87% (191/219) of those isolates contained an IncH1 plasmid known to carry AMR genes. 214 

Detailed genetic analysis of the IncH1 plasmids observed in most of these MDR isolates revealed 215 

high genetic similarity, with only 13 single nucleotide polymorphisms (SNPs) difference between 216 

them (Supplementary Figure 1). These data strongly suggest that the ancestral H58 organism that was 217 

the basis for the major clonal expansion was already MDR before undergoing clonal expansion and 218 

subsequent global dissemination; some ensuing H58 organisms then lost the MDR plasmid in certain 219 

settings, presumably because of decreased antimicrobial selection pressure with first-line 220 

antimicrobials, with a corresponding impact on fitness. The fact the three early precursor organisms 221 

that were not MDR appear to have become extinct supports our hypothesis that the presence of an 222 

MDR phenotype was a pivotal selective event. 223 
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 224 

It is also stark that QRDR mutations appeared in H58 organisms quickly and frequently. Within this 225 

H58 dataset, organisms with one or more QRDR mutations appeared within six independent lineages 226 

of H58, as illustrated in Figures 2 and 3. The earliest H58 lineage (lineage II) to develop QRDR 227 

mutations was observed in 1991 in India, with a single S83Y mutation in the gyrA gene, and the first 228 

isolate containing two QRDR mutations (gyrAS83Y; parC-S80R) appeared in a genotype 4.3.1.3 229 

organism in Bangladesh in 1999 (Figure 3). The first “triple mutant” (mutations in gyrA-D87G, gyrA-230 

S83F, and parC-E84K) was found in a 4.3.1.1 Bangladeshi isolate in 1999 (Figure 3). 231 

 232 

Genetic variation associated with H58 S. Typhi 233 

Our data support the hypothesis that H58 S. Typhi was successful specifically because of the 234 

acquisition and maintenance of an MDR plasmid. This selection meant that later gyrA mutations were 235 

more likely to occur in this lineage given its dominance (and therefore, higher rates of replication 236 

leading to additional opportunities for mutations to occur), as well as assumed frequent 237 

fluoroquinolone exposure, given its existing MDR phenotype. Based on the results of our mapping, 238 

we undertook further genetic analysis to identify non-synonymous SNPs unique to the early H58 239 

isolates, as well as SNPs that were unique to early H58 isolates that were MDR. The motivation was 240 

to explain the origins of the long branch length illustrated on Figure 1a, to infer why this lineage was 241 

so globally successful, and identify genetic elements that may stabilize an MDR IncH1 plasmid.  242 

 243 

We identified 16 unique non-synonymous SNPs that were exclusive to the early H58 isolates as 244 

compared to precursor 4.1 and 4.2 organisms, the majority of which were present in genes associated 245 

with central metabolism and outer membrane structures; one of which was associated with 246 

pathogenicity (Table 1). Within the early H58 isolates that were also MDR, we identified an 247 

additional 23 unique non-synonymous SNPs, most of which were found in genes encoding proteins 248 

predicted to regulate metabolism, degrade small molecules, membrane/surface structures, as well as 249 

regulators, pathogenicity adaptation, and information transfer (Table 2). We additionally identified 250 

mutations in a gene (t2518/STY0376) encoding a hypothetical protein with an EAL (diguanylate 251 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 3, 2022. ; https://doi.org/10.1101/2022.10.03.510628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.03.510628
http://creativecommons.org/licenses/by/4.0/


 

10 

phosphodiesterase) domain with a non-synonymous mutation, which has previously been identified as 252 

being associated with H58 organisms.37 The homologous gene (STM0343) in Salmonella 253 

Typhimurium has been described as regulating motility and invasion, which suggests that SNPs in 254 

this gene might also contribute to virulence.38,39 In addition, we identified SNPs in genes that have 255 

previously been associated with tolerance to bile in S. Typhi (sirA, recB, wecF, dsdA, and yjjV) 256 

among the early MDR H58 isolates.40,41  257 

 258 

Clearly, there was a cascade of events that corresponded with the genesis of the first H58 S. Typhi. 259 

The cumulative mutations signified by the observed long branch length is uncommon in S. Typhi and 260 

has two feasible explanations. The first is that the progenitor organism was a hyper mutator, and that a 261 

key mutation in mutS was responsible for generating a large amount of genetic diversity in a short 262 

time frame.42 However, no such informative SNPs were observed in the early H58 isolates, but any 263 

mutations may have reverted. The second, and more likely explanation, is that the organism was in an 264 

environment that created an atypical selective pressure to induce mutations that facilitated its ability 265 

become exposed to, and then accept, an MDR plasmid. Our previous data on S. Typhi carriage in the 266 

gallbladder determined that this environment creates an atypical selective pressure and stimulates 267 

mutations in metabolism and outer membrane structures.31,43 This genetic variation was associated 268 

with organisms being located on signature long branches; our observations here are comparable. We 269 

suggest that H58 S. Typhi became successful due to its early ability to accept and stabilise a large 270 

MDR plasmid, which probably occurred whilst in the gallbladder; this one-off event and onward 271 

transmission then created this successful lineage. Therefore, we speculate that gallbladder carriage 272 

acts as a niche for generation of new variants with both modest (single SNPs) and large (plasmid 273 

acquisition) events capable of generating new lineages of S. Typhi with a selective advantage. 274 

 275 

Implications 276 

Our phylodynamic analysis of the origins of H58 S. Typhi has important consequences for how we 277 

understand the emergence and spread of new drug-resistant variants and can help inform optimal use 278 

of typhoid conjugate vaccines (TCVs). Our data suggest that whilst rare, these events can happen 279 
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given the specific selective pressures, allowing MDR organisms to arise and spread rapidly. This 280 

observation comes at a critical time in global typhoid control. Two TCVs have been prequalified by 281 

the World Health Organization, with additional candidates in late-stage clinical development, and 282 

promising clinical efficacy and effectiveness data.44,45 The continued spread of drug-resistant H58 283 

genotypes is clearly a major argument for the use of TCV, particularly as resistance to all oral 284 

antimicrobials has been reported in S. Typhi in South Asia.19–22 We continue to observe a pattern in 285 

which drug-resistant variants emerge in South Asia and spread radially, with H58 being the only 286 

major genotype to do so to date. 14,35,46–49 H58 S. Typhi was first isolated in Kenya shortly after its 287 

estimated emergence in 1988, further illustrating the potential for rapid spread of this lineage.48 This 288 

suggests that prioritization of widespread use of TCVs in South Asia can not only prevent significant 289 

morbidity in the region but should limit the continued emergence and spread of drug-resistant 290 

organisms elsewhere, which could expand the useful lifespan of existing therapeutic options in some 291 

parts of the world until TCVs become more widely available.  292 

 293 

Our data strongly suggest that H58 S. Typhi, which is highly associated with being MDR and 294 

decreased fluoroquinolone susceptibility, is highly adept at acquiring and maintaining drug resistance 295 

determinants, which is likely facilitated by unique mutations that occurred in the earliest H58 296 

organism. The rapid international dissemination of the H58 lineage, starting in South Asia and 297 

spreading throughout Southeast Asia,14,33 into Africa14,31,47,48,50–52 and more recently, Latin America,53 298 

suggest that expanded genomic surveillance is warranted to monitor its continued global spread. Such 299 

information can also help inform the development of transmission dynamics models that predict the 300 

spread of newer drug-resistant variants, like XDR, which can also inform TCV introduction decision-301 

making.  302 

 303 

Ultimately, we surmise that H58 S. Typhi likely emerged in India from a chronic carrier, which is 304 

supported by the indicative long branch length between early H58 organisms and its nearest non-H58 305 

neighbours. This deduction is consistent with observations from previous studies conducted in Nepal 306 

and Kenya, in which higher mean branch lengths were observed in carriage isolates as compared to 307 
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isolates from symptomatic patients;31,43 this phenomenon is to be expected, assuming that chronic 308 

carriers will have had a longer time from acquisition of infection to shedding and sampling. Notably, 309 

considering the structure of the phylogenetic tree and the loss of the early non-MDR H58 organisms 310 

from the population, it is likely that the MDR phenotype was the main catalysing factor for the 311 

success of this lineage. Additionally, we observed non-synonymous mutations in genes associated 312 

with outer membrane structures, metabolism and virulence, which we have been observed previously 313 

in organisms isolated directly from the gallbladder.31,43 Our analysis also supports previous 314 

transcriptomic analysis showing that H58 S. Typhi has higher bile tolerance relative to other 315 

laboratory strains (Ty2 and CT18) and show increased virulence in the presence of bile, thereby 316 

increasing the potential of H58 organisms to colonize and persist in the gallbladder. These 317 

observations suggest that gallbladder is the ideal location for the generation of variants and highlights 318 

the potential for chronic carriage to lead to the emergence of novel S. Typhi (and other invasive 319 

Salmonella) that are genetically predisposed to express new phenotypes, which may include drug 320 

resistance. Therefore, emphasis should be placed upon the prospective identification and treatment of 321 

chronic carriers to prevent the emergence of new variants with the ability to spread. Contemporary 322 

data from returning travellers to the UK suggest that 1.4% of those infected with S. Typhi are chronic 323 

carriers, and 0.7% are carrying MDR S. Typhi.54 A comparable frequency of carriage (1.1%) has been 324 

observed among children aged 16 years and younger in Mukuru, an informal settlement close to 325 

Nairobi, Kenya.31 This prevalence rate is likely to be higher in older age groups,55–57 and among 326 

people living in settings where typhoid is hyperendemic, and thus, may present a more substantial risk 327 

in terms of sustained transmission of drug-resistant S. Typhi and the potential emergence of additional 328 

drug-resistant variants. Scalable, low-cost assays to detect carriers will become vital if we aim to 329 

eliminate typhoid and prevent future resurgence. 330 

 331 

We conclude that H58 S. Typhi likely emerged from a chronic carrier in India in 1987. The prototype 332 

organism of the successful clonal expansion was already MDR and became highly successful across 333 

South Asia in over a period of <10 years. Ultimately, sustained use of, and exposure to, 334 

fluoroquinolones led to selective mutations in gyrA on many independent occasions. The dominance 335 
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of this organism and its ability to maintain AMR genes has latterly meant it has become resistant to 336 

additional antimicrobials. Our work represents a blueprint of how such organisms can arise and 337 

become dominant, but also provides the justification and evidence for the introduction of new 338 

interventions for disease control; if we reduce disease burden by vaccination, we will additionally 339 

reduce the likelihood of comparable events occurring in other S. Typhi organisms and other 340 

pathogens. Widespread vaccine deployment, as well as screen and treat programs, can not only impact 341 

AMR directly through the prevention of drug-resistant infections, but also indirectly, as reduced 342 

transmission leads to decreased selection pressure on account of lower bacterial replication, and 343 

potentially decreased antimicrobial use following the prevention of clinical disease warranting 344 

treatment.  345 

 346 

Methods 347 

DNA extraction and Whole Genome Sequencing 348 

Genomic DNA from S. Typhi isolates was extracted using the Wizard Genomic DNA Extraction Kit 349 

(Promega, Wisconsin, USA), following standardized manufacturer’s protocol. Two ng of genomic 350 

DNA from each organism was fragmented and tagged for multiplexing with Nextera DNA Sample 351 

Preparation Kits, followed by paired-end sequencing on an Illumina HiSeq2000 Platform to produce 352 

101 bp paired-end reads (Illumina, Cambridge, UK). Raw reads were deposited in the European 353 

Nucleotide Archive (ENA) under study accession number PRJEB15284 (Table S1). 354 

 355 

Read alignment and SNP analysis 356 

FastQC and FASTX-Toolkit bioinformatics pipelines were used to check the quality of raw reads.58,59 357 

Six samples were excluded from the analysis, one was determined to not be Salmonella, one appeared 358 

to be comprised of multiple genotypes, and four samples were on a long branch length and were 359 

conclused to be contaminated. Paired end reads for the remaining 464 samples were mapped to the S. 360 

Typhi CT18 reference genome (accession number: AL513382)60 using the RedDog mapping pipeline 361 

(v1beta.10b, available at http://githib.com/katholt/reddog). RedDog uses Bowtie2 v2.2.961 to map all 362 

raw reads to the CT18 reference genome and then uses SAMtools v1.3.162 to identify high quality 363 
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SNP calls. SNPs that did not meet predefined criteria (a minimal phred quality score of 30 and depth 364 

coverage of 5 were filtered out).63 A failed mapping sequence was defined as when <50% of total 365 

reads mapped to the reference genome. 2 isolates were excluded from additional analysis after 366 

mapping failed, due to depth coverage of less than 10 (as per the RedDog pipeline default). A 367 

concatenation of core SNPs that were present in >95% of all genomes was generated and filtered to 368 

exclude all SNPs from phage regions or repetitive sequences in the genome reference CT18 as 369 

defined previously (Table S2).60 Gubbins (v2.3.2)64 was used to filter out SNPs in recombination 370 

regions. Finally, the alignment of 17,325 SNPs from mapping of the remaining 462 isolates was 371 

utilized for phylogenetic analysis. Resultant BAM files for all isolates from RedDog mapping were 372 

used to determine previously defined genotypes according to an extended genotyping framework 373 

using the GenoTyphi pipeline65 (available: https://github.com/katholt/genotyphi).  374 

 375 

Phylogenetic analysis 376 

RAxML (v8.2.9)26 was used to infer maximum likelihood (ML) phylogenetic trees from the final 377 

chromosomal SNP alignment, with a generalized time-reversible model, a gamma distribution to 378 

model site-specific rate variation (the GTR+ Γ substitution model; GTRGAMMA in RAxML), and 379 

100 bootstrap pseudo-replicates to assess branch support. Salmonella Paratyphi A AKU1_12601 380 

(accession no: FM200053)66 was used as an outgroup. The resultant trees were visualized using 381 

Interactive Tree of Life (iTOL)67 and the ggtree package in R.68 An interactive visualisation of this 382 

phylogeny and associated metadata can be found in Microreact 383 

(https://microreact.org/project/hzELvWqY3UCvsyAw892fnd-origins-of-h58-s-typhi).69   384 

 385 

Characterisation of AMR associated genes and mobile elements 386 

SRST2 (v0.2.0) 70 was used to detect AMR genes and plasmid replicons using the ARGannot71 and 387 

PlasmidFinder72 databases, respectively. Mutations in the gyrA and parC genes, as well as the R717Q 388 

mutation in acrB, were detected using Mykrobe v0.10.0.73 389 

 390 

Bayesian phylogenetic analysis of H58 and nearest neighbours 391 
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Our estimation of the temporal signal of our H58 and nearest neighbour data exhibited a strong 392 

correlation between the sampling dates and the root-to-tip distances, with a positive value for the 393 

slope and an R2 value of 0.4743 (Supplementary figure 2). Additionally, the randomly reassigned 394 

sampling time of sequences 20 times to generate the mean rates indicated that there was no overlap 395 

between the 95% credible intervals of the mean rate of the real data set and that of the date 396 

randomization data (Supplementary figure 3). To infer where and when the first H58 (genotype 4.3.1) 397 

organism emerged, we conducted Bayesian phylogenetic analyses on a subset (n=345) of H58 398 

(genotype 4.3.1) from our dataset and from published literature isolated between 1980 and 2000.14,30,33 399 

This analysis of 345 S. Typhi isolates was conducted in the BEAST v1.8.4.74 The temporal signal of 400 

the data was checked initially. The maximum likelihood tree, constructed using the GTR+ Γ 401 

substitution model and GTRGAMMA, was subjected to TempEst v1.5 to test the best fit of linear 402 

regression between sampling dates and their root-to-tip genetic distances, using default TempEst 403 

parameters.75 To further test temporal signal, the TipDatingBeast R package was used to randomly 404 

reassign the sampling dates of sequences 20 times to create date-randomized data sets. BEAST 405 

analyses were conducted for these randomized data sets and the mean rates were compared between 406 

runs. The data had sufficient temporal signal if the 95% credible interval of mean rates of the date-407 

randomized datasets did not overlap with that of the original sampling dataset.76,77 408 

An automatic model selection program (ModelFinder)78 was implemented through IQ-TREE79 and 409 

run on the non-recombinant SNP alignment (724 variable sites) to select the best-fit sequence 410 

evolution model for BEAST analysis. ModelFinder showed that GTR had the lowest Bayesian 411 

Information Criteria (BIC) score and thus it was chosen as the best-fit substitution model.  412 

As part of the BEAST analysis, six different model combinations were run for six combinations, and 413 

the final analysis was conducted using the best fitting model The path sampling and stepping-stone 414 

sampling approaches were applied to compare the log marginal likelihoods of the different runs.36,80  415 

The GTR+Γ4 with strict clock and Bayesian skyline was identified as the best-fit model for running 416 

BEAST. Finally, BEAST was run three independent times using the best-fit model, using a Bayesian 417 

Markov chain Monte Carlo (MCMC) parameter-fitting approach (generated 107 chains and sampled 418 
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every 1000 iterations). The log files after three runs were combined using LogCombiner v1.8.381 with 419 

a burn-in rate of 10%. The effective sample size (ESS) of all parameters was assessed by Tracer 420 

v1.8.3.82 If the ESS of any parameters was less than 200, we increased the MCMC chain length by 421 

50% and reduced the sampling frequency accordingly.36 The trees were combined and summarized 422 

using LogCombiner v1.8.3 and TreeAnnotator v1.8.3.74   423 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 3, 2022. ; https://doi.org/10.1101/2022.10.03.510628doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.03.510628
http://creativecommons.org/licenses/by/4.0/


 

17

Table 1. Unique non-synonymous Single Nucleotide Polymorphisms detected in early H58 S. Typhi  

Gene ID 
SNP 

Position 
in CT18 

Gene 
Reference 
nucleotide 

4.3.1 
nucleotide 

Ancestral 
codon 

Derived 
codon 

Ancestral 
amino 
acid 

Derived 
amino 
acid 

Functional Category Product 

STY0376 387595  C T ACC ATC T I 
Central/intermediary 

metabolism 
putative rtn protein; diguanylate cyclase/ phosphodiesterase domain-containing 

protein 

STY0452 461438 yajI G A CGT TGT R C 
Membrane/surface 

structures 
putative lipoprotein 

STY0522 529155 
kefA/a

efA 
A G AAA GAA K E 

Membrane/surface 
structures 

integral membrane protein AefA 

STY0698 693560 rlpB C T ATG ATA M I 
Central/intermediary 

metabolism 
rare lipoprotein B precursor 

STY1458 1408039  C T CAG TAG Q *  putative lipoprotein 

STY1703 1629304 ssaP G A GCG GTG A V 
Pathogenicity/adaptation/c

haperones 
putative type III secretion protein 

STY2371 2202853  C T CGT TGT R C 
Membrane/surface 

structures 
putative nucleoside permease 

STY2513 2348633 glpA G A GGC AGC G S 
Central/intermediary 

metabolism 
anaerobic glycerol-3-phosphate dehydrogenase subunit A 

STY2553 2388057 nuoG G A ACT ATT T I Information transfer NADH dehydrogenase I chain G 

STY2564 2401233 yfbT G A CGC TGC R C Central/intermediary 
metabolism 

putative phosphatase 

STY3518 3360344 nanE2 T C ATA GTA I V Pseudogenes conserved hypothetical protein (pseudogene) 

STY3795 3659647 Ydey C T GGG GAG G E 
Membrane/surface 

structures 
Putative ABC transporter protein, AI-2 transport system permease 

STY4405 4273783 metH C A CGT AGT R S 
Central/intermediary 

metabolism 
B12-dependent homocysteine-N5-methyltetrahydrofolate transmethylase 

STY4451 4321540  A G AAG AGG K R  single-strand DNA-binding protein 
STY4890 4754034  C T TGG TAG W *  probable carbon starvation protein 
STY4890 4754035  A G TGG CGG W R  probable carbon starvation protein 
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Table 2. Unique non-synonymous SNPs unique to early MDR H58 S. Typhi  
 

Gene ID 
SNP 

Position 
in CT18 

Gene 
Reference 
nucleotide 

4.3.1 
nucleotide 

Ancestral 
codon 

Derived 
codon 

Ancestral 
amino acid 

Derived 
amino 
acid 

Functional Category Product 

STY0042 40159 betC G A GGG GAG G E Central/intermediary metabolism putative secreted sulfatase 

STY0085 89102 
etfB/ 
fixA A G AAA AGA K R Degradation of small molecules FixA protein 

STY0376 387082  G A CGA CAA R Q Central/intermediary metabolism 
putative rtn protein; diguanylate cyclase/phosphodiesterase 

domain-containing protein 
STY0886 880083 ybiK A G ACC GCC T A Central/intermediary metabolism putative L-asparaginase 
STY1310 1270888  G A CGA CAA R Q Membrane/surface structures Voltage-gated potassium channel 
STY1328 1286044 trpE T C GAC GGC D G Central/intermediary metabolism Anthranilate synthase component 
STY1410 1360939 dbpA C T CAG TAG Q * Pseudogenes ATP-dependent RNA helicase (pseudogene) 
STY1917 1810914 hyaE G A GCT ACT A T Information transfer hydrogenase-1 operon protein HyaE 
STY2155 2002943 uvrY G A CTT TTT L F Regulators invasion response-regulator 
STY2875 2750755  G A GCG ACG A T Pathogenicity adaptation/chaperones large repetitive protein 

STY3001 2875160 sptP G A CAA TAA Q * Pathogenicity adaptation/chaperones 
Pathogenicity island 1 tyrosine phosphatase (associated with 

virulence) 
STY3132 3004181 recB T C GAA GGA E G Degradation of macromolecules exonuclease V subunit 
STY3297 3144053 ordL A C GTG GGG V G Central/intermediary metabolism Putative gamma-glutamylputrescine oxidoreductase 
STY3555 3398551 yhdA G A GCT GTT A V Membrane/surface structures Putative lipoprotein 
STY3628 3484294 wecF C T GTA ATA V I Conserved hypothetical proteins Putative 4-alpha-L-fucosyl transferase 
STY3955 3824631 torC T G TCA GCA S A Pseudogenes Cytochrome c-type protein 
STY3977 3843665 dsdA C T GGC GAC G D Degradation of small molecules D-serine dehydratase 
STY4161 4020211 yhjY C T ACG ATG T M Membrane/surface structures putative membrane protein 
STY4314 4192687 gph C T GCG GTG A V Degradation of small molecules phosphoglycolate phosphatase 
STY4318 4196909 bigA G A CCA TCA P S Pseudogenes putative surface-exposed virulence protein (pseudogene) 
STY4392 4253640 dprA G A GCT ACT A T Conserved hypothetical proteins Putative DNA protecting protein 
STY4805 4665891  G A GCG GTG A V Regulators arginine deiminase 
STY4915 4775254 yjjV C A CCG CAG P Q Conserved hypothetical proteins TatD DNase family protein 
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Figure Legends  

Figure 1. The phylogenetic structure of historical S. Typhi isolates.  

a) A phylogenetic overview of historical (1980 – 1995) S. Typhi from the UKHSA. Maximum 

likelihood outgroup rooted phylogenetic tree depicting the genomic sequences of 463 S. Typhi 

isolated from returning travellers to the United Kingdom isolated between 1980 and 1995. Branch 

colour indicates genotype, and rings outside of the tree indicate country of origin, MDR, and presence 

of IncH1 plasmid, coloured as per the inset legend. Individual mutations in the quinolone resistance 

determining region (QRDR) indicated by stars outside the rings.  b) A phylogenetic overview of 

historical H58 (4.3.1) S. Typhi isolates. Zoomed-in view of H58 S. Typhi isolates from historical 

collection. Genotype, country of origin, presence of MDR, AMR mutations, and presence of IncH1 

plasmids are indicated by bars to the right of the tree and coloured as per the inset legend. Individual 

mutations in the quinolone resistance determining region (QRDR) indicated by stars to the right of the 

bars. 

 

Figure 2. The phylogenetic structure of early H58 organisms and nearest neighbours.  

Maximum likelihood rooted phylogenetic tree showing S. Typhi organisms (genotype 4.3.1) and 

nearest neighbours (genotypes 4.1 and 4.2) from our historical collection and from published 

literature (n=422 total). Genotype is indicated by branch colour, presence of QRDR mutation(s) are 

indicated by coloured circles at the end of the branches, and country of origin, presence of MDR, 

AMR mutations, and presence of incH1 plasmid are indicated by bars to the right of the tree and 

coloured as per the inset legend. 

 

Figure 3. A dated phylogenetic structure of historical H58 S. Typhi isolates.  

BEAST-generated dated phylogeny of H58 S. Typhi isolates from UKHSA collection and published 

literature (n=345). Tip colours indicate presence of specific mutation(s) in the QRDR as per inset 

legend. Branch colour and the first column to the right of the tree indicate genotype, the second 

column indicates country of origin, the third represents presence of MDR, and the final column 

indicates presence of an incH1 plasmid. Our analysis suggests that the Most Recent Common 
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Ancestor (MCRA) of H58 appeared in 1987, and that two sublineages (I and II) emerged almost 

simultaneously in India in 1987 and 1988. The first single point mutation in the QRDR was observed 

in 1990, and the first “triple mutant” was observed in Bangladesh in 1999. 

 

Supplemental Figure Legends 

Figure S1. A genetic comparison of IncH1 plasmid content of early H58 S. Typhi isolates. 

Zoomed in view of maximum likelihood phylogenetic tree including historical and published H58 

isolates (n=206). Country of origin is indicated by the coloured circles at the tips of the tree. Gene 

content of an almost identical IncH1 plasmid is indicated by the colour to the right of the tree. 

 

Figure S2. An estimation of temporal signal in H58 S. Typhi data. 

Path-O-Gen/TempEst results (analysis included n=345 isolates using an alignment of 724 non-

recombinant SNPs), demonstrating strong correlation between sampling dates and root-to-tip distance 

(R2 = 0.4743). 

 

Figure S3. A TipDatingBeast estimation of temporal signal in H58 S. Typhi data. 

TipDatingBeast results (analysis incorporated n=345 isolates and an alignment of 724 non-

recombinant SNPs), demonstrating no overlap between the original mean rates of mutation and mean 

rates of date randomization. 

 

Supplementary Tables 

Table S1. Organism-level data and metadata for historical UKHSA S. Typhi isolates. 

Table S2. Organism-level data and metadata for published H58 and nearest neighbours S. Typhi 

isolates.   
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Abstract 

Antimicrobial resistance (AMR) is a major global public health threat, which has been largely driven by the excessive 
use of antimicrobials. Control measures are urgently needed to slow the trajectory of AMR but are hampered by an 
incomplete understanding of the interplay between pathogens, AMR encoding genes, and mobile genetic elements 
at a microbial level. These factors, combined with the human, animal, and environmental interactions that underlie 
AMR dissemination at a population level, make for a highly complex landscape. Whole-genome sequencing (WGS) 
and, more recently, metagenomic analyses have greatly enhanced our understanding of these processes, and these 
approaches are informing mitigation strategies for how we better understand and control AMR. This review explores 
how WGS techniques have advanced global, national, and local AMR surveillance, and how this improved under-
standing is being applied to inform solutions, such as novel diagnostic methods that allow antimicrobial use to be 
optimised and vaccination strategies for better controlling AMR. We highlight some future opportunities for AMR 
control informed by genomic sequencing, along with the remaining challenges that must be overcome to fully realise 
the potential of WGS approaches for international AMR control.

Keywords: Antimicrobial resistance, Public health, Genomics, Surveillance, Vaccines, Diagnostics

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Antimicrobial resistance (AMR) is one of the greatest 
current threats in international public health [1]. The 
rapid increase and worldwide spread of AMR threaten 
the advances in modern medicine, compromising the 
treatment of common infections such as pneumonia, uri-
nary tract infections, and tuberculosis as well as the care 
of patients needing organ transplantation, complex sur-
gery, cancer chemotherapy, and intensive care [2]. There 
are also significant economic and societal costs associ-
ated with AMR infections [3, 4]. These costs are attrib-
uted with longer hospital stays, higher medical bills, and 
increased mortality. Although AMR is a global problem, 

the burden of AMR falls disproportionately on low- and 
middle-income countries (LMICs), where it threatens 
sustainable development [4–6].

The first wave of antimicrobials was derived from natu-
rally occurring compounds; therefore, the emergence of 
AMR is largely a natural process, and AMR genes have 
been detected in samples originating millions of years 
before the widespread use of antimicrobials [7–9]. How-
ever, an exponential growth in antimicrobial use in recent 
decades has exerted enormous selective pressures on 
bacterial populations, which has dramatically accelerated 
the evolution of AMR [10]. Indeed, as soon as mankind 
develops a new class of small molecules to kill bacte-
ria, organisms evolve to resist their action, leading to an 
increasing prevalence of multi-drug-resistant (MDR), 
extended-drug-resistant (XDR), and pan-drug-resistant 
(PDR) organisms.
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The detection of AMR has been traditionally reli-
ant on culture-based antimicrobial susceptibility testing 
(AST), which remains the mainstay of clinical micro-
biology and patient management. Whilst phenotyping 
provides direct visual evidence of how a bacterium will 
interact with an antimicrobial, it generally provides lit-
tle or no data regarding the resistance mechanisms, with 
disparate genetic clones often demonstrating identical 
resistance profiles [11]. Genetic typing methods, such as 
multi-locus sequence typing (MLST), provide a higher 
level of pathogen resolution compared to AST but are 
highly restrictive as they only describe a small fraction 
of a genome. Whole-genome sequencing (WGS), in con-
trast, provides genome-wide information at the single 
nucleotide level that can be used to identify the presence 
and mechanisms of AMR, as well as pathogen identity, 
virulence, and ancestry [12–14]. The advent of next-gen-
eration sequencing (NGS), via high-throughput, paral-
lel sequencing of DNA fragments, has allowed pathogen 
genomes to be determined rapidly and at comparatively 
low cost [13, 15, 16]. The universality of the genetic code 
allows a unified approach to be applied to all organisms, 
and a range of technologies and platforms can provide 
the same data output [11]. Comparative phylogenetic 
analysis can be exploited to determine the degree of 
relatedness between different isolates based on the extent 
of the similarity between genomes and, when overlaid 
with epidemiological and clinical data, can inform our 
understanding of the specific temporospatial dynamics 
of AMR and transmission [11]. Additionally, the recent 
optimisation of metagenomic sequencing approaches cir-
cumvents the necessity for culture entirely. Therefore, by 
incorporating all available genomic material in a sample, 
metagenomic analysis facilitates a shift in focus from an 
individual pathogen to the community, microbiome land-
scape, generating a highly detailed model of how patho-
gens interact, and how they mobilise and access AMR 
genes [17].

The power of WGS is being increasingly employed to 
address the public health challenge of AMR, supporting 
surveillance, outbreak investigation, and contributing to 
improved diagnostics and therapeutics as highlighted in 
Table 1 [12, 27]. This review highlights some of the suc-
cesses and advances supported by WGS in these areas 
and outlines future directions and remaining challenges 
associated with using WGS technologies to support pub-
lic health efforts for AMR.

AMR surveillance
Surveillance is the cornerstone of public health efforts 
in controlling AMR. AMR surveillance has traditionally 
relied on phenotypic AST, but different testing methods, 
variation in interpretation, the extent to which thresholds 

are clinically validated, and changes in interpretive guide-
lines limit standardisation. WGS data overcomes many 
of these limitations, providing detailed insights that can 
greatly augment the value of AMR surveillance. Such 
data can inform an understanding of AMR evolution and 
spread, inform control strategies, facilitate the detection 
of new and emerging threats, and support new diagnostic 
and therapeutic approaches [4, 10, 12, 28–30].

Underlying the expansion of AMR is a dynamic and 
complex interaction between microbes, AMR encod-
ing genes, and mobile genetic elements that act as vehi-
cles for AMR via horizontal gene transfer (HGT) [7, 10, 
11, 31]. Once horizontally transferred AMR genes have 
become chromosomally integrated, clonal expansion 
can lead to the rapid dissemination of these genes. This 
phenomenon has been observed with methicillin-resist-
ant Staphylococcus aureus (MRSA), penicillin-resistant 
Streptococcus pneumoniae, vancomycin-resistant entero-
cocci, and fluroquinolone-resistant Clostridium difficile 
[11, 32–37]. The granular resolution afforded by WGS 
allows inferences on the nature of AMR evolution and 
dissemination [38], providing insights that can help con-
tain AMR and protect public health.

International surveillance
Increased accessibility to WGS has significantly 
enhanced our understanding of the global evolution and 
spread of AMR. High-throughput WGS methods have 
facilitated the sequencing of large, geographically rep-
resentative collections of isolates, overcoming many of 
the biases associated with historic, small-scale studies 
that were often skewed by the domination of local clonal 
dissemination. This paradigm is illustrated by a modi-
fied understanding of AMR in E. coli ST131, which has 
rapidly spread to become a frequent cause of healthcare 
and community-acquired infection since it was first 
described in 2008 [33]. ST131 E. coli frequently exhibit 
cephalosporin (most commonly due to a CTX-M-15 
encoding gene) and fluroquinolone resistance [33, 39]. 
The development of AMR in ST131 E. coli was initially 
speculated to have arisen from frequent and independent 
acquisitions of mobile genetic elements [40]. However, a 
study from the USA concluded that the success of AMR 
in ST131 E. coli was associated with a sustained clonal 
expansion. However, it was not until a more comprehen-
sive global study that the true diversity of AMR in ST131 
was revealed, which identified the chromosomal integra-
tions of various resistance genes, the persistence and evo-
lution of mobile elements within sub-lineages, and the 
sporadic acquisition of several different resistance ele-
ments [41]. As well as enhancing the mechanistic under-
standing of AMR, this study highlighted the need for 
multifaceted control strategies that could limit the spread 
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of ST131, as well as the spread of mobile genetic elements 
to other pathogens [42]. These studies were foundational 
for additional work specifically investigating risk factors 
for ST131 infection and spread. ST131 is now known to 
be a common gut commensal, with opportunistic infec-
tions occurring mainly in functionally compromised 
hosts such as the elderly, particularly those having prior 
antimicrobial use and living in long-term care facilities 
[43–47]. Infection control measures for ST131 E. coli in 
long-term care facilities focusing on contact precautions 
have been largely ineffective [45, 48], leading to the strat-
egy of limiting multi-bedded rooms and communal din-
ing facilities [49]. The targeted screening of hospitalised 
patients with specific risk factors for ST131 facilitated 
patient isolation to prevent nosocomial transmission, as 
well as better management of empirical broad-spectrum 
antimicrobial therapy in specific high-risk patient groups 
[46, 47].

Global AMR surveillance has been bolstered by pro-
grammes such as the Global Antimicrobial Resistance 
and Use Surveillance System (GLASS) from the World 
Health Organization (WHO) [4], and the European Anti-
microbial Resistance Surveillance Network (EARS-Net) 
[50]. These networks encourage data sharing and provide 
standardised templates for reporting AST data to facili-
tate comparative analysis. Recently, such networks have 
documented a rapid increase in MDR Gram-negative 
bacteria (GNB) that have become recognised as leading 
AMR threats, including third-generation cephalosporin-
resistant and carbapenem-resistant Enterobacterales 
(CRE), carbapenem-resistant Acinetobacter baumannii 
and Pseudomonas aeruginosa, [1, 22, 51–55]. These net-
works are expanding their evidence base for other key 
threats, such as Klebsiella pneumoniae, which can cause 
a wide range of infections, including pneumonia, bacte-
raemia, and urinary tract infections [56], and have been 
identified as a crucial entry point for MDR into Entero-
bacterales [57–59]. Carbapenem-resistant K. pneumo-
niae (CR-Kp) is considered to be the fastest-growing 
AMR threat in Europe [60] and has a high attributable 
mortality rate (estimated as 30–70%) [61, 62]. System-
atic surveillance of CR-Kp across Europe demonstrated 
that nosocomial spread was driving this epidemic, with 
carbapenemase acquisition occurring across diverse phy-
logenetic backgrounds [18]. As well as describing the epi-
demiology of CR-Kp, this study found that isolates were 
concentrated into four clonal lineages: sequence types 
(ST) 11, 15, 101, and 258/512. These data contrast with 
studies in other settings that found high genomic plastic-
ity in CRE, with frequent poly-clonal and poly-species 
horizontal gene transfer accounting for much of the 
acquired resistance [54, 63, 64]. This inconsistency high-
lights the complex interplay between bacteria and MDR 

genes, with the role of clonal expansion [18] and HGT 
[54, 63, 64] potentially contributing variably across differ-
ent timeframes and geographies.

Embedding WGS into prospective, cross-national sur-
veillance will further strengthen AMR surveillance, as 
highlighted by the recent outbreak genomic investigation 
of blaNDM-1 and blaOXA-48 CR-Kp in Germany [65]. In 
the absence of routine collection and reporting of Euro-
pean-wide WGS data, investigators pooled data from 13 
national surveillance systems to investigate the spread of 
the CR-Kp outbreak, identifying cross-border transmis-
sion of several unrelated clusters of blaNDM-1- and blaOXA-

48-positive CR-Kp. It is anticipated that the planned 
incorporation of WGS into the European Antimicrobial 
Resistance Genes Surveillance Network (EURGen-Net) 
will facilitate the routine detection of such transmission 
events and inform targeted control measures [65].

National surveillance
The inclusion of WGS can similarly strengthen national 
AMR surveillance. The introduction of WGS into AMR 
surveillance in the Philippines, for example, showed that 
HGT was key for driving carbapenem resistance in Kleb-
siella, with mobile genetic element (MGE) acquisition 
often leading to MDR [11]. WGS data also identified a 
localised plasmid-driven outbreak of CR-Kp, where vari-
ous infection control measures, including patient isola-
tion, were initiated [11]. By contributing WGS data to 
the WHO international surveillance network, national 
surveillance data also enhanced the global understand-
ing of some high-risk clones of interest, notably ST147 
CR-Kp, of which a previously uncharacterised clade was 
described [11].

National surveillance can directly guide the need for 
AMR control measures that can be driven, resourced, 
and monitored centrally, as was demonstrated in Israel 
following the introduction of CR-Kp ST258 in 2005. 
The initial measures were unsuccessful at controlling 
the spread of CR-Kp ST258, and infections rapidly rose 
to a peak incidence of 41.9 per 100,000 patient-days 
[61]. Nationally mandated control measures were sub-
sequently introduced in 2007, successfully reducing 
the incidence of infections by 79%, as well as the rate of 
asymptomatic carriage [52, 66–69].

The routine inclusion of WGS into national surveil-
lance can also be used to evaluate the risk from emerging 
AMR threats, such as transferable colistin resistance [70]. 
Phenotypic colistin resistance testing is not routinely 
performed and therefore is not readily detectable without 
WGS [70]. Routine WGS of GNB in the UK generated a 
substantial data resource over time, which was mined to 
determine the extent of the spread of plasmid-encoded 
colistin resistance after it emerged as an AMR threat [70]. 
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Although colistin resistance can be detected in organisms 
from a range of environments, this retrospective study 
found that it remained uncommon in the UK, leading to 
the monitoring of colistin prescribing in a bid to mini-
mise any potential selective pressure within the UK.

Local surveillance
Healthcare facilities house patients with serious and 
complex infections in proximity to patients with com-
promised immunity, in settings that are characterised by 
high antimicrobial use [71, 72]. In this context, health-
care-associated infections (HCAIs), frequently with 
pathogens that are highly drug-resistant, are a significant 
challenge requiring rigorous infection prevention and 
control practices to reduce their incidence [72]. The abil-
ity to perform WGS in a clinically relevant turnaround 
time has made genomics an actionable front-line tool to 
investigate HCAIs [73].

A key strength of WGS is that it permits the degree of 
relatedness between selected isolates to be determined 
and, in the context of HCAIs, allows the reconstruction 
of nosocomial outbreaks [14, 39]. One of the earliest 
applications of this process was in a retrospective inves-
tigation of a protracted outbreak of MRSA in a neonatal 
unit [73]. By reconstructing the full outbreak, the source 
was eventually identified, ultimately, supporting infec-
tion control measures that eventually led to its resolu-
tion [19]. Other studies of S. aureus HCAI have similarly 
shown the improved granularity of WGS compared to 
other approaches, with more conventional S. aureus-
specific staphylococcal protein A (spa) typing failing to 
detect transmission events, as well as the false attribution 
of unrelated isolates as HCAIs [74].

By exploiting a ‘molecular clock’ (the mutation rate in 
the genome of a specific organism), WGS can also infer 
directionality in outbreaks [13, 14, 19, 27]. This approach 
was key to understanding an outbreak of MDR Acine-
tobacter baumannii in a UK hospital treating civilian 
patients and injured military personnel returning from 
the Middle East [20]. Pre-admission colonisation of the 
wounds of military personnel with distinct lineages of A. 
baumannii was described, with the onward transmission 
of one specific clone leading to the infection of a civil-
ian. Importantly, an additional civilian infection was not 
associated with the military-related infection, highlight-
ing that other distantly related A. baumannii were also 
circulating. Similarly, the utility of WGS in determining 
the chains of transmission has also been demonstrated 
for MRSA and CR-Kp [75].

By generating detailed insights into HCAI, WGS sur-
veillance can help identify the main sources of AMR, 
providing an opportunity for targeted infection control 
measures that can reduce the risk of further transmission 

events [73]. A large study of HCAI CR-Kp showed that 
the majority of inpatient infections resulted from the 
transfer of a relatively small number of patients from spe-
cific, high-risk facilities and that targeting interventions 
at such facilities could significantly reduce HCAIs across 
the healthcare system [75]. WGS-based investigations 
can similarly limit the use of unnecessary or ineffective 
measures that can be costly to implement. For example, 
studies of MRSA transmission have shown that patient-
to-patient transmission is relatively uncommon and that 
persistently colonised staff are more frequent sources of 
infection than patients [74]. Targeting infection control 
at the staff rather than patients may therefore be a more 
efficient and more cost-effective control mechanism [76].

Prospectively applying WGS for local HCAI control 
has also been suggested for early outbreak detection, and 
thereby early intervention and source control, with a sub-
stantial cost saving [4]. This approach may be especially 
true for problematic pathogens in high-risk settings, such 
as MDR K. pneumoniae in ICUs [77]. WGS of routinely 
collected MRSA samples, obtained from both hospital 
and community settings over a year in the US identi-
fied extensive and previously unrecognised transmission 
events, highlighting the utility of routine WGS screening 
in high-risk patients and/or settings [76].

Community surveillance and outbreak investigation
WGS is also contributing to community public health 
efforts, such as contact tracing and the detection of sec-
ondary cases of TB. Contact tracing is difficult as there 
is often a long interval between the initial infection and 
the diagnosis. Several countries, such as the UK, have 
established a nationwide WGS database of TB to facili-
tate the identification of transmission events. This sys-
tem enhances contact tracing as well as informs a wider 
understanding of TB control. Using WGS in preference 
to variable number tandem repeat (MIRU-VNTR) typ-
ing has been shown to reduce the number of false case 
clusters and has improved the detection of cases where 
potential clusters are identified [21, 78–81].

Understanding the drivers of AMR
The paradigm that the rapid expansion in AMR is a 
response to selective pressure from antimicrobial use 
drives AMR is well accepted [82]. WGS is being used to 
interrogate this selective evolution at the molecular level, 
across wide geographical areas, and between geneti-
cally diverse organisms. WGS was exploited to inves-
tigate AMR and the clinical epidemiology of atypical 
enteropathogenic E. coli isolated from symptomatic and 
asymptomatic children in South Asia and sub-Saharan 
Africa [22]. Despite broad geographical, symptomatic, 
and phylogenetic diversity, 65% of the bacterial isolates 
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were resistant to three or more classes of antimicrobi-
als. In this study, the best predictor of resistance profile 
was not the presence or absence of clinical symptoms or 
genetic lineage, but the geographical patterns of antimi-
crobial usage [22].

On an individual patient level, the likelihood of devel-
oping infection with extended-spectrum beta-lactamase-
producing bacteria is associated with an increased length 
of hospital stay prior to infection, exposure to antimicro-
bials, and recent overseas travel [83]. Predictors of MDR 
GNB infection more broadly include male sex, older age, 
and co-morbidities [84]. Changes in the human micro-
biota occur in response to illness, particularly when 
associated with frequent and/or prolonged antimicrobial 
exposure. The Enterobacterales are habitual colonisers of 
the gastrointestinal tract, where they can act as a major 
reservoir for mobile AMR genes [22]. Metagenomic 
studies have shown that commensal bacteria in healthy 
individuals help maintain pathogenic bacteria at a low 
density, meaning that carriage is rarely problematic [71]. 
However, when patients undergo an invasive procedure, 
there is a loss in microbial diversity followed by coloni-
sation with pathogenic bacteria [85]. This effect is can 
be exacerbated by antimicrobial use, which frequently 
results in the selection of drug-resistant pathogens [71] 
and facilitates HGT of AMR genes between bacterial 
lineages and species [7, 86]. WGS studies are now being 
used to determine the colonisation factors that facilitate 
the rapid growth and persistence of certain pathogens in 
such circumstances, with the hypothesis that therapeu-
tics targeting persistent organisms may be developed to 
control pathogen colonisation.

AMR and ‘One Health’
One Health focuses on understanding the interconnec-
tivity between ecosystems [87], recognising that human 
health is connected with, and dependent on, the health 
of animals, plants, and the wider environment [4, 17, 88]. 
AMR transmission occurs both within and across differ-
ent ecosystems, facilitated by close animal and human 
contact, food, and water systems, all of which are influ-
enced by culture and economics [87]. Understanding 
this complex interplay is crucial for the control of AMR. 
WGS is being increasingly used to support One Health 
aspects of AMR, such as by interrogating the spread of 
AMR via food and farming [88, 89], building on an estab-
lished food-borne disease surveillance [27], and outbreak 
investigation [90, 91]. A WGS-based investigation of 
commensal E. coli isolates in livestock in China after a 
rapid increase of colistin resistance, for example, showed 
that this increase was due to the emergence of a plasmid 
associated colistin resistance gene in E. coli, designated 

MCR-1, and led to international efforts to control the dis-
semination of MCR-1 via food supply networks [23].

Optimising antimicrobial use through WGS‑based 
rapid diagnostic tests
Rapid, accurate, low-cost diagnostic tests can aid in 
optimising and limiting antimicrobial use, thereby mini-
mising the potential selective pressures. Culture-based 
microbiological diagnostics and AST are widely utilised 
for bacterial infections but are not rapid and not appli-
cable to viral infections or fastidious organisms. WGS-
based diagnostic approaches are being used to overcome 
these limitations, notably for HIV and tuberculosis, and 
offer the prospect of improved outcomes.

The prognosis of HIV infection has been transformed 
by combination anti-retroviral therapy (cART), but these 
treatments are complicated by the emergence of viral 
resistance. Genomic replication of RNA viruses utilises a 
reverse transcriptase lacking proofreading capacity, lead-
ing to the accumulation of mutations, with in host infec-
tion existing as a population of closely related genomes 
(quasispecies) [92]. Further in host genetic variability 
can result from the recombination of viruses infect-
ing the same cell and the accumulation of variants over 
time [93]. WGS can detect viral variants at a prevalence 
of ~ 1%, and WGS-based resistance testing is used prior 
to initiating cART to detect mutations conferring drug 
resistance in the infecting quasispecies [94–97]. The full 
clinical implications of minority variants are unclear [98], 
but they predict failure of first-line regimens [99] and 
have been shown to be increasing in some locations [24], 
highlighting the need for the global monitoring of drug 
resistance in HIV.

Treatment success in M. tuberculosis declines from 
83% for susceptible isolates to 54% and 30% for MDR- 
and XDR-TB isolates, respectively [100]. M. tuberculosis 
is slow growing, with culture-based diagnosis and AST 
often taking weeks and requiring a high-level biosafety 
laboratory. Poor reproducibility, uncertainty regarding 
appropriate drug concentrations for susceptibility test-
ing [101], and a propensity for laboratory contamination 
can lead to false positives [102–104]. The M. tuberculo-
sis genome comprised a single chromosome with drug 
resistance mediated through mutations in core genes or 
promoters [105], making the organism perfectly suited to 
WGS diagnostic approaches [105]. WGS diagnostics sig-
nificantly decrease the time to a confirmatory TB diagno-
sis [106, 107], plus it reliably predicts the drug resistance 
profile [108], whilst facilitating the detection, monitor-
ing, and diagnosis of de novo drug resistance [109]. These 
approaches have revolutionised TB control and are being 
increasingly used routinely in TB management.
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Informing vaccination strategies to control AMR
Vaccination has an established role in AMR reduction. 
Conjugate vaccines for Haemophilus influenzae and 
Streptococcus pneumoniae have been shown to not only 
decrease the incidence of disease, but also reduce AMR 
[110, 111]. Increasing access to these vaccines would 
likely have a further impact on decreasing both disease 
and AMR [112, 113]. Vaccines against viral infections 
including influenza, rotavirus, and varicella zoster have 
also been shown to reduce antimicrobial use by decreas-
ing the incidence of secondary bacterial infections and 
syndromic presentations for illnesses that would lead to 
antimicrobial use [112–114].

More recently, vaccination has been used as a direct 
mechanism for controlling AMR in typhoid fever, the 
result of many years of effort at understanding typhoid 
fever, in which WGS has played a significant role. 
Typhoid fever is caused by the bacterium Salmonella 
enterica serovar Typhi (S. Typhi) and causes an estimated 
10.9 million cases and 116,800 deaths annually [115]. 
Whilst most cases of typhoid fever can be treated with 
antimicrobials, the emergence and spread of AMR have 
posed an increasing threat to typhoid control, particu-
larly in South Asia, where resistance to each class of oral 
antimicrobials used to treat typhoid fever has emerged 
[25]. S. Typhi is highly clonal [116], and MDR S. Typhi 
is heavily associated with a single haplotype (H58) [117]. 
The global spread of H58 has largely replaced other non-
H58 haplotypes and is causing sustained ongoing typhoid 
transmission in east and southern Africa [117]. MDR 
within H58 is linked with a single mobile element that 
was introduced via a specific plasmid (IncHI1-PST6) but 
has since transferred to the chromosome. As new resist-
ance phenotypes have emerged, WGS has facilitated 
the further investigation of the underlying molecular 
mechanisms, including the recent emergence of azithro-
mycin resistant typhoid in Bangladesh, Pakistan, Nepal, 
and India [26, 118, 119]. WGS-based investigation of an 
outbreak of ceftriaxone-resistant typhoid in Hyderabad, 
Pakistan, revealed the emergence of an extensively drug-
resistant (XDR) variant that was not only resistant to 
the first-line antimicrobials chloramphenicol, ampicillin, 
and trimethoprim-sulfamethoxazole, but also fluoroqui-
nolones and third-generation cephalosporins [120]. This 
variant, which was within the H58 clade, had acquired a 
plasmid encoding additional resistance elements, includ-
ing a blaCTX-M-15 and a qnrS fluoroquinolone resistance 
gene [121].

Following the initial reports of XDR typhoid, intensi-
fied surveillance was undertaken to monitor its spread of 
typhoid into Karachi and beyond [122]. Reactive vaccina-
tion campaigns were initiated in Hyderabad and Karachi, 
and vaccine safety and effectiveness data were generated 

[123, 124]. All of these efforts played a major role in the 
decision of the Federal Expanded Program on Immuniza-
tion to introduce typhoid conjugate vaccine (TCV) into 
their national immunisation programme, making Paki-
stan the first country to do so [26, 125]. The phased intro-
duction began with a vaccination campaign targeting ~ 
10 million children in the urban areas of Sindh province 
in November 2019, which were the areas hardest hit by 
XDR typhoid, and a subsequent campaign was conducted 
in Islamabad and Punjab province, where XDR had 
spread, that covered over 13 million children [126]. Con-
sequently, WGS and phenotypic AMR data had a direct 
impact on the decision to introduce TCV and on the vac-
cine introduction strategy itself.

In addition to elucidating the molecular mechanisms 
of AMR and providing well-defined, standardised AMR 
data where mechanisms of resistance are known, WGS 
data can also provide important information regarding 
typhoid transmission pathways. The 2018 WHO Position 
Paper on typhoid vaccines indicated that TCV introduc-
tion should be prioritised “in countries with the highest 
burden of typhoid disease or a high burden of antimi-
crobial-resistant S. Typhi” [127]. Given the ubiquitous 
nature of drug-resistant typhoid, the anticipated country 
demand for TCVs, and the presence of only two WHO 
prequalified manufacturers of TCV, additional selection 
criteria may be required [127]. Globally representative 
WGS data show that drug-resistant typhoid typically 
emerges and spreads from South Asia [117]; therefore, 
prioritising TCV introduction in this region may reduce 
the burden of AMR in the region and prevent the spread 
of new resistance phenotypes internationally. Such phy-
lodynamic data can inform optimal vaccine introduction 
strategies for other key highly drug-resistant pathogens, 
as and when new vaccines become available.

Limitations, challenges, and future directions
Technical limitations
The concept of relatedness between bacterial isolates is 
based on a process of continuous evolution, but prospec-
tively identifying genetic signals of AMR evolution from 
the background noise of genetic variation and sequencing 
error is difficult. Using sequence data to infer relatedness 
and transmission is highly variable, and mutation rates 
can vary because of different lifestyles/conditions such as 
biofilm formation, antimicrobial exposure, disease states, 
and environmental pressures such as starvation [128–
130]. The threshold number of SNPs above which relat-
edness is unlikely is therefore highly context-dependent 
[21, 80, 131]; if not recognised, then selection biases 
within isolates in collections can lead to false epidemio-
logical inferences. Despite these challenges, defined cut-
off points for the relatedness of specific pathogens, such 
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as MRSA and M. tuberculosis, have been suggested in 
order to establish a threshold beyond which recent trans-
mission is unlikely [132].

Inferring or excluding transmission events for patho-
gens that accumulate mutations slowly can be difficult 
[133], which presents a further challenge of differentiat-
ing genuine variants from sequencing error [134]. Inter-
preting the significance of WGS variation for pathogens 
that can establish asymptomatic carriage, have a period 
of latency, or cause a chronic, indolent illness can also 
prove challenging, as a degree of in-host genetic vari-
ation occurs with time, and different lineages may be 
intermittently transmitted at different points from a 
single host [13]. Bayesian mathematical approaches that 
integrate and model pathogen evolution with contact 
and temporal data on symptom onset, and that permit 
sequencing error, are being used to improve the infer-
ence of transmission chains, but understanding the 
sequence variance in real-world scenarios remains a 
major challenge [13, 133, 134].

Highly transmissible MGEs (such as plasmids) facili-
tate non-mutational AMR gene acquisition by HGT and 
are highly implicated in AMR dissemination [135]. In 
comparison, AMR that is driven by mutations on the 
bacterial chromosome is stable, and transmission is gen-
erally confined largely to progeny [136]. Determining the 
genetic location of AMR genes is therefore a key aspect 
of understanding AMR evolution and transmission, 
but is not readily determined by short-read sequencing 
[137–139]. Due to an inability to sequence long stretches 
of DNA and a failure to generate sufficient overlap in 
DNA fragments to allow accurate assembly of repeti-
tive DNA sequences that are longer than the read length, 
these approaches are less well suited to describe the 
genetic environments of AMR genes [138, 139]. Addi-
tionally, AMR genes are commonly associated with long, 
repetitive insertion sequences, and short-read sequenc-
ing techniques cannot resolve if these are carried on a 
plasmid or chromosomally located [38, 54, 140, 141]. 
Most outbreak investigations have largely assumed the 
relative conservation of plasmid structures over the lim-
ited time period of an outbreak and the extent to which 
HGT events contribute to outbreaks of AMR is not fully 
understood [54]. However, more affordable long-read 
sequencing technology is becoming increasingly available 
and can generate reads that can span repetitive areas, 
allowing for the complete reconstruction of genome 
structure. This approach, however, is generally less accu-
rate and has lower throughput compared to short-read 
sequencing [139, 140]. Hybrid approaches whereby iso-
lates are sequenced en masse with short-read sequencing 
to determine identity, gene content, and relatedness, with 
selective addition of long-read sequencing to resolve the 

structure of MGEs, have been used to harness the ben-
efits of both approaches [135, 139, 140, 142, 143].

Challenges in implementing WGS for routine use
The routine, prospective inclusion of WGS into microbi-
ological surveillance has the potential to greatly enhance 
and strengthen public health efforts to combat AMR 
but comes with significant logistical and financial impli-
cations [144]. Unfortunately, prospective data demon-
strating and quantifying the beneficial impact of routine 
WGS implementation are limited [145, 146]; most data 
are derived from retrospective studies, specifically from 
studies reconstructing chains of transmission during 
outbreak investigations [145]. Cost-effectiveness is even 
harder to determine, reflecting marked uncertainties and 
challenges in estimating the costs for the implementation 
of WGS. Generating accurate, contemporary cost esti-
mates is difficult in the context of the marked decrease 
in costs that has accompanied the rapid technological 
advances in recent years, a problem compounded by 
the challenge of estimating costs for complex workflows 
that include several steps, including downstream analy-
sis [147]. Further, routine diagnostics frequently requires 
a rapid turnaround time to support the management of 
individual cases, necessitating the processing of individ-
ual samples. This approach contrasts with many research 
and surveillance studies that lend themselves to batch 
processing of samples [147]. Despite these challenges, 
studies showing the cost-effectiveness of WGS for infec-
tion control and outbreak detection and management are 
starting to emerge and will help support implementation 
decisions [148–151].

Ensuring the reproducibility and validity of results 
through standardisation and quality assurance (QA) pro-
cesses is an essential part of routine medical laboratory 
processing [152]. However, implementing QA processes 
for WGS is challenging. Variations in DNA extraction 
methods and reagents, sequencing technologies, analysis 
pipelines, and bioinformatic approaches can all impact 
WGS analysis [152], making the standardisation and 
quality assurance methods challenging [147, 153]. Never-
theless, efforts at quality assurance and result standardi-
sation across laboratories are currently being attempted 
for WGS workflows [154]. Ring trials showing high per-
formance and consistency across laboratories of WGS 
methods applied to S. aureus are highly encouraging 
[152, 153] and suggest that developing isolate collections 
that can act as biological standards, against which repro-
ducibility and robustness of methods can be measured, 
might be feasible.

The ability to share, integrate, and compare the vast 
wealth of data derived from WGS across laborato-
ries, settings, and time is key to harnessing the power 
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of WGS for global AMR surveillance [4, 154]. Barri-
ers to data sharing include the reluctance of academics 
to share data before publication (a process that is itself 
often slow and time-consuming), political sensitivities 
when competing interests are at play (for example tour-
ism), legal and requirements to protect personal data 
[154], and the need for standardised methodological and 
analytical approaches to generate comparable data [155]. 
Databases such as GenBank facilitate sharing of existing 
genomes, but their utility is again compromised by a lack 
of data standardisation, as well as deficiencies in accom-
panying metadata [154]. The Global Microbial Identifier 
(GMI) initiative is in the early stages of trying to address 
these issues, aiming to develop standardised identifica-
tion and characterisation approaches in order to form a 
global interactive network of genomic databases [154]. 
The absence of validated globally standardised systems 
for genomic typing, defining clusters and determining 
AMR genes, further intensifies the challenges of inter-
preting genomic data [4, 11, 147]. Clinical and epidemio-
logical metadata are essential for public health solutions 
to AMR, but are associated with standardisation, com-
putational, and technical challenges [154]. The collabo-
rative approach to sharing of the SARS-CoV-2 genomic 
data demonstrates that such an approach is possible 
[156, 157], but to date, scalable solutions to genomic 
data sharing have remained elusive.

Introducing WGS in LMICs
Despite AMR being a major problem in LMICs, there 
is currently limited understanding of AMR dynamics 
in these settings [22, 28] and a notable lack of sustained 
access to WGS surveillance [11]. The capital investment 
required to establish and maintain WGS platforms is sub-
stantial. Supply, procurement, and maintenance of WGS 
reagents and equipment can be highly challenging [11, 
158], particularly, in locations with inconsistent supply 
chains, where short shelf-life consumables and long inter-
vals between procurement and delivery may create wast-
age or significant project delays. Support for data analysis 
is also indispensable, along with investment in training 
and retention of people to develop and sustain the nec-
essary proficiency. Even simple analyses of bacterial WGS 
data require access to high-performance compute (HPC) 
clusters, stable internet access, and expertise [11].

Conclusions
The rapid emergence and spread of AMR in recent dec-
ades are a major threat to global public health, and cur-
rent antimicrobial development efforts cannot keep 
pace with pathogen evolutionary dynamics. Addressing 
this threat will require diverse, cross-sectoral interven-
tions at all levels of public health and political systems. 

Improvements in genomic technologies in recent years 
have made these systems more widely accessible and 
affordable, and they are now being implemented as front-
line tools in the battle against AMR. By enhancing AMR 
surveillance, WGS has greatly improved understanding 
of how, when, where, and why AMR emerges and spreads 
and has helped quantify temporal and geographical vari-
ations in AMR epidemiology. Genomic insights have also 
been applied to facilitate outbreak detection and control, 
improve diagnostic tests, optimise antimicrobial use, 
and inform vaccination strategies. Although logistical 
and technological barriers to the universal implementa-
tion of genomics in public health remain (particularly 
in LMICs), the use of these approaches is likely to fur-
ther expand in the coming years and will hopefully help 
restrict the adverse public health impacts of AMR.
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Introduction 

The introduction of vaccines can reduce the overall burden of antimicrobial resistance 

(AMR) through the prevention of infections with drug-resistant pathogens as well as the 

reduction of antimicrobial use following from lower disease incidence1.  Developing 

guidance to help countries introducing vaccines to measure their impact on AMR can help 

policymakers to understand the full public health value of a given vaccination program. 

Encouraging vaccine manufacturers to consider inclusion of AMR-related outcomes in 

clinical trial design can also help make the case for prioritization of vaccine development 

programs that can have major future public health impact. These types of results can also 

help make the case for vaccine introduction in the future for policymakers in endemic 

countries. 

Typhoid Conjugate Vaccines (TCVs) provide a timely and relevant use case for developing 

guidance to demonstrate the potential impact of a vaccination program on AMR. Salmonella 

enterica serovar Typhi (S. Typhi), the etiological agent that causes typhoid fever, was 

responsible for an estimated 10.9 million (95%CI 9.3, 12.6) infections and 116,800 (95%CI 

65,4, 187.7) deaths in 20172, most of which occurred in low- and middle-income countries 

(LMICs) with limited access to microbiologically safe drinking water and functional 

sanitation systems. Antimicrobial resistance poses an increasingly large threat to effective 

typhoid fever control, particularly in South Asia, where resistance to all oral microbials used 

to treat typhoid has been reported3. 

Two typhoid conjugate vaccines (TCVs) have been prequalified by the WHO in recent years:   

 

o Typbar-TCVⓇ (Vi polysaccharide conjugated to tetanus toxoid carrier protein, 

Bharat Biotech India Limited, Hyderabad, India, Prequalified December 2017) 



o TYPHIBEVⓇ (Vi polysaccharide conjugated to CRM197 carrier protein, 

Biological E. Limited, Pune, India, Prequalified December 2020).  

 

In addition, the World Health Organization (WHO) Strategic Advisory Group of Experts 

(SAGE) has recommended introduction of TCVs in endemic countries as part of their 

updated guidance on use of typhoid vaccines4, and Gavi, the Vaccine Alliance has opened a 

funding window to support TCV introduction in Gavi-eligible countries5. Four countries have 

introduced TCVs into their national immunization programs with support from Gavi, the 

Vaccine Alliance (Pakistan, Liberia, Zimbabwe, Nepal) and one country has introduced TCV 

without funding support (Samoa), with several additional countries planning introductions 

in the coming years. In addition, there is a robust pipeline of typhoid conjugate vaccine 

candidates in late-stage clinical development.  

 

Given the ongoing introduction planning and vaccine development activities, this is 

opportune timing to develop guidance targeted to both vaccine manufacturers and public 

health policymakers about how to measure the impact of vaccines on AMR, beginning with 

TCVs. In addition, the high burden of typhoid fever in selected settings and the high 

proportion of drug-resistance, will facilitate the potential measurement of the impact of 

TCV on AMR. 

 

Potential Approach 

One can understand the potential of TCVs to reduce the burden of AMR along two 

pathways, as alluded to above: 1) through the prevention of drug-resistant S. Typhi 

infections, and 2) through the decreased use of antimicrobials following reduced incidence 

of febrile episodes requiring antimicrobial intervention, as illustrated in Figure 1 below. The 

first of these is reliant on the measurement of pathogens, primarily in people, and the 

second relies on measuring antimicrobial use and/or consumption (at individual patient or 

aggregate levels). For each pathway, we can consider potential methods to measure impact 

of AMR in both clinical trial settings, which may be more controlled and better resourced, as 

well as in public health contexts, where more pragmatic approaches may be necessary, but 



in which the sample sizes (of patients, febrile episodes, and courses of antimicrobial 

therapy) will likely be much higher.   

 

 

Figure 1. Generic framework for measuring impact of TCV on AMR 

 

In a randomized-controlled clinical trial, it may be possible to compare the incidence of 

drug-resistant S. Typhi infections between intervention (TCV) and control arms at the level 

of randomization (individual or cluster). In a public health setting, one could measure the 

change in number of drug-resistant S. Typhi infections at the level of a regional reference 

laboratory or health care facility (comparing numbers of drug-resistant infections before 

and after vaccination, using a case-control or case-cohort design, stepped wedge, or other 

method). One could also measure the impact of TCV introduction in a public health context 

by looking at the impact of vaccination on the S. Typhi population structure (before and 

after vaccination) through genomic analysis to investigate whether there is differential 

impact of vaccine on different strains or lineages of S. Typhi (particularly drug-resistant 

strains) and to monitor for the potential emergence of drug-resistant “escape mutants.” In 

the near future, one could attempt to measure changes in antimicrobial resistance genes 

(ARGs) in pooled environmental samples before and after vaccination. It worth considering 

that these analyses will be most feasible in settings where S. Typhi incidence is high and the 

proportion of bacteria that are drug-resistant is moderate, so it is possible to distinguish the 
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impact of vaccine on drug-resistant strains as compared to sensitive ones. These analyses 

will also be more straightforward to conduct in areas where blood culture capacity and 

antimicrobial susceptibility testing are already routinely conducted. If attempting any 

molecular or genomic analysis, pre-existing molecular and genomic capacity would also be 

very useful.  

 

To measure a change in antimicrobial use in a clinical trial scenario, one could compare the 

incidence of febrile episodes requiring antibiotic treatment in intervention vs. control 

clusters or individuals. This analysis could also be undertaken in a public health context at 

the level of a tertiary care facility. Public health officials may also be able to analyse 

temporal trends in aggregated antimicrobial use or consumption data from large-scale 

community surveys like Multiple Indicator Cluster Surveys (MICs) or Demographic and 

Health Surveys (DHS), as was done in Lewnard et to estimate the potential impact of 

Pneumococcal conjugate vaccines (PCVs) against 10 and 13 serotypes of Streptococcus 

pneumoniae and live attenuated rotavirus in reduction of antimicrobial use in several 

LMICs6. Measuring changes in antimicrobial residue levels in pooled environmental samples 

could also be a useful approach in the context of public health programs.  

 

The impact of TCV on patient outcomes and costs-associated with drug-resistant infections 

should also be considered, and measures like average duration of illness, proportion of 

infections requiring hospitalization, proportion of infections requiring antimicrobials, and 

cost-of-illness can be compared between infections caused by drug-resistant and drug-

sensitive S. Typhi strains to estimate the potential economic impact of reducing AMR 

through TCV introduction. 

 

Next Steps  

A series of expert stakeholder interviews and a literature review will help inform the 

development of high-level methodological recommendations for several ways that countries 

introducing TCV could consider measuring its impact on AMR, which will be resource and 

context dependent. Future directions could include the development of a more detailed, 

standardized protocol clearly outlining specific methods for measuring impact of TCV on 

AMR.  



 

References 

 

1.  Vekemans J, Hasso-Agopsowicz M, Kang G, et al. Leveraging Vaccines to Reduce 

Antibiotic Use and Prevent Antimicrobial Resistance: A World Health Organization 

Action Framework. Clinical Infectious Diseases. 2021;73(4):E1011-E1017. 

doi:10.1093/cid/ciab062 

2.  Stanaway JD, Parisi A, Sarkar K, et al. The global burden of non-typhoidal salmonella 

invasive disease: a systematic analysis for the Global Burden of Disease Study 2017. 

The Lancet Infectious Diseases. 2019;19(December). doi:10.1016/s1473-

3099(19)30418-9 

3.  Carey ME, Jain R, Yousuf M, et al. Spontaneous Emergence of Azithromycin 

Resistance in Independent Lineages of Salmonella Typhi in Northern India. Clinical 

Infectious Diseases. 2021;72(5):e120-127. doi:10.1093/cid/ciaa1773 

4.  WHO. Meeting of the Strategic Advisory Group of Experts on immunization, October 

2017–conclusions and recommendations. Weekly Epidemiological Record. 

2017;48:729-748. http://www.who.int/wer2017,92,729-748No48 

5.  Soble A, Patel Z, Sosler S, Hampton L, Johnson H. Gavi Support for Typhoid Conjugate 

Vaccines: Moving From Global Investments to Country Introduction. Clinical infectious 

diseases : an official publication of the Infectious Diseases Society of America. 

2020;71(2):S160-S164. doi:10.1093/cid/ciaa342 

6.  Lewnard JA, Lo NC, Arinaminpathy N, Frost I, Laxminarayan R. Childhood vaccines and 

antibiotic use in low- and middle-income countries. Nature. 2020;581(7806):94-99. 

doi:10.1038/s41586-020-2238-4 

  

  



 

Appendix 8. WHO TCV Research Agenda Meeting Pre-Reads and 
Summary (September 2021) (report) 
 
 

   DEPARTMENT OF IMMUNIZATION, VACCINES AND 
BIOLOGICALS 

20, AVENUE APPIA – CH-1211 GENEVA 27 – SWITZERLAND – TEL CENTRAL +41 22 791 2111 – FAX CENTRAL +41 22 791 3111 – WWW.WHO.INT 

 
 

SCOPING MEETING FOR TYPHOID VACCINE RESEARCH AGENDA – Pre-Reading Materials 
 

1. BACKGROUND:  

In October 2017, WHO SAGE issued updated policy recommendations for the programmatic use of 
typhoid vaccines for controlling endemic and epidemic typhoid fever following extensive review of 
new epidemiological and vaccine performance data.  WHO recommended routine programmatic 
administration of a single dose of typhoid conjugate vaccines (TCVs) for infants and children at 9 
months of age, or in the 2nd year of life, and administration via catch-up campaigns targeting 
children up to 15 years of age where feasible and epidemiologically appropriate. WHO also 
recommended that TCV introduction be prioritized in settings with the highest burden of typhoid 
disease or a high burden of antimicrobial resistant S. Typhi. Following this recommendation, Gavi, 
the Vaccine Alliance approved funding support to eligible countries for TCV introduction and WHO 
prequalified the first TCV (Typbar-TCV®, Bharat Biotech India Ltd, India), in December 2017. A 
second conjugate vaccine (TYPHIBEV®, BiologicalE, India), was prequalified in 2020. As of 2021, a few 
endemic countries (Pakistan, Liberia, Zimbabwe) have introduced TCVs into their routine 
immunization program with Gavi support, with several additional countries planning Gavi-supported 
introductions. TCV introduction without Gavi support has also been implemented in the Navi 
Mumbai Municipal Authority of Maharashtra State in India and most recently in Samoa.  
 
Several clinical studies have been conducted by the Typhoid Vaccine Acceleration Consortium 
(TyVAC), or in conjunction with the above routine introductions, to generate additional evidence on 
TCV performance (immunogenicity, efficacy/effectiveness, safety, duration of immune response), 
including co-administration with other routine vaccines and other parameters of TCV use. 
Effectiveness of TCV use in the context of outbreak response has also been demonstrated in Pakistan 
and Zimbabwe. All of these studies have been conducted using Typbar-TCV®, and data from these 
studies will be presented during the consultation. In addition, substantial progress with the clinical 
development of additional TCV candidate vaccines portends licensure and use of several 2nd 
generation TCVs in the near term. Several additional studies (planned and ongoing) will generate 
further relevant evidence on the epidemiology of typhoid fever, including prevalence of drug-
resistant S. Typhi, and potential impact of vaccine use on AMR.  
 
This brief consultation is being held to review the currently available evidence on TCV performance, 
including operational aspects of early TCV introductions, and to identify additional research gaps to 
guide further evidence generation to support policy and implementation of TCV use. It is anticipated 
that the outcomes of this meeting with a broad range of stakeholders will help inform the timing 
and scope for development of a broad research agenda and roadmap to accelerate typhoid fever 
control through vaccination.  
 

http://www.who.int/


 

  



 

2. KEY QUESTIONS TO GUIDE TCV USE: 

Text in blue italics indicates where work is planned or ongoing to address the listed question(s). 

 
Note: the question below is out of scope for this meeting (20 September) but covered under the 
ongoing WHO Stakeholder Consultation on Enteric Fever Burden of Disease; key highlights from the 
consultation, including burden-specific research questions will be presented at this meeting.  
 
What is the burden of disease in the specific setting where TCV is to be introduced? 

• Which data are available, and how credible are they considered to be as evidence of burden 
and risk of typhoid fever? For example: 

o Incidence of disease (modeled or derived from population-based studies), age and 
geographic distribution of disease, severity/mortality, antimicrobial resistance 
(AMR) patterns, cost of illness, proportion of blood cultures positive for S. Typhi, 
presence of non-traumatic ileal perforations without other obvious etiology, risk 
factor data. 

• What novel, low-cost alternatives to blood culture surveillance can be established in in 
different settings (e.g. low vrs high endemic, different levels of resources), and how can 
these data be interpreted? 

o Need for validation of approaches like environmental surveillance & sero-
epidemiology (ideally together) in settings of varying endemicity where blood culture 
surveillance is also being conducted.   

 
 
What is the likely impact of introduction of TCV (via routine immunization & /outbreak response)? 

• On clinical disease? 
o Efficacy & effectiveness  

▪ Efficacy & effectiveness data from variety of settings available/forthcoming 
for Typbar-TCV® and under discussion for TyphiBEV® but not yet for other 
TCVs.  

• What additional data will support country acceptability of/demand 
for 2nd gen TCVs? What data should inform WHO and regional 
Technical Advisory Group policy recommendations for use of 2nd gen 
TCVs? 

▪ How can impact of TCV (including 2nd generation vaccines) be measured in 
different settings?  

• Are there less resource-intensive methods for estimating TCV 
impact (i.e. serosurveys, passive lab-based surveillance, case 
control, test-negative design), particularly in places without 
background data and functional surveillance systems? 

• What is impact on non-specific febrile illness (partially accounts for 
low sensitivity of blood culture)? 

• Is there a need for impact studies during early introductions (mostly 
Vi-TT) to showcase early benefit, as well as impact studies using 2nd 
generation TCVs to assure countries of their clinical protection? 

o What is duration of protection (age-specific)? 
o Suitability for use in special populations  

▪ Safety & immunogenicity in immune compromised individuals, 
malnourished individuals, pregnant women 

o Will replacement be observed (e.g. Paratyphi A)? 
o What is impact of vaccination on transmission by chronic carriers? 

  



 

• On AMR? 
o Impact on prevalence of resistance observed in clinical/lab settings? (AST data) 
o Impact on prescribing practices/antibiotic consumption? 
o Impact on prevalence of AMR genes in environmental samples?  
o Impact on bacterial population structures/circulating genotypes? (genomics) 

▪ Planned in both Pakistan and Zimbabwe 

• Health economic impact? 
o Free online tool available to estimate cost-effectiveness of different introduction 

strategies in different countries 
o Cost of illness and cost-effectiveness of TCV campaigns being evaluated in SEFI, 

SEAP, TyVAC, THECA studies 

• Potential for elimination of disease? 
o How far does widespread introduction of TCV go in terms of reduction of burden of 

disease at different coverage levels, age groups vaccinated, and different 
epidemiological and demographic contexts?  

▪ With or without other interventions (e.g., WaSH, health education)?  
▪ Will the vaccine work equally well against all AMR variants and genotypes? 

• Recent data from Pakistan report high effectiveness of Typbar-TCV® 
against XDR typhoid 

• How can elimination be measured/certified (environmental 
surveillance, sero-epidemiology and/or clinical surveillance)? 

o What is the burden of chronic carriers in different settings? What screening tools are 
available to identify carriers? 

 
Which introduction strategy should be used by each country considering TCV introduction? 

o Considerations of heterogeneity of disease distribution, budget, feasibility 
o What lessons have been learned from previous introductions of TCV that can inform 

introduction in each country setting? (operational research questions)  
o Can these lessons be extrapolated to different country settings? 

o What additional data will inform introduction strategy that informs optimal use of mass 
vaccination campaigns at time of introduction into routine schedule (also mass campaign vs. 
introduction into routine immunization only)? 

 
What is the optimal TCV dosing schedule? 

• Is a booster dose needed? 
• Data forthcoming from TyVAC studies on duration of protection & immune response 

three years after initial dose of Typbar-TCV® 
• If so, what is the optimal timing of a booster? 

• When does efficacy/effectiveness/anti-Vi IgG titer wane?  
• Does protective effect (efficacy and duration) vary by age at initial vaccination?  

• Can different TCV products be used interchangeably?  
• Are safety & immunogenicity data sufficient to demonstrate interchangeability?  

• Might a heterologous boost confer some additional immunological benefit? 
 
Other important considerations for TCV introduction (not part of research agenda discussion): 
 Which product should I use? 

o Are there differences in vaccine performance (safety, immunogenicity, 
efficacy/effectiveness) between products?  

o What is available supply? Procurement mechanism/financing (if not Gavi-eligible)? 
o Are there key differences in delivery profiles (packaging, thermostability, etc.) between 

products? Are there differences in price? In total systems effectiveness? 



 

3. INFORMATION ABOUT CLINICAL STUDIES UNDER DISCUSSION 

Additional information about planned and clinical trials using TCV will be presented during the 
meeting and will be incorporated into the meeting report.  
 

4. INFORMATION ABOUT KEY PRIORITIES FROM FUNDING ORGANIZATIONS 

Additional information about strategic priorities from key funding organizations will be 
presented during the meeting and will be incorporated into the meeting report.  

 
 
SCOPING MEETING FOR TYPHOID VACCINE RESEARCH AGENDA – Key Takeaways  
 

• TCV Performance & Optimal Dosing Schedule 
o A single dose of Typbar-TCV has been shown to be highly and consistently 

efficacious and effective in diverse settings (Malawi, Nepal, Bangladesh, Pakistan), 
including in children younger than 2 years of age 

o TCVs are safe & immunogenic in children as young as 9 months of age across a 
variety of settings. Immunogenicity results are comparable across settings where 
Typbar-TCV efficacy has been demonstrated, and non-interference with multiple EPI 
vaccines across multiple settings has also been demonstrated. 

o Data are expected that will help us understand duration of immune response for 
multiple TCV products/candidates, but this is not the same as duration of protection 
(will have up to three years of duration of protection from the TyVAC trials). It would 
be great to identify a correlate of protection and this work is ongoing, but it may not 
be feasible in the short-term.   

o Additional data on duration of protection and how it varies by age of initial 
administration are critical to assess need for and timing of booster doses of TCV.  

▪ Longer-term immunogenicity data for single dose vs. booster dose are being 
generated for several TCVs but understanding duration of protection and 
need for booster dose will require longer-term efficacy/effectiveness 
evaluations, potentially comparing different dosing schedules. 

• TCV Introduction Decision-Making & Country Demand 
o While burden of typhoid fever was considered out of scope for this meeting, gaps in 

our understanding of burden and additional work required to address those gaps 
were highlighted from the Enteric Fever Burden of Disease consultation and will 
inform the research agenda. These include validation of new alternative surveillance 
tools to blood culture (e.g. environmental surveillance, serosurveillance) and the 
development of frameworks for interpretation of other sources of data (including 
proportion of blood cultures that are S. Typhi positive, AMR data, intestinal 
perforation data) in support of decision-making around TCV introduction.  

▪ The point was raised that people living in resource-constrained settings with 
limited surveillance should not be penalized for this, as this creates greater 
health inequity, so we should be removing barriers to access to life-saving 
preventative vaccines. Put another way, capacity for blood culture 
surveillance is not equitable; therefore, if we base vaccine introductions on 
blood culture surveillance, then equity will not be achieved. 

o Consistency of immunogenicity results across settings and products 
notwithstanding, effectiveness data from newer TCVs may be more useful in 
generating country demand. These data could be generated by conducting post-
introduction impact assessments for prequalified TCVs in one of many settings 
where there is well-established typhoid endemicity.  



 

▪ Ideally, such impact assessments would look at impact on AMR as well as 
clinical disease to help illustrate the full value of a TCV program.  

• Operational Questions  
o Evaluations of combining TCV campaigns with other vaccination campaigns and/or 

targeting different age ranges could be useful.  
▪ Previous recommendations for catch-up campaigns targeting children 9 

months to 15 years of age were informed in part by cost-effectiveness 
analyses. It could be more cost-effective to immunize a broader age group in 
some settings – this could be driven by local epidemiology (as was the 
decision to vaccinate 9-month-olds – 45-year-olds in TCV outbreak response 
campaign in Harare).  

o Given high observed rates of migration and dynamic nature of risk, “risk-based” 
campaigns may have limited value. This could be partially mitigated by vaccinating 
more broadly (geographically and/or target age range).  

 
 

 



Appendix 9. April 2022 WHO SAGE Background Document – Typhoid 
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Abbreviations 

AMR  Antimicrobial resistance 

AST  Antimicrobial susceptibility testing 

CRT  Cluster-randomized trial 

ELISA  Enzyme-linked immunosorbent assay 

EPI  Expanded Programme on Immunization 

GMT  Geometric mean titer 

LMIC(s)  Low- and middle-income countries 

MDR  Multi-drug resistant (in the context of S. Typhi, resistant to traditional first-line 

antibiotics ampicillin, chloramphenicol, trimethoprim-sulfamethoxazole) 

RCT  Randomized controlled trial 

SEAP  Surveillance of Enteric Fever in Asia Project 

STRATAA Strategic Typhoid Alliance across Africa and Asia 

TCV  Typhoid conjugate vaccine 

Ty21a Orally administered typhoid vaccine based on live-attenuated Ty2 Salmonella Typhi 

strain  

TyVAC  Typhoid Vaccine Acceleration Consortium 

Vi-CRM197 Vi polysaccharide conjugated to CRM197 (genetically detoxified form of diphtheria 

toxin) carrier protein 

Vi-DT  Vi polysaccharide conjugated to diphtheria toxoid carrier protein 

Vi-PS  Unconjugated Vi polysaccharide vaccine 

Vi-rEPA Vi polysaccharide antigen conjugated to the recombinant exoprotein A of 

Pseudomonas aeruginosa (carrier protein) 

Vi-TT  Vi polysaccharide conjugated to tetanus toxoid carrier protein 

WASH  Water Sanitation and Hygiene 

WGS  Whole genome sequencing 

XDR Extensively-drug resistant (in the context of S. Typhi, MDR as defined above and fully 

resistant to fluoroquinolones and third generation cephalosporins) 
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1. Executive Summary 

Purpose of session 

SAGE will be updated on new evidence from prequalified typhoid conjugate vaccines (TCVs) and 

late-stage vaccine candidates on vaccine efficacy and effectiveness, immunogenicity and safety; data 

from special populations (e.g., HIV-infected individuals); as well as data on tolerability and non-

interference in immune responses with routine EPI vaccines. The data available support the current 

TCV policy recommendation, and a revision is not being considered at this time. However, SAGE is 

being requested to make a statement in its report on the new evidence from prequalified TCVs 

(particularly on vaccine efficacy), to inform country decision making for ongoing TCV introductions. 

Background  

In October 2017, SAGE issued updated policy recommendations for use of typhoid vaccines in 

typhoid-endemic countries and the WHO Position Paper for typhoid vaccines was subsequently 

updated in March 2018.1 Specifically, this included the first recommendation for the use of TCV in 

children less than 2 years of age, followed by an open funding window from Gavi, the Vaccine 

Alliance.2 There are now two WHO prequalified TCVs, both licensed for use in infants and children 

from 6 months of age and in adults up to 45 years:  

• Typbar-TCVⓇ (Vi polysaccharide conjugated to tetanus toxoid carrier protein, Bharat Biotech 

India Limited, Hyderabad, India, WHO PQ date December 2017), and  

• TYPHIBEVⓇ (Vi polysaccharide conjugated to CRM197 carrier protein, Biological E. Limited, 

Pune, India, WHO PQ date December 2020).  

The 2017 SAGE evidence review was based primarily on immunogenicity data, supported by results 

of a human challenge trial in immunologically naive adult volunteers (18–60 years of age). There are 

now new data on Typbar-TCVⓇ from large-scale efficacy studies in Malawi,3 Nepal,4 Bangladesh,5 

which show that a single dose of this vaccine is safe, immunogenic, and highly efficacious (81-85%) 

in preventing symptomatic typhoid fever in children 9 months to 15 years of age over a 18-24 month 

follow-up period. In addition, Typbar-TCVⓇ was shown to be 95% effective against blood culture 

confirmed Salmonella Typhi (S. Typhi) and 97% effective against extensively drug-resistant (XDR) S. 

Typhi in 6 month – 10 year olds in Hyderabad, Pakistan.6 Additional studies assessing longer-term 

(≥3 years) effectiveness and potential herd effects of a single dose of Typbar-TCVⓇ are in planning or 

early execution stages in Ghana, Democratic Republic of Congo, and Fiji, and effectiveness studies 
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using TYPHIBEVⓇ are being planned in India and Madagascar. Three countries (Pakistan, Liberia, 

Zimbabwe) have so far introduced Typbar-TCVⓇ into their national immunization programmes.  

There is also a rich vaccine development pipeline, with four additional programmes having a 

candidate in Phase III clinical trials ongoing or completed – BioTCV (Vi polysaccharide conjugated to 

diphtheria toxoid carrier protein, PT Biofarma, Indonesia, WHO PQ  submission expected 2025), 

EuTYPH-C (VI polysaccharide conjugated to CRM197 carrier protein, EuBiologics, South Korea, PQ 

submission expected 2023), SKYTyphoid (Vi polysaccharide conjugated to diphtheria toxoid carrier 

protein, SK Bioscience, South Korea, PQ submission expected 2022), and ZYVAC TCV (Vi 

polysaccharide conjugated to tetanus toxoid carrier protein, Zydus Cadila, India, PQ submission 

expected 2022). There are additional manufacturers with TCVs in clinical development. The diversity 

of potential TCV manufacturers bodes well for future supply security. However, licensure and 

prequalification of these vaccines will be based on safety and immunogenicity data (non-inferiority 

compared to Typbar-TCVⓇ), and manufacturers do not have any current plans to conduct additional 

studies demonstrating efficacy or effectiveness of their candidate vaccines against clinical disease, 

which may have an impact on country product preferences.  

In addition to the evidence on vaccine performance, there is also new information on operational 

challenges and lessons learned about the optimal programmatic delivery of TCVs based on early 

introduction experiences. There are outstanding questions about duration of protection, the 

potential need for a booster dose, and how this varies by age of initial administration. While data are 

being generated to address these questions, they will likely need to be deferred to a future SAGE 

session when additional data will be available to be considered for policy updates. Key outstanding 

research questions for TCVs are expected to inform the timing of future SAGE policy discussions.  
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2. Background 

The summary below of background epidemiological and vaccine data reflects the evidence that was 

available to the World Health Organization (WHO) Strategic Advisory Group of Experts (SAGE) for the 

2017 typhoid vaccine policy recommendations.  

2.1 Epidemiological data 

Epidemiological data on the global incidence, age distribution, and geographic distribution of 

infections caused by Salmonella Typhi (S. Typhi) were presented to SAGE.3,7 Modelled estimates 

suggested that S. Typhi was responsible for between 11 and 21 million cases and 148,000-161,000 

deaths in 2015.9,10  

Age-distribution of typhoid fever cases (stratified by month of age) was estimated from primary 

surveillance data (published and unpublished) based on >10,000 blood culture-confirmed episodes 

of typhoid fever from 1998 to 2017 in Africa, Asia, and the Americas. Among these cases, 27% 

occurred in infants and children ages 0-4 years. Within this youngest age group, 29.7% of cases 

occurred in infants and children <2 years of age. These data suggested that vaccination against 

typhoid fever in children less than two years of age would have significant public health impact.7  

While consistently high burden of typhoid fever in South and South-East Asia had previously been 

described,11–13 new data suggested higher than previously thought incidence rates in parts of sub-

Saharan Africa.14 In addition, substantial typhoid fever incidence was demonstrated in rural sites in 

African and Asian settings, challenging the idea that typhoid fever was primarily a disease of urban 

slums. Increasingly frequent outbreaks of S. Typhi, particularly drug-resistant S. Typhi, in Africa and 

South-East Asia were described.15 Increasing prevalence of antimicrobial resistance (AMR), 

particularly the international proliferation and spread of the H58 haplotype,16 which is highly 

associated with multidrug resistance (MDR) and increasingly resistant to fluoroquinolones, and the 

emergence of extensively drug-resistant (XDR; MDR, fluoroquinolone-resistant, and third-generation 

cephalosporin-resistant) S. Typhi in Hyderabad, Pakistan16 were also discussed.  

2.2 Vaccines  

As at the previous SAGE evidence review for policy in October 2017, the most robust evidence for a 

licensed typhoid conjugate vaccine (TCV) was from immunogenicity data on Typbar-TCVⓇ (Vi 

polysaccharide conjugated to tetanus toxoid carrier protein, Bharat Biotech India Limited, 

Hyderabad, India) and efficacy estimates from a Controlled Human Infection Model (CHIM) study in 

immunologically naïve, healthy adult volunteers in Oxford, England. Vaccine efficacy of Typbar-TCVⓇ 
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in the CHIM  was estimated as 87.1% (95% CI 47.2, 96.9%) against a definition of typhoid fever (fever 

≥38˚C lasting for >12 hours followed by blood culture S. Typhi infection), and 54.6% (95% CI 26.8, 

71.8) efficacious against blood culture-confirmed S. Typhi infection, which was the primary endpoint 

of the study.17 Several additional TCVs were in early-stage clinical trials.18 

While no field efficacy data were available for Typbar-TCV® or other TCVs with active clinical 

development programmes, a large-scale Phase III efficacy study evaluating a previous TCV construct 

(Vi polysaccharide linked to the recombinant exoprotein A of Pseudomonas aeruginosa, or Vi-rEPA) 

developed by the US National Institutes of Health (NIH) was conducted in Vietnam in the early 

2000s. In this study, 1,091 Vietnamese children received two doses of Vi-rEPA vaccine, which 

provided 91.5% (95% CI 77.1, 96.6) protective efficacy over 27 months of follow-up (per protocol 

analysis). In addition, among 771 children who only received one dose of Vi-rEPA (intention to treat 

analysis), 87.7% efficacy was observed.19 75 children who received a single dose of Vi-rEPA still had 

anti-Vi IgG antibody levels above an assumed protective threshold eight years later,20 strengthening 

the assertion that conjugate vaccines could confer longer duration of protection than previously 

licensed polysaccharide vaccines (Vi-PS) or Ty21a vaccines. This vaccine was never commercialized. 

2.3 SAGE recommendation 

Following SAGE’s evidence review (including the geographic and age distribution of typhoid fever, 

the increasing threat posed by antimicrobial resistance, performance of Vi-PS and Ty21a vaccines as 

well as TCV, and cost-effectiveness of routine vaccination) and recommendations, WHO issued a 

revised global policy on typhoid vaccines in March 2018.1 WHO recommends the introduction of a 

single dose of TCV for infants and children 6 months of age and over in typhoid-endemic countries, 

noting that it is likely to be most feasible at existing vaccine visits at 9 months of age or in the second 

year of life. TCV is recommended as the preferred vaccine against typhoid fever at all ages in view of 

its improved immunological properties, suitability for use in younger children and expected longer 

duration of protection. The recommendation further notes that TCV should be prioritized for 

countries with the highest burden of disease or a high burden of antimicrobial resistant S. Typhi and 

indicates that, for maximal public health impact, catch-up vaccination in children up to 15 years of 

age should be conducted at the time of introduction routine immunization.  

2.4 Scope of April 2022 session 

SAGE will be updated on new data on the global burden of typhoid fever (including geographic and 

age-specific incidence and AMR). SAGE will also be updated on new evidence from prequalified TCVs 

and late-stage vaccine candidates on vaccine efficacy and effectiveness (including duration of 

protection), immunogenicity, and safety; data from special populations (e.g., HIV-infected 
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individuals); as well as data on tolerability and non-interference in immune responses with routine 

EPI vaccines. The data available support the current TCV policy recommendation, and a revision is 

not being considered at this time. However, a SAGE statement on the new evidence from 

prequalified TCVs (particularly on vaccine efficacy), will be valuable to inform country decision-

making for ongoing TCV introductions. 

3. New Data on Typhoid Disease Burden and Vaccines 

Understanding the true global incidence of typhoid fever has long been complicated by lack of 

sensitive diagnostics and poor global diagnostic availability. Blood culture is only 55% sensitive, 

depending on volume of blood sampled, and requires substantial resources, time, training, and 

reagents to execute, so blood culture surveillance has not been established in many parts of the 

world.21–23 As such, typhoid fever burden has likely been underestimated, particularly in infants and 

young children, from whom it is not feasible to draw adequate volumes of blood. Several additional 

studies (modelled and population-based surveillance studies) have augmented understanding of the 

age and geographic distribution of typhoid fever, but substantial regional and local data gaps 

remain. New approaches to surveillance, including environmental surveillance (with detection of S. 

Typhi in sewage and drinking water) and serological surveillance, once validated may provide less 

resource-intensive, more sustainable approaches for demonstrating community prevalence,.24–26   

Additional post-licensure TCV data have been generated, primarily through large-scale studies and 

public health programmes evaluating Typbar-TCV®, which received WHO prequalification in 

December 2017. These studies have shown that a single dose of this vaccine is safe, immunogenic, 

and efficacious (81-85%) in preventing symptomatic blood culture-confirmed typhoid fever in infants 

and children 9 months to 15 years of age over an 18–24-month follow-up period. Questions remain 

about longer-term duration of protection and the potential need for a booster dose. Additional 

safety and immunogenicity data have also been generated for TYPHIBEV®, which received WHO 

prequalification in December 2020. Further data have been generated for additional TCV candidates 

in clinical development. The pathway to regulatory approval for additional TCVs is through the 

demonstration of immunogenicity non-inferiority as compared to Typbar-TCV®.27   

3.1 Epidemiology 

Substantial additional epidemiological data have been generated and published since the last SAGE 

discussion in October 2017 from systematic reviews, modelling studies, and population-based blood 

culture surveillance studies. 
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3.1.1 Systematic reviews and modelled estimates 

A 2019 review conducted by Marchello et al provides an overview of 33 surveillance studies 

reporting estimated typhoid fever incidence rates between 1954 and 2018, stratified by method 

(population-based or those using so-called hybrid surveillance that uses one of several multipliers to 

account for under-ascertainment of cases at sentinel surveillance sites).28 High incidence rates were 

reported in Africa and Asia, but with considerable variation in rates over time (including in the same 

location over time) and geography, and key regional gaps were noted. Figures 1 and 2 show forest 

plots of incidence rates from population-based studies conducted in Asia and Africa, while Figure 3 

shows incidence rate estimates from multiplier studies from Africa (including from the pivotal 

Typhoid Surveillance in Africa Project (TSAP).13 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.  Typhoid incidence estimates among population-based studies in Asia, 1954 -2018. Grey 

shading indicates 100-500 per 100,000 per year. CI = confidence interval.28 
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  Figure 2.  Typhoid incidence estimates among population-based studies in Africa, 1954 -2018. Grey 

shading indicates 100-500 per 100,000 per year. CI = confidence interval.28  

 

Figure 3. Typhoid incidence estimates among multiplier studies in Africa, 1954 – 2018 (from 

Marchello et al 2019). Grey shading indicates 100-500 per 100,000 per year. CI = confidence 

interval.28 
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The Institute for Health Metrics and Evaluation at the University of Washington and collaborators 

have generated updated modelled estimates of typhoid fever burden as part of the Global Burden of 

Disease Study 2019. Authors estimated that S. Typhi was responsible for 9.24 million (95% CI 5.94, 

14.13) cases, 8.05 million (95% CI 3.86, 13.93) Disability-Adjusted Life Years (DALYs), and 110,029 

(95% CI 52,810, 191,205) deaths in 2019.29  

In the previously published GBD 2017 study, authors estimated that South Asia had the highest 

estimated incidence rate, followed by South-East Asia, western sub-Saharan Africa, eastern sub-

Saharan Africa, and Oceania.30 Authors noted that while overall estimated numbers of cases and 

deaths were similar to previously published estimates,31–33 there were significant differences in 

regional estimates, particularly in Oceania and central sub-Saharan Africa, from which areas data are 

relatively scarce.  The highest incidence of disease was estimated to be in children 5-9 years of age, 

followed by 10–14-year-olds and 1–4-year-olds (see Figure 4).  

  

 

 

 

 

 

 

 

 

Figure 4. Typhoid fever incidence rates (per 100,000) by age, GBD 2017.30  

3.1.2 Population-based blood culture surveillance studies 

Multiple population-based blood culture studies have been completed during the period following 

the last SAGE discussion. Published data from two large multi-country studies, with several South 

Asian sites and one African site reported high overall incidence of typhoid fever, with significant 
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burden in children less than 4 years of age. This confirms what was described in previously published 

population-based surveillance studies in Asia and Africa.10,13  

Surveillance for Enteric Fever in Asia Project (SEAP) , 2016 – 2019   

Standardized prospective blood culture surveillance was conducted at five hospitals in pre-defined 

catchment areas in Dhaka, Bangladesh; Kathmandu and Kavrepalanchok, Nepal; and Karachi, 

Pakistan. 34 A hybrid surveillance model that combined facility-based blood culture surveillance with 

healthcare utilization surveys was used to estimate overall and age-specific adjusted incidence rates 

for S. Typhi and S. Paratyphi A. Age distribution of disease varied by site (see Appendix 1)34 but high 

crude and adjusted incidence rates were observed among young children at all sites, particularly in 

Bangladesh and Pakistan. Overall adjusted incidence rates of S. Typhi by site were:  

o Dhaka, Bangladesh: 1,110 cases per 100,000 per-years (p-y) (95% CI: 949, 1,305)   

o Kathmandu, Nepal: 330 cases per 100,000 p-y (95% CI: 232, 476)  

o Kavrepalanchok, Nepal: 271 cases per 100,000 p-y (95% CI:205, 365)  

o Karachi, Pakistan: 195 cases per 100,000 p-y at Aga Khan University Hospital (95% CI:163, 

236) and 126 cases per 100,000 p-y at Kharadar General Hospital (95% CI:106, 151).  

  

Strategic Typhoid Alliance Across Africa and Asia (STRATAA), 2016-2018 

A prospective multi-component passive febrile illness surveillance study was conducted in three 

densely populated urban sites in Bangladesh, Nepal, and Malawi (~100,000 each) that were pre-

defined by a demographic census. This also included serological surveillance and stool screening for 

chronic carriers. Overall and age-adjusted incidence rates were estimated for each site (see Table 

1).35   

Ongoing STRATAA surveillance was leveraged to support TCV efficacy studies led by the Typhoid 

Vaccine Acceleration Consortium (TyVAC). Blood culture-confirmed typhoid incidence rates from the 

control arms of these studies have been included in published efficacy analyses and are generally 

higher than the crude incidence reported in the passive surveillance studies at each respective 

location. (These are described later in this document).     

 



  

 13 

Table 1. Incidence of blood culture-confirmed typhoid fever by site and age (from Meiring et al 2021) 

 

3.2 AMR 

The increasing prevalence of AMR has long posed a major threat to effective typhoid fever control, 

beginning with widespread chloramphenicol resistance in the early 1970s.36 By the late 1980s, 

multidrug resistance (MDR; resistance to first-line antimicrobials chloramphenicol, trimethoprim–

sulfamethoxazole, and ampicillin) had become common, which led to widespread use of 

fluoroquinolones as first-line therapy in typhoid fever treatment. Decreased fluoroquinolone 

susceptibility soon emerged and became common, particularly in South and South-East Asia. The 

rise of fluoroquinolone non-susceptibility led to broader use of azithromycin or third-generation 

cephalosporins in typhoid fever treatment. Reports of ceftriaxone treatment failure in 2016 in 

Hyderabad, Pakistan led to the discovery of an extensively drug-resistant (XDR; defined as MDR plus 

resistance to fluoroquinolones and third-generation cephalosporins) strain of S. Typhi (genotype 

4.3.1.1.P1), which subsequently spread throughout Pakistan.37,38 Azithromycin-resistant S. Typhi has 

now been reported in Bangladesh, Pakistan, Nepal, and India.39–42 There is an urgent need to track 

the emergence and spread of drug-resistant S. Typhi in order to inform empirical treatment 

guidelines and to inform decisions around use of preventative interventions like TCVs.  

3.2.1 Systematic reviews 

A 2019 systematic review provides an overview of antimicrobial susceptibility testing (AST) data 

from 1974 – 2018 from published literature.43 These data show increasing prevalence rates of AMR 

over time, beginning with resistance to traditional first line antimicrobials, followed by widespread 

fluoroquinolone non-susceptibility, particularly in South and Southeast Asia, and at lower prevalence 

levels in Africa (see Figure 5a and 5b). More recently, resistance to third-generation cephalosporins 

and azithromycin has also emerged in Asia (see Figure 5b below).43 This includes the XDR S. Typhi 

strain that emerged in Pakistan in late 2016. Phenotypic resistance to carbapenems has also been   
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Figure 5a. Antimicrobial resistant Salmonella Typhi isolates in Asia, 1972–201843  
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Figure 5b. Antimicrobial resistant Salmonella Typhi isolates in Africa, 1972–201843  
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reported from one study in Pakistan and one study in Indonesia,44,45 but these results have not been 

confirmed with additional testing.  

Murray and colleagues from the Global Research on Antimicrobial Resistance (GRAM) Project 

developed a model to estimate the effect of AMR on disease incidence, mortality, duration of stay, 

and healthcare costs for 88 pathogen-antimicrobial combinations in 204 countries and territories. 

The authors estimated that there were 4.95 million deaths (95% CI: 3.62, 6.57) associated with 

bacterial AMR, including 1.27 million deaths (95% CI: 911,000, 1,710,000) attributable to bacterial 

AMR in 2019.46 Of the 23 pathogens evaluated, S. Typhi was estimated to be the 11th highest in 

terms of global deaths attributable to and associated with bacterial AMR.  

3.2.2 Whole genome sequencing data  

Broader generation and analysis of whole genome sequencing (WGS) data has facilitated 

investigation of molecular mechanisms of resistance, the development of a phylogenetic 

classification scheme (GenoTyphi)47,48, and information about key international transmission events 

as well as de novo AMR emergence events. This includes identification of the emergence of H58 

(Haplotype 58) S. Typhi  in South Asia and its rapid intercontinental spread throughout Asia, to East 

and Southern Africa, Oceania, and Latin America,15,49–54 as well as describing the emergence and 

molecular mechanism of XDR S. Typhi in Pakistan.37 Phylogenetic analysis also facilitated the 

identification of a molecular mechanism for azithromycin resistance55, which was first observed 

among S. Typhi isolates in Bangladesh, and subsequently detected in Pakistan, Nepal, and 

India.40,42,56   

The Global Typhoid Genomics Consortium (https://www.typhoidgenomics.org) was established in 

2021 with a mandate to collaborate with the broader international typhoid research community to 

aggregate as much S. Typhi WGS data and standardized metadata as possible, and to facilitate the 

analysis and visualization of those data to inform public health policy. Analysis to be published soon 

will provide a contemporary view of global typhoid genome diversity and AMR frequency and 

distribution based on 12,951 isolates from 83 countries. These data demonstrate increasing overall 

prevalence of AMR, particularly fluoroquinolone non-susceptibility, with high prevalence of multiple 

AMR phenotypes in several South Asian countries.  

https://www.typhoidgenomics.org/
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4. New Vaccine Data 

4.1 Typbar-TCV® 

Typbar-TCV® has been evaluated in three large-scale post-licensure efficacy/effectiveness studies in 

Bangladesh, Malawi, and Nepal by the Typhoid Vaccine Acceleration Consortium (TyVAC), which is 

led by the Center for Vaccine Development and Global Health at the University of Maryland School 

of Medicine, the Oxford Vaccine Group at the University of Oxford, and PATH.3–5 TyVAC investigators 

also conducted an immunogenicity and co-administration study in infants and toddlers in Burkina 

Faso.57 The results of these studies are described in additional detail below. 

In addition to the TyVAC studies, Typbar-TCV® effectiveness has been evaluated in the context of 

public health programmes in Navi Mumbai, India;58 in Hyderabad59 and Karachi,60Pakistan; and in 

Harare, Zimbabwe (results not yet available). The results of these studies are summarized in Table 2 

and described in additional detail in the subsequent sections. 

Table 2. Protective efficacy/effectiveness of a single TCV dose (Typbar-TCVⓇ) against primary 

endpoint of blood culture confirmed typhoid fever 

Study, Design Age  

(# vaccinated) 

Control vaccine Follow up Vaccine efficacy or 

effectveness (95% CI) 

TyVAC TRIALS 

Nepal, 

Individually randomized4 

9 mths – 16 yrs 

(20,019) 

Group A 

meningitis 

24 months 79.1% (62.0, 88.5) 

Malawi, 

Individually randomized3  

9 mths – 12 yrs 

(28,130) 

Group A 

meningitis 

18-24 months 83.7% (68.1, 91.6) 

Bangladesh, 

Cluster randomized5 

9 mths – 16 yrs 

(67,395) 

SA-14-14-2 JE 24 months 85.0% (76, 91) 

ADDITIONAL STUDIES 

Navi Mumbai, India 

(routine immunization), 

Case-control61 

9 mths – 14 yrs 

(160,000) 

None 15 months 80.2% (53.2, 91.6) 

 Karachi, Pakistan 

(outbreak response 

campaign) 

Case control60 

6 mths – 15 yrs 

(87,993) 

None 4 months 72% (34, 88) 
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 Hyderabad, Pakistan 

(outbreak response 

campaign) 

Cohort study59 

6 mths – 10 yrs 

(207,000) 

None 18 months 95% (93, 96) 

 

 

4.1.1 Efficacy & effectiveness data – TyVAC studies 

One of the major bodies of work undertaken by TyVAC was to demonstrate the impact of TCVs in 

typhoid-endemic areas through two individually randomized, controlled efficacy studies conducted 

in Nepal and Malawi, and one controlled cluster-randomized effectiveness trial conducted in 

Bangladesh. High-level results are described below.  

Nepal 

A phase 3, double-blinded, individually randomized efficacy study was conducted in Lalitpur, Nepal, 

in which 20,019 children were randomized to receive either a single dose of TCV or MenA and were 

followed for two years. During that time, 62 cases of typhoid fever were recorded in the MenA 

group (incidence rate of 342 cases [95% CI 262, 438] per 100,000 person years), and 13 cases in the 

TCV group (incidence rate of 72 [95% CI 38, 132] cases per 100,000 person-years).4 The protective 

efficacy of TCV against blood culture-confirmed typhoid fever after two years was 79% (95% CI 61.9, 

88.5). A subgroup analysis showing age, sex, and time-dependent specific efficacy estimates is 

included below (Table 3). 

Table 3. Protective efficacy of TCV against blood culture-confirmed typhoid fever in Nepal4  
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Malawi 

A phase 3, double-blinded, individually randomized trial was conducted in Blantyre, Malawi, to 

assess the efficacy of TCV against blood culture confirmed typhoid fever. Children ages 9 months to 

12 years of age were randomized to receive either a single dose of Typbar-TCV® or meningococcal 

capsule group A conjugate (MenA) and followed for 24 months. The intention to treat analysis 

included 28,130 children, (14,069 received TCV, 14,061 received MenA)3. 12 cases of blood culture-

confirmed typhoid fever occurred among TCV recipients (46.9 cases/100,000 person-years) and 62 

cases occurred among MenA recipients (243.2 cases/100,000 person-years). The overall efficacy 

83.7% (95% CI 68.1, 91.6) in the per-protocol analysis.  Age-specific efficacy (<5 years or >5 years) 

was also estimated in both the intention-to-treat and per-protocol analysis groups (see Table 4).  

This study remains blinded through 4 years of follow-up, and additional efficacy data are anticipated 

in the 4th quarter 2022. 

Table 4. Blood culture-confirmed typhoid fever and vaccine efficacy in Malawi3  

 

Bangladesh 

In a double-blinded cluster randomized trial conducted in an urban, typhoid-endemic setting in 

Dhaka, Bangladesh, 150 geographically distinct population clusters were defined (each with ±1350 

residents) and randomly assigned to receive either TCV (Typbar-TCV®, Vi-TT) or SA 14-14-2 Japanese 

encephalitis (JE) vaccine.5 Children 9 months to <16 years of age received a single dose of parenteral 

vaccine (vaccine determined by cluster of residence) and were followed for an average of 17.1 
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months. 41,344 children were vaccinated April-May 2018, and an additional 20,412 children were 

vaccinated during catch-up campaigns September-December 2018 and April-May 2019. The 

incidence of typhoid fever was 635 cases per 100,000 person-years in JE recipients and 96 in TCV 

recipients. Thus, total protection (comparison of incidence of typhoid fever in TCV recipients to 

incidence of typhoid fever among JE vaccine recipients) was 85% (95% CI 67, 91); vaccine 

effectiveness varied by age of participant (see Table 5). Indirect vaccine protection was evaluated by 

comparing the incidence of typhoid fever among non-recipients of TCV in the TCV clusters to that of 

non-recipients of JE vaccine in the JE clusters. No significant indirect protection conferred by TCV 

was observed; however, the authors noted that the trial was not adequately powered to evaluate 

the assumed level (20%) of herd protection and noted that the boundaries of the predefined clusters 

were unlikely to represent boundaries of short-cycle transmission of typhoid given the densely 

populated nature of the study area, which may have diluted estimated herd protection. Overall 

protection was also assessed through the comparison of typhoid fever incidence among all residents 

of the TCV clusters to that of all residents of the JE clusters. Age-specific indirect, total, and overall 

protection estimates are listed in Table 5.   

Table 5. Incidence of blood culture-confirmed typhoid fever and protective effectiveness of TCV by 

age group in Bangladesh5 
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4.1.2 Immunogenicity data  

Long-term immunogenicity of Typbar-TCV (7 years post-primary vaccination in boosted vs non-

boosted participants)  

Mohan et al reported duration of immune responses 7 years after primary vaccination in children 

who received either a single dose of Typbar-TCV® or a single dose plus booster at day 720. Serum 

IgG anti-Vi titres were measured at 3, 5, and 7 years after primary vaccination using three different 

enzyme-linked immunosorbent assays (ELISAs).1 

Four subgroups were compared: 

1. among boosted participants, an “All Specimens Cohort” (ASC), which included 86 children 

who provided sera at each follow-up time point (days 0, 42, 720 [booster], 762 [42 days 

post-booster], 1095, 1825, and 2555);  

2. among non-boosted participants, an All Specimens Cohort, which included 25 children who 

provided sera at all follow-up points (days 0, 42, 720, 1095, 1825, 2555);  

3. a boosted “Any Available Specimen” (AAS) subgroup, which included children who received 

a booster and provided sera on days 0, 42, and 720, and one or more (but not all) of the 

other time points (days 762, 1095, 1825, or 2555); and  

4. an Any Available Specimen subgroup of 47 children who had not received a booster and 

who provided sera on days 0 and 42, 41 of whom also contributed sera at one or more 

additional timepoints (days 1095, 1825, 2555).  

 

GMTs as measured using the commercial Vacczyme ELISA kit increased significantly among boosted 

ASC children (n=86) at day 762, and were 32-fold, 14-fold, and 10-folder higher than baseline levels 

at 3, 5, and 7 years after primary vaccination.62 In unboosted ASC children (n=25), GMTs remained 

21-fold, 14-fold, and 10-fold over baseline at 3, 5, and 7 years following primary vaccination. Post 

primary vaccination, 72% and 44% of unboosted ASC participants showed persistent seroconversion 

as measured by Vacczyme™ at 5 and 7 years, as compared to 84% and 71% of boosted ASC 

participants. Results were also compared between ASC participants who received initial vaccination 

at 6-11 months of age vs 12-23 months of age (see Appendix 2 for details of GMT analysis). The 

authors suggested that primary immunization could be followed by a booster vaccination after five 

 
1 The three ELISA assays used were the Vacczyme™ ELISA kit, US NIH ELISA (“Szu” method), and the National 
Institute of Biological Standards (NIBSC) ELISA.  Persistent seroconversion (defined as serum anti-Vi IgG levels 
remaining ≥ 4-fold above baseline), geometric mean titer (GMT), geometric mean-fold rise post-vaccination, 
and percent exhibiting putative protective anti-Vi level (≥2 µgSzu/ml) using the Szu method and National 
Institutes of Health IgG reference standard were evaluated.  
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years to maintain protection against clinical infection. Authors also noted that there was evidence of 

“natural” boosting caused by exposure to S. Typhi, as both boosted and non-boosted children 

showed increased levels of anti-Vi IgG between days 720 and 1095. The authors point to reports and 

published literature that suggest that typhoid fever was highly prevalent during the time of the 

study.63,64  

Immunogenicity studies – TyVAC studies 

An immunogenicity and non-interference study was conducted in infants and young children in 

Burkina Faso.  Age-stratified immunogenicity sub-studies were embedded in the TyVAC trials in 

Nepal (n=1500), Malawi (n=600), and Bangladesh (n=1500). These studies are summarized in Table 

6. (Additional site-specific details are provided in Appendix 3).  
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Table 6. Immunogenicity and co-administration studies for Typbar-TCV conducted by TyVAC 

 

 

aVaxcZyme       b ≥ 4-fold rise from day 0 to 28 days after vaccination c Day 28 Median (Interquartile range, IQR)  
Abbreviations:  CI= confidence interval EU/ml= ELISA units per milliliter GMT=geometric mean titre 
Source: Typhoid Vaccine Acceleration Consortium 

Immunogenicity and co-administration studies for Typbar-TCV conducted by TyVAC 
 
 

Country 
 

Design 
Control 
vaccine 

Study 
period 

 
Ages 

TCV 
(Numbe

r) 

Control 

(Number) 

Co-admin- 

istered 

vaccines 

Postvaccination Vi GMT (EU/ml), 28 days 
(95% CI)a 

Rate of Seroconversion (%) 
(95% CI)b 

TCV or other test vaccine Control TCV  Control 

      
 

 Pre Post Pre Post 
 

Burkina 
Faso65 
 

Individually 
randomized 

Inactivated 
poliovirus 

Nov 2018-
Aug 2019 

9-11 mos 49 
 

51 MR, YF 
8.9 

(5.9-13.6) 
1204  

(747-1940) 

8.5 
(5.6-12.7) 

8.9 
(6.1-13.1) 

87.8 
(75.2-95.4) 

8.0 
(2.2-19.2) 

Burkina 
Faso66 
 

Individually 
randomized 

Inactivated 
poliovirus  

Nov 2018-
Aug 2019 

15-23 mos 99 
 

51 
MenAfriVac, 

MR
 

4.9 
(3.9-6.1) 

3231 
(2085-5078) 

4.8 
(3.8-6.2) 

5.3  
(4.1-6.9) 

94.8 
(84.4-99.1) 

3.9 
(0.5-13.5) 

Nepal4,c 
 

Individually 
randomized 

 
Meningococc
al serogroup 
A conjugate  

Nov 2017-
Mar 2020 

< 5 years 55 46 

- 

4.6 
(3.8-5.6) 

1469 
(1104-1955) 

4.6 
(3.8-5.5) 

4.3 
(3.8-4.9) 

98.2 0.0 

5-<10 yrs 225 116 4.9 
(4.5-5.4) 

2113 
(1890-2363) 

4.4 
(4.0-4.9) 

5.4 
(4.3-6.8) 

100.0 4.3 

≥ 10 yrs 403 218 10.6 
(9.4-12.1) 

2133 
(1947-2336) 

8.7 
(7.4-10.2) 

8.9 
(7.5-10.5) 

98.8 1.4 

Bangladesh
68c 
 

Cluster 
randomized 

Live-
attenuated JE 

Feb 2018-
Oct 2019 

9 mos - 
<16 yrs 

1010 
 

505 - 
3.7 

(3.7-3.7) 
3222  

(1757-5472) 

3.7 
(3.7-3.7) 

3.7 
(3.7-3.7) 

99.6 1.7 

Malawi67 
 

Individually 
randomized 

 
 

Meningococc
al serogroup 
A conjugate  

Feb 2018-
Apr 2021 

9-11 mos 106 
 

94 
MR 

3.9  
(3.7-4.1) 

2685 
(2165-3330) 

4.0 
(3.7-4.4) 

4.1  
(3.7-4.4) 

98.9 
(94.0-100.0) 

0.0 
(0.0-4.7) 

1-5 
 yrs 

99 
 

102 
- 

4.2 
(3.8-4.7) 

2089 
(1622-2691) 

4.4 
(3.9-4.9) 

4.6  
(3.9-5.5) 

97.7 
(91.9-99.7) 

1.1 
(0.0-6.0) 

6-12  
yrs 

 
100 

 
101 - 

4.5 
(4.0-5.0) 

 

2447  
(1914-3129) 

 

4.4 
(3.9-4.9) 

- 

4.4  
(4.0-4.9) 

- 

98.9 
(94.2-100.0) 

 

0.0 
(0.0-4.0) 
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4.1.3 Effectiveness data – other studies 

Navi Mumbai, India 

In 2018, the Navi Mumbai Municipal Corporation (NMMC), the local government body for Navi 

Mumbai, India, implemented the first phase of a public-sector pediatric typhoid conjugate vaccine 

(TCV) campaign with Typbar-TCV®. The original plan was to immunize all children 9 months – 14 

years of age within NMMC (population--±320,000) through two vaccination phases.68 Each 

campaign phase was planned to cover 11 of 22 target areas (based on the city’s 22 Urban Health 

Posts). Phase I was conducted July – August 2018. 

Vaccine effectiveness was estimated using a case control design November 2018-March 2020. Cases 

were defined as blood-culture confirmed typhoid fever among NMMC residents who were age-

eligible for vaccination and who sought treatment at one of the surveillance sites. 7 (16%) cases and 

92 (53%) controls reported having received TCV, yielding an adjusted odds ratio (relative odds of 

being vaccinated among confirmed typhoid fever cases vs being vaccinated among controls) of 0.198 

(95% CI: 0.084, 0.468; p=0.0002), which was equivalent to an effectiveness estimate of 80.2% (95% 

CI: 53.2%, 91.6%). 

Pakistan 

A matched case-control study was conducted to assess the effectiveness of a mass vaccination 

campaign using Typbar-TCV® in Lyari Town (Karachi), Pakistan.60 Surveillance was conducted at 

three hospitals from August to December 2019, and children aged 6 months to 15 years presenting 

to a study facility with blood culture-confirmed S. Typhi were counted as cases. For each case, at 

least one age-matched afebrile facility control and two age-matched afebrile community controls 

were enrolled. Of the 82 confirmed typhoid patients who were enrolled, 8 (9.8%) had received TCV. 

Of the 163 community controls and 82 facility controls, 23.2% and 32.9% had received TCV, 

respectively. The age and sex-adjusted vaccine effectiveness was 72% (95% CI: 34 – 88%), and the 

consumption of meals prepared outside of the household more than once a month was found to be 

associated with increased risk of culture-confirmed typhoid fever (adjusted odds ratio: 3.72, 95% CI: 

1.55 – 9.94, p=0.003).   

Following an outbreak of extensively drug-resistant (XDR) S. Typhi in Hyderabad, Pakistan, a reactive 

vaccination campaign using Typbar-TCV® was conducted from February – December 2018, covering 

207,000 children 6 months to 10 years of age.59 A household census was conducted at baseline in 

the Qasimabad and Latifabad subdistricts, covering 174,005 households. Active surveillance was 

established in hospitals, clinics, and laboratories. 24,407 children from the census registry and 
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surveillance system were included in the vaccine effectiveness analysis, 13,436 of whom were 

vaccinated. Outcomes of interest were suspected S. Typhi, blood-culture confirmed S. Typhi, and 

XDR S. Typhi. Within this cohort, vaccine effectiveness was 55% (95% CI: 52, 57) against suspected S. 

Typhi, 95% (93-96%) against blood culture confirmed S. Typhi, and 97% (95-98%) against XDR S. 

Typhi during the study period (February 2018 – December 2019).  

4.1.4 Safety data (prequalified TCVs) 

Extensive safety data has been generated as part of manufacturer-led pre-licensure clinical 

trials, TyVAC clinical trials, and as part of in India and Pakistan.69,70 These safety data 

include a wide age range, as well as special populations (HIV-exposed, HIV-infected, 

malnourished in TyVAC Malawi). Safety data from >100,000 participants from the TyVAC 

trials were presented to the Global Advisory Committee on Vaccine Safety (GACVS) in 

December 2018, along with safety data from early public-sector use of TCV in India (Navi 

Mumbai Municipal Corporation) and Pakistan.73 GACVS indicated that the “safety profile of 

the Typbar-TCV® vaccine is reassuring, and no signals of serious adverse events [AEs] were 

presented.”  In the TyVAC trials, solicited and systemic adverse reactions were reported with 

a similar frequency between TCV and control vaccine arms, and most events were of mild or 

moderate severity. Fever and pain were reported in 3-8% and 1-7% of vaccinees in each 

group, respectively, while other non-specific local and systemic reactions occurred in 0-3% 

of vaccinees in each group. In the mass immunization campaigns in Navi Mumbai and 

Hyderabad, Pakistan, low rates of mild-to-moderate local and systemic events were 

reported, with fever, pain, and swelling at site of injection being most commonly reported. 

The adverse event profile was determined to be similar to that of other routine injectable 

vaccines.   

4.2 TYPHIBEV®  

TYPHIBEVⓇ (Vi polysaccharide conjugated to CRM197 carrier protein [Vi-CRM197], Biological E. Limited, 

Pune, India) was licensed in India for use in infants, children, adolescents and adults aged ≥ 6 months 

to ≤ 45 years, and received WHO prequalification in December 2020. Three prelicensure studies 

were conducted:  
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1. a Phase I open-label, single arm study to assess the safety, reactogenicity and 

immunogenicity of a single dose of Vi-CRM197 conjugate vaccine in healthy 18-45 year olds 

(n=30) in India; 

2. a Phase II/III multicentre single-blind, randomized controlled study to assess the safety and 

immunogenicity of a single dose of Vi-CRM197 in healthy infants, children, and adults ages ≥ 

6 months to < 64 years (n=622) in comparison to Typbar-TCVⓇ;  

3. a multicentre single-arm Phase III study to evaluate the safety and tolerability of Vi-CRM197 

in healthy infants, children, and adults ages ≥ 6 months to < 45 years of age (n=1770). 

  

The vaccine was safe and well tolerated, with no related severe and/or serious adverse events 

reported in these three studies. A Phase IV safety study in healthy infants, children, and adults ages 

≥ 6 months to < 45 years with an embedded immunogenicity coadministration study with MR 

vaccine in infants 9-12 months of age (n=1252) is planned.  

In the Phase II/III study, immune responses at day 0 (pre-vaccination) and day 42 were assessed and 

compared. The seroconversion rates in the age groups ≥ 6 months to < 2 years,  ≥ 2 years to < 18 

years and ≥ 18 years to < 64 years were 99.22%, 100.0% and 97.62% using the short-term threshold 

value of ≥ 2.0 µg/mL and 96.90%, 95.12% and 94.05% using long-term threshold value of ≥ 4.3 

µg/mL  respectively. Overall, the proportion of subjects achieving ≥ 4-fold increase in anti-Vi IgG 

antibody concentrations between Day 0 and Day 42 was 96.95%.2  

An overview of the two WHO prequalified TCVs is presented in Table 7. 

  

 
2 Values in EU/ml have been requested from the manufacturer. 
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 Table 7. Overview of WHO Prequalified TCVs 

 
Typbar-TCV® (Vi-TT, Bharat Biotech India Ltd., India) TYPHIBEV® (Vi-CRM197, Biological E Ltd., India)  

Composition Salmonella Typhi Vi polysaccharide conjugated to tetanus toxoid Vi polysaccharide prepared from Citrobacter freundii sensu latoa conjugated to 

CRM 

Phase of Development WHO PQ 2017, post-licensure studies ongoing WHO PQ 2020, post-licensure studies being planned 

Indication/Target Ages ≥6 months- ≤45 years. ≥6 months-≤65 years DCGI approved, WHO filing pending ≥ 6 months to ≤ 45 years 

Safety Data >500,000 subjects (pre-licensure studies & post-marketing surveillance in India, 
TyVAC studies, Pakistan impact studies, Navi Mumbai)71,72,88–90 

3000+ subjects (licensure studies in India) 

Immunogenicity data 
(geographic 
representation, special 
populations, age range, 
duration of response) 

Ph III (India) 
• 6 mo – 45 yrs: 3-, 5- & 7-years post immunization62 
TyVAC (2-3 yrs post-vaccination follow-up underway) 
• Burkina n=250, 9-11 months & 15-23 months65,66 
• Malawi n=600, 9 months – 12 years, HIV-infected & malnourished69 
• Nepal n=1500, 9 months – 16 years4 
• Bangladesh n=1300, 9 months – 16 years68 

Ph II/III (India, n=622) 
• Immunogenicity non-inferiority compared to Typbar-TCV, participants ages 6 

months - <64 years (not published) 
• Immunogenicity data 3 years post primary immunization expected July 2022 
 

Efficacy and/or 
Effectiveness Data? 

Efficacy data (TyVAC)  
• Nepal - 79% (95%CI 61.9, 88.5) efficacy, 24 months follow-up4 
• Malawi - 83.7% (68.1, 91.6) efficacy, 24 months follow-up3 
• Bangladesh - 85% (67, 91) total protection, 18-24 months follow-up5 

Effectiveness 
• Hyderabad, Pakistan - 95% (93-96%) effective against S. Typhi, and 97% (95-

98%) against XDR S. Typhi, 18 months follow-up6 
• Lyari, Pakistan - 72% (34, 88) effective, 4 months follow-up60 
• Navi Mumbai– 80.2% (53.2, 91.6) effective, 15 months follow-up61 

Planned evaluations in effectiveness studies in Madagascar (TyCOMA) & India  
 

Coadministration/non-
interference data? 

• MCV & MMR in India @ 9 & 15 mo (DCGI approved, to be submitted to WHO, 
publication under review at IJID) 

• Yellow fever & measles-rubella (9 mo) & MCV-A (15 mo) in Burkina Faso 

• MR coadministration study planned to start March 2022 in India  
 

2 dose schedule tested? No, 1 dose only assessed in primary series No, 1 dose only assessed in primary series 

Booster dose schedules 
tested?  

Comparison of single dose vs booster after 2 yr in 6-23 mo cohort of PhIII 3-, 5- & 
7-years post primary immunization in India 62 

Evaluation of booster dose 3 years post primary immunization planned for 
extended Ph II/III study in India 

MCV – measles-containing vaccine. MMR – measles-mumps-rubella vaccine. MCV-A – meningococcal conjugate serogroup A vaccine.   



 28 

4.3 Pipeline vaccines  

An overview of the status of the clinical development of additional TCV candidates is presented in 

Table 8. Four candidates are in Phase III clinical trials ongoing or completed: 

1. BioTCV (Vi polysaccharide conjugated to diphtheria toxoid carrier protein, PT Biofarma, 

Indonesia, WHO PQ submission expected 2025) 

2. EuTYPH-C (VI polysaccharide conjugated to CRM197 carrier protein, EuBiologics, South 

Korea, PQ submission expected 2023) 

3. SKYTyphoid (Vi polysaccharide conjugated to diphtheria toxoid carrier protein, SK 

Bioscience, South Korea, PQ submission expected 2022) 

4. ZYVAC TCV (Vi polysaccharide conjugated to tetanus toxoid carrier protein, Zydus Cadila, 

India, PQ submission expected 2022).  

 

Further details of these four late stage candidates are described in Appendix 4. There are 

additional manufacturers with TCVs in early clinical development. The diversity of potential TCV 

manufacturers bodes well for future supply security. However, licensure and prequalification of 

these vaccines will be based on safety and immunogenicity data (non-inferiority compared to 

Typbar-TCVⓇ), and manufacturers do not have any current plans to conduct additional studies 

demonstrating efficacy or effectiveness of their candidate vaccines against clinical disease, 

which may have an impact on country product preferences.  

 

4.4 Additional TCV studies (planned and ongoing) 

Several additional studies are planned or ongoing that will help address some key outstanding 

knowledge gaps. These include several studies being conducted as part of the Typhoid Conjugate 

Vaccine Introduction in Africa (THECA) Consortium (https://www.thecaproject.net), which is 

coordinated by the University of Cambridge (United Kingdom) and includes partners from Kwame 

Nkrumah University of Science and Technology (Ghana), University of Antananarivo (Madagascar), 

University of Ouagadougou (Burkina Faso), Institut National de Recherche Biomédicale (Democratic 

Republic of Congo), International Vaccine Institute (Republic of Korea), Foundation Mérieux 

(France), Institute of Tropical Medicine Antwerp (Belgium), International Center for Diarrhoeal 

Disease Research, Bangladesh, and the Center for Vaccine Development and Global Health at the 

University of Maryland School of Medicine (USA). These and additional studies are described at a 

high level in Table 9. 

https://www.thecaproject.net/
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Table 8. Summary table of clinical data for pipeline typhoid conjugate vaccines.  
All information shared by manufacturers with WHO unless otherwise indicated.  

 
Bio-TCV (Vi-DT, PT Bio Farma, 

Indonesia) 
SKYTyphoid (Vi-DT, SK Bioscience, 

Korea) 
ZYVAC TCV (Vi-TT, Zydus Cadila, India) EuTYPH-C (Vi-CRM197, EuBiologics, Korea) 

Phase of Development Phase III study completed (Indonesia) Two parallel phase III studies completed 
(Philippines & Nepal) 

Phase III, Phase IV, & active Post-
Marketing Surveillance ongoing (India) 

Phase II/III study completed (Philippines), 
Phase III starting (Kenya & Senegal) 

Manufacturer’s target WHO 
PQ date 

2025 2023  2023 (submission planned Sept 2022) 2023 

Indication/ Target Ages ≥ 6 months to ≤ 60 years  ≥ 6 months  ≥ 6 months to ≤ 45 years. Extended 
age indication (to 65 years) to be 
sought.   

≥6 months to ≤45 years 

Safety Data 3000+ subjects 3000+ subjects <3000 subjects, but PMS study 
(n=3000) fully enrolled  

<3000 subjects 

Immunogenicity data 
(geographic representation, 
special populations, age 
range, duration of response) 

Phase I (Indonesia) 
• n=30, 18-45 years, 6 month follow-up72 

Ph II (Indonesia) 
• n=600, 6 months – 40 years73,74  
• Long-term follow-up (5 years) of 

subjects aged 6-23 months at initial 
vaccination ongoing 

Phase III (Indonesia) 
• Non-inferiority to Typbar-TCV, n=3071, 

6 months – 60 years (completed) 

Phase I (Philippines) 
• n=144, 2-45 years75 
Phase II (Philippines) 

• n=285, 6-23 months76,77 
• 27.5 month follow-up published,78 

longer-term (5 years) follow-up 
ongoing 

Ph III (Philippines) 
• n=1800, 6 months- 45 years 

Phase III (Nepal) 
• Non-inferiority vs Typbar-TCV, 

n=1800, 6 months–45 years79 

Phase I (India) 
• n= 24,  18-45 years  
Phase II/III (India) 
• Non-inferiority to Typbar-TCV, n=240 

6 mo -45 years80  
• 3 years post vx data submitted & 

manuscript under review  
Phase III (India) 
• Immunogenicity non-inferiority to 

Typbar-TCV, n = 238, 45-65 years 
(completed) 

Phase I (Philippines)  
• Non-inferiority to Typbar-TCV & Vi-PS, 

n=75, 18 -45 years81 
Phase II/III (Philippines) 
• Non-inferiority to Typbar-TCV, n=444, 6 

months – 45 years (completed) 
Phase III (Kenya & Senegal)  
Immunogenicity non-inferiority to Typbar-
TCV, 6 months – 45 years, n= 3255 

Coadmin non-interference 
data w/ routine vaccines? 

• Measles-rubella included in Ph III study 
 

• Coadministration with measles-rubella 
& measles-mumps-rubella included in 
Ph III in Nepal (complete) 

• Coadministration study with 
measles-rubella vaccine (n=900) in 
infants (9-10 months) started March 
2022 

• Coadministration with measles-rubella & 
yellow fever will be assessed in Ph III 
(Kenya & Senegal) 

2 dose schedule tested? 2 dose schedule (4 weeks apart) 
assessed in Ph I 

2 dose schedule (4 weeks apart) was 
assessed in Ph I & II 

No, 1 dose only in primary series No, 1 dose only in primary series 

Booster dose schedules 
tested?  

Booster 3 years ±6 months post primary 
immunization tested in extended Ph II 
study.  

Boosters 6 months and 2 years post 
primary immunization compared in 
extended Ph II study (out to 5 years 
post primary immunization) 

Booster 3 years post primary 
immunization tested in extended Ph 
II/III subset (manuscript under review)  

No 
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Table 9. Planned/Ongoing TCV Studies 

Study Acronym Site(s) Vaccine 
Used 

Study Design Key research 
questions to be 
addressed 

Data 
Expected 

TyVEGHA 
(THECA) 

Agogo, 
Ghana 

Typbar-
TCV® 

Cluster-
randomized trial 

3 years of 
effectiveness of 
Typbar-TCV in West 
African setting, 
potential indirect 
protection 

Q3 2024 

TyVECO 
(THECA) 

Kisantu, DRC Typbar-
TCV® 

Mass vaccination 
followed by 
effectiveness 
(case control) 

3 years of 
effectiveness 
(expected Feb 2025) 
of Typbar-TCV in 
Central African setting 

Q1 2025 

MITIMA 
(TyVAC) 

Blantyre, 
Malawi 

Typbar-
TCV® 

 Post-introduction 
impact in vaccinated 
and unvaccinated 
populations 

Study not yet 
started 

TyCOMA 
(THECA) 

Madagascar TYPHIBEV® Mass vaccination 
followed by 
effectiveness 
(case control) 

2 years effectiveness 
data TYPHIBEV, 
feasibility of joint 
campaign with COVID-
19 vaccination 

Q2 2024 
(study start 
expected Q2 
2022) 

TyFIVE –  
Fiji Intervention 
and Elimination 
Program 
International 
Vaccine 
Institute, 
University of 
Melbourne, Fiji 
Ministry of 
Health 

Fiji Typbar-
TCV® 

Under discussion 3 years of 
effectiveness data for 
Typbar-TCV in all ages 
> 9 months, link to 
environmental 
surveillance 

Q3 2026 (1 
year baseline 
surveillance 
starts Q3 
2022, 
vaccination 
starts Q3 
2023) 

Vellore Typhoid 
Vaccine Impact 
Study  
(Christian 
Medical 
College, Vellore, 
India) 

Vellore, India TYPHIBEV® Cluster-
randomized trial, 
test-negative 
design 

2 years effectiveness 
data for TYPHIBEV, 
potential indirect 
protection, extended 
age group, 
coordination with 
environmental 
surveillance 

Q4 2024 
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5. Early TCV Introduction Experiences 

TCV introduction to routine childhood immunization programmes has been implemented in a small 

number of countries to date. The first public sector TCV introduction globally took place at a 

subnational level in India in the Navi Mumbai Municipal Corporation and included an effectiveness 

and safety evaluation (as described in section 6.1). Gavi-funded programmatic introductions have 

taken place in Pakistan, Liberia, and Zimbabwe. The first and only non-Gavi country to have 

introduced TCV is Samoa. Key details of these introduction activities are described in Table 10 while 

best practices and lessons learned from early TCV introductions are summarized in Table 11. 

Table 10: Key information on TCV introductions into routine immunization programmes 

(implemented or planned) 

Country Introduction 
strategy 

Campaign and 
routine 
introduction* 
date(s) 

Campaign target 
population 
(children 9 
months to <15 
years) 

Post-campaign 
coverage 
achieved** 

Age of 
vaccination 
in EPI 
schedule 

India, Navi 
Mumbai 
Municipal 
Corporation 

Phased Phase 1: July-Aug 
2018 in 11 out of 
22 Urban Public 
Health Center 
(UPHC) areas. 

160,000 Phase 1: 70.9% 
(range from 46% 
in high-income 
to 92% in low-
income areas) 

Routine 
Immunizatio
n has not 
begun 

Phase 2:  
Delayed due to 
COVID pandemic 

  

Pakistan Phased Phase 1: Sindh Nov 
2019 

Phase 1: 
10,013,569 

Phase 1:  82% 9 months 

Phase 2:  
A) Punjab & 
Islamabad, Feb 
2021 
B) Broader Punjab, 
June 2021 

Phase 2a: 
12,383,108  
Phase 2b:  
6,609,204  
 
Total Phase 1 & 
2:  29,005,881  

Phase 2a:  88% 
Phase 2b:  95% 

Phase 3: Planned 
Sept-Oct 2022 

  

Liberia Nationwide April 2021 1,900,000 63% 9 months 

Zimbabwe Nationwide (with 
Integrated 
TCV/IPV/HPV and 
vit A 
supplementation 
campaign) 

May 2021 5,861,235 77.5% based on 
administrative 
data 
Representative 
coverage survey 
not yet 
conducted. 

9 months 
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Samoa Phased Phase 1:  
Aug-Sept 2021 
Upolu, Apia Urban 
Area, school-aged 
children (5-19 
years)  

26,358 84% 12 months  
 
Routine 
immunizatio
n is ongoing 
in Apia Urban 
Area, Upolo Phase 2: Delayed 

due to COVID 
pandemic, 
Nationwide 
campaign (age 1-45 
years)  

  

Nepal 
(planned 
2022) 

Phased Gavi-approved 
Phase 1: Province 
1, 2, and 5 

4,607,503 NA 15 months 

Phase 2: Province 
3, 4, 6, and 7 

3,872,137 
 
Total, Phase 1 & 
2: 8,479,640 

NA 

Malawi 
(planned 
2022)  

Nationwide Gavi-approved 9,066,990 NA 9 months 

* Unless otherwise specified, routine immunization in the Expanded Programme of Immunization 
immediately followed (or is planned to follow) the campaign 
** Based on a post-campaign coverage survey 

 

5.1 Navi Mumbai, India 

The Navi Mumbai Municipal Corporation (NMMC) area represents a total population of 1.12 million 

of which the TCV introduction targeted 14.2%. The planning and implementation of the TCV 

campaign were led by NMMC with support from multiple partners. The Phase 1 campaign took place 

successfully in 2018 over a six-week period on weekends and public holidays to avoid disruption of 

routine immunization. Catch-up was offered on weekdays at public health centers. Coverage was 

highest in slums and low income areas.58 The major challenge with this introduction was the delay in 

subsequent phases beyond the Phase 1 campaign. Though initially planned, routine immunization 

did not follow the Phase 1 campaign due to delays and administrative hurdles making vaccine 

procurement difficult within the NMMC. Phase 2, planned to take place in 2020, has been delayed 

due to the COVID-19 pandemic.  

5.2 Pakistan  

Pakistan has implemented the first and second phases of TCV introduction with campaigns targeting 

more than 29 million children in Sindh (Phase 1) and in Islamabad and Punjab (Phase 2) combined. 
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Through routine immunization in the EPI, roughly 7 million children are eligible for TCV each year. 

Phase 1 and 2 have rolled out as planned but with delays in the latter due to the COVID-19 

pandemic. Assessment of the impact of the Pakistan TCV introduction is ongoing. In terms of 

antimicrobial resistance, review of routine typhoid surveillance data in Sindh shows a 71% decrease 

of the XDR attack rate in 2021 compared to that of 2019.82 The third phase of vaccination has been 

delayed but implementation is planned for Q4 of 2022.  

5.3 Liberia 

After multiple delays due to the COVID-19 pandemic, TCV was introduced in Liberia during a national 

campaign in April 2021. Since the campaign, TCV has been given as part of routine immunization, co-

administered at 9 months of age with dose 1 of measles-containing vaccine, and yellow fever 

vaccine. The post-campaign coverage survey showed low coverage at 63% without significant 

variation in coverage by age. The most common reasons for non-vaccination were lack of awareness 

of the campaign (43.6%) and not being present when vaccinators passed through the village (37.4%). 

Concerns about rumors of TCV being harmful were noted by 5.4% of respondents.  

5.4 Zimbabwe 

Zimbabwe conducted a nationwide TCV campaign in May 2021, which was unique in the early 

introduction because the campaign was integrated to include TCV, IPV, HPV as well as vitamin A 

supplementation. During the campaign, a qualitative evaluation including key-informant interviews 

was conducted to document priority learnings from the integrated introduction process.  

5.5 Samoa  

Samoa is a small island nation in the Polynesian region of the South Pacific Ocean. The typhoid 

disease burden and epidemiology have been very well-defined in terms of subnational and age 

stratification. The highest incidence age group for typhoid fever in Samoa is school-aged children (5-

19 years old), followed by adults 20-45 years of age. The two census regions with the highest 

incidence and burden are Northwest Upolu and the Apia Urban Area (the capital town and environs, 

on the North central coast of the island of Upolu).  The Samoa Typhoid Fever Control Program and 

the Samoa EPI designed a phased vaccination strategy targeting the populations at greatest risk with 

mass campaigns.  School-aged children in the Apia Urban Area were vaccinated first in August-

September 2021. The second phase of vaccination will target a very broad age range including 

children and adults 1 to 45 years of age.  

Routine vaccination of 12-month-old children in conjunction with measles-containing vaccine has 

been ongoing. Based on routine surveillance, as of March 2022, no case of typhoid fever in a 
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vaccinated school-aged child has been reported in the Apia Urban Area since the campaign took 

place. The continuing rollout of TCV to adults 1 to 45 years nationwide has been delayed three times 

because of arrival of COVID-19 vaccine shipments and diversion of immunization resources 

(personnel, vehicles, tablets for data collection) toward COVID-19 vaccination activities.   

Table 11:  Key best practices and lessons learned from early TCV introductions* 

BEST PRACTICES & SUCCESSES 

Coordination • Strong government political commitment  

• Strong coordination among stakeholders with a high level of political 
and financial commitment at all levels.  

• Strong national and global partner support for evidence generation to 
gain learnings from the roll-out  

Capacity-building 

among immunization 

staff 

• Training on strategies for conducting a wide-age injectable campaign 

• Additional AEFI trainings and AEFI surveillance strengthening 

Private sector 

engagement 

• Private pediatricians and general practitioners as key influencers 

• Private practitioners involved in AEFI committees  

Integration • Integrated with planned vaccination sessions at schools 

• Leveraged other EPI and public health interventions: co-
administration initiatives, mop-up vaccination sessions, national 
immunization weeks 

School-age 

vaccination as part of 

wide age-range 

campaign  

• Early/strong coordination with the Department of Education  

• Early engagement/orientation/advocacy with schools, school health 
coordinators and parents  

• School-based vaccination prioritized in the first week of vaccination 

• Vaccination of students according to their class level  

• Leveraged EPI experience with delivery of other vaccines in the school-
age group (e.g., human papillomavirus vaccine) 

Microplanning, 

reporting, monitoring 

• Capitalized on prior measles-rubella vaccination campaign experience 
for microplanning and readiness assessment (e.g., WHO tool adapted 
from measles campaigns) 

• Intensified real-time administrative data reporting and monitoring 
through use of mobile technologies 

Advocacy, 

communication, and 

social mobilization  

• Strengthened awareness in communities in advance of TCV campaigns; 
strong media involvement instrumental 

• Used effective social mobilization: strategies may be informed by key 
input from focus group discussions with pediatricians, parents and 
health workers 

• Strong health worker interpersonal skills 

CHALLENGES & LESSONS LEARNED 

Competing priorities 

related to the COVID-

• Delays due to COVID-19 priorities 

• Introduction of COVID-19 vaccines heightened vaccine misinformation 
and confusion; community members raised concerns that their 
children would be administered a COVID-19 vaccine disguised as TCV 
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19 pandemic and 

COVID-19 vaccination 

• Changing campaign dates may have reduced awareness and caused 
confusion 

Resource limitations 

 

• Insufficient human resources for large campaigns, especially skilled 
vaccinators 

• Lack of supplies including vaccination cards specific to TCV  

• Nonpayment of vaccinators for previous campaigns  

School-based 

vaccination 

 

• School closures disrupted microplans 

• School reluctance to vaccinate students without written parental 
consent 

• Crowd control and maintenance of physical distance at schools and 
other busy vaccination sites  

• Out-of-school children were difficult to target in microplanning 

• Need for increased engagement of both public and private schools, 
including training and communication materials to ensure consistent 
messaging 

Lack of acceptance 

and hesitancy 

• Vaccination refusals and misinformation circulating on social media; 
need for more robust AEFI and vaccine safety messaging 

• Myths and misconceptions about the vaccines being administered 
(campaign vaccines were assumed to be COVID-19 vaccines) 

• Insufficient distribution of education, and communication materials and 
inadequate training of county-level advocacy, communication, and 
social mobilization focal points.  

• Vaccine hesitancy among school-aged children manifested as absence 
from school during the dates of the campaign 

*Findings as reported by one or more countries after TCV introduction. Bolded items were reported 
by multiple countries. 

5.6 Global drivers and challenges for TCV introduction 

Drivers for country TCV introduction include the availability of Gavi funding since 2017 and 

increasing evidence on typhoid disease and economic burden, impact and cost effectiveness of 

vaccination as a control strategy, AMR and potential impact of TCVs.  In general, countries with 

reliable evidence of lab-confirmed typhoid appear to be earlier adopters of TCV (e.g., Pakistan, 

Zimbabwe, Nepal, Malawi). As awareness of the public health problem increases, so does political 

commitment to typhoid fever (and enteric fever) control in endemic countries.  

A sufficient supply-demand balance for TCV is expected based on the WHO Market Information for 

Access to Vaccines (MI4A) global study on typhoid vaccines, assuming all anticipated manufacturers 

enter the market.83 There is a potential risk of oversupply in the long-term once all countries have 

conducted their multi-age campaigns. However, a significant level of uncertainty exists in how 

demand will materialize and at what levels. 

Despite the existing drivers for introduction as adequate supply, the evolution of TCV use has been 

slower than expected for Gavi countries, and even slower for non-Gavi countries. COVID-19 
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competing priorities and disruptions to immunization programmes (TCV and other) have led to 

postponements in all of the early introducing countries as described above. COVID-19 vaccination 

competing priorities have generally led to postponement of new vaccine introduction decision-

making in many countries and regions.  

Another issue that may hinder countries considering a decision to introduce TCV is related to 

product selection; countries may be more hesitant to introduce with the newest product(s) with 

fewer efficacy/effectiveness, safety and impact data. This concern is common to all new vaccines as 

newer products become available. Programmatic challenges for TCV routine introduction include 

considerations for integration and potential co-administration with other new vaccines - MR, IPV, 

MenA, COVID-19 and malaria vaccines. The EPI vaccination schedule is increasingly crowded, and 

there is a need for additional data on TCV co-administration with other routine vaccines 

Lastly, countries may struggle with limited ability to articulate the value proposition of TCV 

introduction to NITAGs due to challenges with burden assessment. The Burden and Risk Assessment 

of Typhoid (BRAT) framework and tool, developed by WHO and US CDC and currently in pilot phase, 

has the potential to assist typhoid endemic countries to conduct a standardized retrospective 

assessment of existing data to inform decision-making on TCV use.  

6. Outstanding Questions and Data Needs 

6.1 TCV performance and optimal dosing schedule 

A single dose of Typbar-TCV® has been shown to be highly and consistently efficacious and effective 

in diverse settings (Malawi, Nepal, Bangladesh, Pakistan), including in children younger than 2 years 

of age, over an 18-24 month period. TCVs are safe & immunogenic in children as young as 9 months 

of age across a variety of settings. Immunogenicity results are comparable across settings where 

Typbar-TCV® efficacy has been demonstrated, and non-interference with multiple EPI vaccines 

across multiple settings has also been demonstrated. 

Data are expected on duration of immune responses for multiple TCV products/candidates, but this 

is not the same as duration of protection, as a protective immunological threshold has not yet been 

established. Four years of duration of protection data are expected from the TyVAC trial in Malawi 

and eventually the THECA trials. Work is ongoing to identify a correlate of protection.84   

Additional data on duration of protection and how it varies by age of initial administration are 

critical to assess need for and optimal timing of booster doses of TCV. Longer-term immunogenicity 

data for single dose and 2-dose primary vaccination as compared to primary + booster doses (on 
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various intervals) are being generated for several TCVs but understanding duration of protection and 

need for booster dose will require longer-term efficacy/effectiveness evaluations, potentially 

comparing different booster dosing schedules. In addition, such data may be crucial to generating 

country demand, particularly for newer TCVs. 

6.2 Operational research questions  

Evaluation of different campaign strategies such as combined campaigns with TCV and other 

vaccines and/or targeting different target age ranges could be useful. The current recommendation 

for catch-up campaigns targeting children 9 months to 15 years of age was informed in part by cost-

effectiveness analyses. It could be more cost-effective to immunize a broader age group in some 

settings, depending on local epidemiology. 
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Purpose of review

Momentum for achieving widespread control of typhoid fever has been growing over the past decade.
Typhoid conjugate vaccines represent a potentially effective tool to reduce the burden of disease in the
foreseeable future and new data have recently emerged to better frame their use-case.

Recent findings

We describe how antibiotic resistance continues to pose a major challenge in the treatment of typhoid
fever, as exemplified by the emergence of azithromycin resistance and the spread of Salmonella Typhi
strains resistant to third-generation cephalosporins. We review efficacy and effectiveness data for TCVs,
which have been shown to have high-level efficacy (�80%) against typhoid fever in diverse field settings.
Data from randomized controlled trials and observational studies of TCVs are reviewed herein. Finally, we
review data from multicountry blood culture surveillance studies that have provided granular insights into
typhoid fever epidemiology. These data are becoming increasingly important as countries decide how best
to introduce TCVs into routine immunization schedules and determine the optimal delivery strategy.

Summary

Continued advocacy is needed to address the ongoing challenge of typhoid fever to improve child health
and tackle the rising challenge of antimicrobial resistance.
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INTRODUCTION

Typhoid fever remains a major public health chal-
lenge in low-resource settings. The nature of this
challenge is highlighted by the persistent high-level
morbidity and mortality across several regions,
coupled with emergence of extensively drug-resist-
ant (XDR) isolates of Salmonella enterica subspecies
enterica serovar Typhi (S. Typhi). In many settings,
treatment options are now severely limited, validat-
ing its status as a priority pathogen for antimicrobial
resistance research.

Fortunately, the development, testing, and roll-
out of highly effective typhoid conjugate vaccines
(TCVs) offer one effective tool to achieve meaning-
ful disease control in the foreseeable future. In this
review, we will highlight new research develop-
ments in typhoid fever epidemiology, diagnosis,
treatment, and prevention since the publication
of our previous review [1]. We will provide an over-
view of areas of ongoing study and identify knowl-
edge gaps that need to be addressed to ensure that
the global health community consolidates the gains
made over the past decade.
BURDEN OF DISEASE

The past decade has seeen marked refinements in
estimates of typhoid fever incidence, including from
systematic reviews, modelled estimates, and popu-
lation surveillance studies [2–4,5

&&

,6
&&

]. Most of
these studies have demonstrated a trend towards
declining global incidence over the past 20 years,
albeit with sustained high rates of disease in
several regions.

Investigators from the Institute for Health Met-
rics and Evaluation have updated modelled
Volume 35 � Number 5 � October 2022



KEY POINTS

� Typhoid fever remains a major public health challenge
in low-resource settings, and several recent surveillance
studies have allowed for refined estimates of
disease burden.

� The emergence of azithromycin-resistant and ESBL-
producing strains of Salmonella Typhi presents a
challenge to effective treatment.

� Typhoid conjugate vaccines (TCV) have demonstrated
high-level efficacy and effectiveness in diverse
field settings.

� Typhoid conjugate vaccines are being
programmatically deployed in high-burden settings and
offer the potential to reduce morbidity, mortality, and
antimicrobial resistance.

Typhoid fever control in the 21st century Carey et al.

D
ow

nloaded from
 http://journals.lw

w
.com

/co-infectiousdiseases by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbs

IH
o4X

M
i0hC

yw
C

X
1A

W
nY

Q
p/IlQ

rH
D

3i3D
0O

dR
yi7T

vS
F

l4C
f3V

C
4/O

A
V

pD
D

a8K
2+

Y
a6H

515kE
=

 on 09/20/2022
estimates for S. Typhi, indicating that it was respon-
sible for 9.24 million cases [95% confidence interval
(CI) 5.94–14.13], 8.05 million (3.86–13.93) disabil-
ity-adjusted life years (DALYs), and 110029 (95% CI
52810–191205) deaths in 2019. This is compared
with an estimated more than 20 million annual
cases in 1990 [3]. The highest burden of disease is
estimated to be in children 5–9years of age, fol-
lowed by 10–14-year-olds and 1–4-year-olds.

Several multicountry, standardized, popula-
tion-based blood culture surveillance studies have
improved our overall understanding of typhoid
fever incidence [4,5

&&

,6
&&

]. The Surveillance for
Enteric fever in Asia Project (SEAP) was a prospec-
tive blood culture surveillance study conducted at
five hospitals in Bangladesh, Nepal, and Pakistan
[6

&&

]. They employed a hybrid surveillance model,
combining hospital-based blood culture surveil-
lance and healthcare-utilization surveys, to esti-
mate the burden of disease. High rates of disease
were observed at all sites. After adjusting for blood
culture sensitivity, probability of consent and
blood sampling, probability of care-seeking at a
study facility, and wealth and education multi-
pliers, the authors presented adjusted estimated
incidence of typhoid fever (adjusted) was as high
as 1110 per 100000 person-years in Dhaka, Bangla-
desh; 330 per 100000 person years in Kathmandu,
Nepal; 271 per 100000 person years in Kavrepalan-
chok, Nepal, and 126–195 per 100 000 person years
in Karachi, Pakistan.

The Strategic Typhoid Alliance across Africa and
Asia (STRATAA) study employed multicomponent
passive febrile illness surveillance study in three
densely populated urban sites in Bangladesh, Nepal,
and Malawi [5

&&

]. After adjusting for blood culture
0951-7375 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese
sensitivity, probability of receiving a blood culture
and health-seeking behaviour, the authors pre-
sented adjusted estimates for typhoid fever of
1062 cases per 100000 person-years of observation
in Kathmandu, Nepal; 1135 cases per 100000 per-
son-years in Dhaka, Bangladesh and 444 cases per
100000 person-years in Blantyre, Malawi. Burden of
disease estimates were even higher when defined
using serological surveillance.

Collectively, all studies to date have consis-
tently demonstrated a high burden of typhoid fever
in South and South-East Asia. New data suggested
higher than previously thought incidence rates in
parts of sub-Saharan Africa [5

&&

,7], which will be
further refined by data from the upcoming Severe
Typhoid Fever in Africa (SETA) study [4]. Accurate
estimates of disease burden are becoming increas-
ingly important given the advent of new
control strategies such as TCVs, as countries decide
how best to introduce TCVs into routine immuni-
zation schedules and determine the optimal deliv-
ery strategy.
IMPROVED DIAGNOSTICS FOR
SURVEILLANCE

There is an ongoing need to develop and validate
rapid, low-cost diagnostics for surveillance of
typhoid fever. The current de facto gold-standard
remains blood culture, which is routinely used in
clinical practice (wherever available) and is recom-
mended for routine surveillance of typhoid fever by
the WHO. Blood culture diagnostics have several
limitations, including: prolonged time-to-result;
moderate sensitivity (40–60%, depending on prior
antibiotic consumption and volume of blood
drawn [8]), and the need for significant training
and a consistent supply chain [9]. Novel, rapid
diagnostics could facilitate appropriate antimicro-
bial prescribing practices as well as to improve
local, regional, and global estimates of disease bur-
den.

New approaches to serological surveillance
using novel serological markers of infection and/
or carriage (such as HlyE and CdtB) are being vali-
dated in multiple sites where blood culture surveil-
lance is also ongoing and appear promising
[10

&&

,11]. Approaches to validating standardized
methods for detection of S. Typhi in environmental
samples are also under evaluation in Blantyre,
Malawi, and Vellore, India [12]. In the future, these
approaches could potentially help fill regional data
gaps, inform decision-making around TCV intro-
duction, and could also be expanded to include
surveillance of other epidemiologically relevant
pathogens.
rved. www.co-infectiousdiseases.com 425
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TREATMENT
Extended-spectrum cephalosporins are an impor-
tant treatment option for enteric fever, particularly
following the emergence of multidrug resistance
(MDR) and fluoroquinolone resistance [13,14].
Since 2016, an outbreak of XDR S. Typhi has been
identified in Pakistan, caused by an H58 clade har-
bouring MDR resistance, fluoroquinolone resist-
ance, and extended-spectrum cephalosporin
resistance, acquired through a plasmid encoding
the blaCTX-M-15 gene [15]. Over 15000 XDR cases
have been reported from Pakistan since then, with
spread from the Sindh province to other areas in
Pakistan [16]. Although XDR S. Typhi is not cur-
rently endemic in other countries, multiple coun-
tries have reported imported cases in travellers
returning from Pakistan, highlighting the risk of
further spread [17–25].

Third-generation cephalosporin resistance in S.
Typhi isolates distinct from the XDR strain have also
been reported. Case reports of S. Typhi encoding
extended spectrum beta lactamase (ESBL) blaCTX-M-

15 have been reported from Democratic Republic of
Congo and in travellers from Iraq [26,27]. Multiple
reports from India describe ESBL isolates that carry
plasmids, which encode blaSHV-12, blaCMY-2, blaACC-1,
and blaDHA-1 mutations [28

&

]. Although cephalo-
sporin resistance is not currently widespread (<5%
of global strains), cases are increasing. The emer-
gence of new, independent, mutations is concern-
ing. The emergence of XDR S. Typhi can be
considered an inflection point in typhoid fever con-
trol, providing an impetus to roll out TCVs more
broadly to address the challenge of antimicrobial
resistance [29

&&

,30].
Azithromycin is now the suggested treatment

option for uncomplicated XDR or ESBL S. Typhi in
endemic and nonendemic settings [31,32]. The
emergence of azithromycin resistance is a major
cause for concern. Resistant isolates have been
reported in multiple settings, including Bangladesh
[33], Pakistan [34], Nepal [35], India [36

&

], Singapore
[37], and Samoa [38]. Resistance is largely mediated
by a point mutation in the acrB gene, which codes
for an efflux pump. These mutations have appeared
independently in multiple genetically distinct line-
ages and appear to be concentrated in areas with
significant antimicrobial selection pressure where
azithromycin is increasingly used as first-line treat-
ment for typhoid and other blood stream infections.
Programmatic distribution of azithromycin in some
areas of the world, for example, mass administration
for trachoma prevention and elimination, may fur-
ther contribute to this, highlighting the need for
ongoing genomic surveillance and monitoring in
these settings and more broadly.
426 www.co-infectiousdiseases.com
Carbapenems are now increasingly used to treat
drug-resistant enteric fever. There are no random-
ized controlled trials evaluating the use of merope-
nem in enteric fever; however, observational data
suggest it is effective as a treatment [39]. The use of
carbapenems is limited by cost and the need to give
them intravenously. Newer oral carbapenems such
as tebipenem may be an effective option in the
future, but further clinical trials are needed [40].
CARRIAGE

Chronic gallbladder carriage of S. Typhi remains
poorly understood. Genomic studies of gallbladder
isolates show that carriage isolates have comparable
genotype distributions to circulating blood culture
isolates in the same setting – including MDR strains
[41

&

,42]. Carriage isolates appear to have higher
rates of mutations in membrane lipoproteins, trans-
port proteins, surface antigens, and genes involved
in polysaccharide synthesis [41

&

,42]. A recent 3-year
case–control study in an informal settlement of
Nairobi, Kenya estimated a chronic carriage rate
of 1.1% in children aged 16years or less, highlight-
ing a role for paediatric carriage in onward trans-
mission in this setting [42]. There is limited available
data to suggest treatment options for chronic car-
riage in an era of high fluroquinolone resistance
[43]. A 28-day course of azithromycin can be used
to treat fluoroquinolone-resistant carriers, although
there is no trial evidence to assess this. Understand-
ing how to diagnose and treat enteric fever chronic
carriers remains a neglected area of research.
THE ERA OF TYHPOID CONJUGATE
VACCINES

In 2017, SAGE issued updated policy recommenda-
tion for the use of typhoid vaccines in endemic coun-
tries. For the first time, this included a
recommendation for programmatic use of TCVs in
children aged under 2 years [44]. The SAGE recom-
mendation was based primarily on safety and immu-
nogenicity data [45,46

&

], supported by evidence of
efficacy in human challenge studies conducted in
healthy adults [47], in the context of efficacy data
from earlier generation TCVs [48]. The most studied
TCV is a Vi polysaccharide-tetanus toxoid (Vi-TT)
conjugate vaccine Typbar-TCV, manufactured by
Bharat Biotech (Hyderabad, India). Typbar-TCV has
beenshowntobewell toleratedandimmunogenicon
children as young as 6months of age [46

&

] and was
prequalified in December 2017. TYPHIVEV – a Vi-
CRM197 conjugate manufactured by Biological E
(Pune, India) – has a comparable safety and immu-
nogenicity profile to Typbar TCV [49] and received
prequalification in December 2020.
Volume 35 � Number 5 � October 2022
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Pivotal efficacy and effectiveness data for Typ-
bar-TCV were generated by the Typhoid Vaccine
Acceleration Consortium (TyVAC), led by the Cen-
ter for Vaccine Development and Global Health at
the University of Maryland School of Medicine, the
Oxford Vaccine Group at the University of Oxford,
and PATH. The TyVAC consortium evaluated Typ-
bar-TCV in three large postlicensure efficacy and
effectiveness studies – individually randomized tri-
als in Malawi [50

&&

] and Nepal [51], alongside a
cluster-randomized trial in Bangladesh [52

&&

]. Each
trial had a unique design, but point estimates for
efficacy against culture-confirmed typhoid fever
were approximately 80% at 18–24months in all
study sites. High-level results are detailed in Table 1.

Previous studies have demonstrated some evi-
dence for indirect protection conferred by Vi-poly-
saccharide vaccines [53]. The TyVAC investigators
assessed whether Typbar-TCV conferred indirect
protection in the Bangladesh cluster randomized
trial [52

&&

]. They compared the incidence of typhoid
fever among unvaccinated persons in Typbar-TCV
clusters compared with unvaccinated persons in
Japanese Encephalitis vaccine clusters. In this study,
there was no evidence of significant indirect pro-
tection conferred by the typhoid conjugate vaccine.
The authors noted that the studywas not adequately
powered to assess the anticipated level of herd pro-
tection (20%), and any indirect protectionmay have
been diluted in the densely populated clusters. A
cluster randomized trial of Typbar-TCV is currently
underway in Asante-Akim, Ghana, which is antici-
pated to generate additional data on indirect pro-
tection in a different epidemiological context [54].

Several observational studies have since rein-
forced data on the effectiveness of TCVs (Table 1)
[29

&&

,30,55,56]. The Navi Mumbai Municipal Corpo-
ration (NMMC)conducted thefirstpublic-sectorTCV
campaign with Typbar-TCV in 2018.[55] Vaccine
effectiveness was estimated using a case–control
design among age-eligible residents in urban health
centres with typhoid fever, and age-matched and
time-matched controls were randomly selected from
a population-based household survey. Seven (17%)
cases and 86 (51%) controls reported having received
TCV, yielding an adjustedodds ratioof 0.184 (95%CI
0.074–0.46; P¼0.0003), equivalent to an effective-
ness estimate of 81.6% (95% CI 54–92.6%).

Following an outbreak of XDR S. Typhi inHyder-
abad, Pakistan, a reactive vaccination campaign
using Typbar-TCV was conducted from February
to December 2018, covering 207000 children
6months to 10years of age [29

&&

]. A household
census was conducted at baseline and active blood
culture surveillance was established in hospitals,
clinics, and laboratories. The vaccine effectiveness
0951-7375 Copyright © 2022 Wolters Kluwer Health, Inc. All rights rese
analysis included 24407 children from the census
registry and surveillance system, 13436 of whom
had received TCV. In this cohort study, Typbar-TCV
was 55% effective (95% CI 52–57) against suspected
typhoid fever, 95% (93–96%) effective against blood
culture-confirmed typhoid fever and 97% (95–98%)
effective against XDR S. Typhi in 6-month-olds to
10-year-olds.

Amass vaccination campaign using Typbar-TCV
was also conducted in Lyari Town (an urban slum
neighbourhood of Karachi, Pakistan) in response to
the spread of XDR typhoid to this area. Effectiveness
was evaluated using a matched case–control design
[30]. Surveillance was conducted at three hospitals
from August to December 2019, and children aged
6months to 15years presenting to a study facility
with blood culture-confirmed S. Typhi were counted
as cases. For each case, at least one age-matched
afebrile facility control and two age-matched afe-
brile community controls were enrolled. Of the 82
confirmed typhoid cases, 8 (9.8%) had received
TCV. Among the 163 community controls and 82
facility controls, 23.2 and 32.9% had received TCV,
respectively. The age-adjusted and sex-adjusted TCV
effectiveness was 72% (95% CI 34–88%).

Immunogenicity data for TCVs appear promis-
ing. A single dose of Typbar-TCV induces durable
anti-Vi IgG above baseline out to 5years [46

&

]. The
significance of anti-Vi IgG in conferring protection
is yet to be determined, and work is ongoing to
better define correlates of protection. The immuno-
genicity of Typbar-TCV is comparable across all
study sites where efficacy has been demonstrated,
although results may vary by local epidemiology
owing to natural boosting. TyVAC investigators also
conducted immunogenicity and co-administration
studies in infants and toddlers in Burkina Faso. The
available data have shown no evidence of TCV
interference with multiple EPI vaccines, across
diverse settings [57,58].

There is currently a comparatively robust TCV
development pipeline. Four companies have pro-
grammes with a TCV candidate with phase III clin-
ical trials ongoing or completed – BioTCV [Vi
polysaccharide conjugated to diphtheria toxoid
(Vi-DT), PT Biofarma, Indonesia], EuTYPH-C (Vi-
CRM197, EuBiologics, South Korea) [59], SKYTy-
phoid (Vi-DT, SK Bioscience, South Korea) [60],
and ZYVAC TCV (Vi-TT, Zydus Cadila, India,
licensed in India). All four manufacturers are seek-
ingWHOprequalification. This bodeswell for future
supply security as part of a healthy market frame-
work. Licensure and prequalification of these vac-
cines will likely be based on safety and
immunogenicity data that demonstrate noninfer-
iority compared with Typbar-TCV. Additional
rved. www.co-infectiousdiseases.com 427



Table 1. overview of efficacy and effectiveness data for Typbar-TCV

Study site Design
Control vaccine/
control group Age

Number
vaccinated

Duration
follow-up

Vaccine efficacy
or effectiveness
(95% CI)a Reference

Lalitpur,
Nepal

Individually
randomized

Meningococcal
capsular group
A conjugate
vaccine

9 months to
16 years

20019 24 months 79.1%
(62.0--88.5)

[61]

Blantyre,
Malawi

Individually
randomized

Meningococcal
capsular group
A conjugate
vaccine

9 months to
12 years

28130 18--24 months 83.7%
(68.1--91.6)

[50&&]

Dhaka,
Bangladesh

Cluster
randomized

SA 14--14-2
Japanese
encephalitis
(JE) vaccine

9 months to
16 years

67395 24 months 85%
(76.0--91.0)

[52&&]

Observational studies

Navi Mumbai,
India

Case--control
(routine
immunization)

Community
controls

9 months to
14 years

160000 15 months 80.2%
(53.2--91.6)

[55]

Karachi,
Pakistan

Case--control
(outbreak
response
campaign)

Facility and
community
controls

6 months to
15 years

87993 4 months 72%
(34--88)

[30]

Hyderabad,
Pakistan

Cohort study
(outbreak
response
campaign)

Community
controls

6 months to
10 years

207000 18 months 95%
(93--96)

[29&&]

Harare,
Zimbabwe

Case--control
(outbreak
response)

Community
controls

Facility controls

6 months to
15 years

320000 18 months 75% (1--94)
84% (57--94)b

[56]

aBlood culture-confirmed typhoid fever.
bEfficacy in 6months to 45 year cohort compared with community controls was 67% (95% CI 33--83) Bangladesh [52

&&
] and individually-randomized trials in

Malawi [50
&&

] and Nepal [51].
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 studies demonstrating efficacy or effectiveness
against clinical disease may have an impact on
country product preferences.

TCVs have been introduced into routine child-
hood immunization programmes in six countries to
date. The first public sector TCV introduction was
conducted at a subnational level in India in the Navi
Mumbai Municipal Corporation and included an
effectiveness and safety evaluation (Table 1). Paki-
stan was the first country to initiate a Gavi-sup-
ported national introduction in 2019, followed by
Liberia (2021), Zimbabwe (2021), and Nepal (2022).
Malawi also plans to introduce TCV with Gavi sup-
port in 2022. The Samoan government initiated a
self-financed TCV introduction in 2021.
KNOWLEDGE GAPS AND FUTURE
DIRECTIONS

Additional data are expected in the next 12–
18months that will help to inform TCV-
428 www.co-infectiousdiseases.com
deployment decisions. It is important to under-
stand the duration of protection conferred by a
single dose of a TCV and whether a booster dose
is needed. As the TCV pipeline expands, it will be
important to establish whether different TCV prod-
ucts can be used interchangeably as part of a pri-
mary dose with booster regimen, as countries may
switch TCV products because of supply limitations,
vaccine price, or availability of new data. Laying the
groundwork to interrogate these questions now
would seem logical rather than waiting until the
need for a booster dose is definitively established, as
setting up and conducting interchangeability stud-
ies will take time. Additionally, further studies are
required to assess if efficacy varies depending on
the initial age of administration and the back-
ground burden of disease, which may impact
natural boosting.

Identification of a correlate of protection [62]
could accelerate testing and postlicensure assess-
ments of newer vaccines, which could create
Volume 35 � Number 5 � October 2022
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additional demand for newer TCVs, but this may
not be feasible in the short-term.

Understanding the impact of TCVs on AMR is
also an important research need. There are several
ways to potentially assess this – through measure-
ments focused on pathogens in people (e.g. measur-
ing the impact of TCV on incidence of infections
caused by drug-resistant S. Typhi), or on antimicro-
bials (e.g. measuring the impact of TCV on antimi-
crobial consumption or use), or the environment
[e.g. measuring impact of TCV introduction on
prevalence of antimicrobial resistance genes (ARGs)
in pooled environmental samples]. With the
increasing prevalence and severity of AMR in circu-
lating S. Typhi, particularly in South Asia, establish-
ing the impact of TCV on AMR will be important in
demonstrating the full public health value of TCVs,
and guidance to countries for how best to measure
this would be valuable.
CONCLUSION

In our previous review, we noted that several
opportunities for achieving control of typhoid have
been missed in the past [1]. The global health
community is entering a new stage where we have
high-level efficacy data for TCVs and a robust pipe-
line in development, allied with financial and reg-
ulatory support. Nevertheless, TCVs have been
adopted in only small number of countries to date,
and uptake has arguably been slower than antici-
pated in both Gavi and non-Gavi countries –
driven in part by limited evidence of typhoid dis-
ease and economic burden in some countries, the
COVID-19 pandemic, and other competing prior-
ities. There is little room for complacency, and
continued advocacy is needed to address the
ongoing challenge of typhoid fever to improve
child health and tackle the rising challenge of
antimicrobial resistance.
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Abstract

Typhoid fever epidemiology was investigated rigorously in Santiago, Chile during the 1980s,

when Salmonella enterica serovar Typhi (S. Typhi) caused seasonal, hyperendemic dis-

ease. Targeted interventions reduced the annual typhoid incidence rates from 128–220

cases/105 population occurring between 1977–1984 to <8 cases/105 from 1992 onwards.

As such, Santiago represents a contemporary example of the epidemiologic transition of an

industrialized city from amplified hyperendemic typhoid fever to a period when typhoid is no

longer endemic. We used whole genome sequencing (WGS) and phylogenetic analysis to

compare the genotypes of S. Typhi cultured from acute cases of typhoid fever occurring in

Santiago during the hyperendemic period of the 1980s (n = 74) versus the nonendemic

2010s (n = 80) when typhoid fever was rare. The genotype distribution between “historical”

(1980s) isolates and “modern” (2011–2016) isolates was similar, with genotypes 3.5 and 2

comprising the majority of isolations, and 73/80 (91.3%) of modern isolates matching a

genotype detected in the 1980s. Additionally, phylogenomically ‘ancient’ genotypes 1.1 and

1.2.1, uncommon in the global collections, were also detected in both eras, with a notable

rise amongst the modern isolates. Thus, genotypes of S. Typhi causing acute illness in the

modern nonendemic era match the genotypes circulating during the hyperendemic 1980s.
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The persistence of historical genotypes may be explained by chronic typhoid carriers origi-

nally infected during or before the 1980s.

Author summary

Studies of Salmonella Typhi (the cause of typhoid fever) rarely include isolates collected

both before and after the interruption of hyperendemic transmission because this typically

occurred decades before modern bacteria preservation methods. After substantial reduc-

tion in disease, it was assumed that sporadic cases and infrequent outbreaks were due to

either chronic biliary carriers or importations, but this was difficult to characterize with

low resolution bacterial typing methods. In Santiago, Chile, typhoid fever persisted at

hyperendemic levels through the 1980s until organized control efforts in the 1980s and

changes to wastewater policy in 1991 caused annual typhoid incidence to plummet.
In this study, we used whole genome sequencing (WGS) to investigate whether recent

sporadic cases occurring in Santiago in the 2010s were genomically similar to S. Typhi cir-

culating in the 1980s, or dissimilar, possibly representing importations of S. Typhi from

outside of Chile. We found concordance amongst S. Typhi genotypes between the 1980s

and 2010s, and differences from genotypes circulating in Southeast Asia and Africa where

typhoid remains hyperendemic. Our findings suggest that a proportion of modern, rare

typhoid cases in Santiago are autochthonous, and that chronic carriers or another

unknown reservoir likely contribute. Broadly, our findings corroborate the epidemiologic

importance of long-term reservoirs of typhoid fever decades after typhoid elimination.

Introduction

Typhoid fever is a systemic infection, caused by the bacterium Salmonella enterica subspecies

enterica serovar Typhi (S. Typhi), which is spread through ingestion of food and water contami-

nated with human faeces containing S. Typhi. Typhoid fever in Santiago, Chile rose to hyper-

endemic levels in the mid-1970s with a striking annual incidence of 177–220 cases per 105 popula-

tion per year from 1977–1983, partially declined during the years 1984–1991 (51–128 cases/105

per year), and finally plummeted below 8 cases/105 per year after 1991, reaching nonendemic lev-

els of ~0.5/105 in 2012 [1]. During the hyperendemic years, the highest incidence rate was

observed in school age children, and case numbers peaked in the rainless summer months [2]. To

address this public health issue, in 1979 the Ministry of Health of Chile implemented a Typhoid

Fever Control Program involving strategic preventive interventions including large-scale field tri-

als of live oral typhoid vaccine Ty21a in>500,000 schoolchildren [3–6], and identification and

treatment of chronic carriers among food handlers [7]. Collectively, these interventions led to a

steady decline in typhoid cases between 1983 and 1990 [3–6,8].

Epidemiologic and environmental bacteriology studies in the 1980s undertaken by the Chilean

Typhoid Fever Control Program also implicated the use of raw untreated sewage water for irriga-

tion of vegetable crops during the rainless summer months as a key risk factor responsible for

amplified transmission of S. Typhi in Santiago [8,9]. In April 1991, the government of Chile

abruptly prohibited the practice of irrigating crops with untreated sewage wastewater in Santiago

[1,8,10,11]. This action was taken following the explosive epidemics of El Tor cholera in 1991 that

occurred in neighbouring countries to the North, including in Peru, beginning in late January

[12,13], followed by Ecuador in February [13], and Colombia in March [13]. The pivotal stimulus
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for the intervention was a small outbreak of cholera in Santiago, Chile, in April, 1991 [1,8,10,11].

Following imposition and strict enforcement of the prohibition of use of untreated sewage water

for irrigation, the Santiago cholera epidemic quickly came to an end [10,11], and the incidence of

typhoid dropped precipitously in subsequent years [1,8,10]. From 2000–2014, the annual inci-

dence of confirmed typhoid fever in Santiago has ranged from 0.20–1.18 cases/105 population.

The current rare sporadic cases of typhoid in Santiago include illnesses among: travellers who

visit countries with high incidence rates of typhoid; immigrants from typhoid-endemic countries;

and transmission from Chilean chronic carriers who were originally infected decades earlier (pre-

1991) during the era of hyperendemic transmission.

Phylogenetic analysis of whole genome sequencing (WGS) data has become the gold stan-

dard for inferring relatedness between S. Typhi isolates [14]. WGS can also be used to assign

genotypes, identify and characterize plasmids, compare gene content and homology, and iden-

tify molecular determinants of antibiotic resistance and virulence [15,16]. Whereas WGS data

from many global isolates are available, few bacterial collections include isolates from both

before and after the interruption of amplified hyperendemic typhoid fever. Also, WGS-derived

information concerning the genotypes isolated from typhoid fever cases in South American

countries is scarce. The majority of publicly available sequenced isolates come from hyperen-

demic regions in South Asia and East Africa where H58 (4.3.1) genotypes dominate [17].

Herein we describe a genomic analysis of S. Typhi isolates from Santiago, Chile from two

distinct epidemiologic periods: the early 1980s (N = 74), when typhoid was hyperendemic, and

from 2010–2016 (N = 80), a quarter century after the interruption of amplified transmission of

S. Typhi in Santiago. We show that the genotypic composition of the population structure is

similar between these two periods, even though the local epidemiology has changed drastically.

In addition, we describe a potential carrier-related cluster of the “ancient” 1.1 clade, and the

identification of a new variant of plasmid pHCM2 carried by 2 isolates of another ancient

genotype (1.2.1).

Material and methods

Study design

In total, 74 “historical” isolates of S. Typhi from cases of acute typhoid fever in Santiago, Chile

in the period 1981 to 1986, during the era of hyperendemic typhoid, were obtained from the

culture collection of the Center for Vaccine Development and Global Health of the University

of Maryland, Baltimore. “Modern” S. Typhi isolates (n = 80) were strains collected from acute

cases of typhoid fever and referred to the Instituto de Salud Pública de Chile (ISP, Institute of

Public Health) by clinical microbiology laboratories from 2011–2016; these referred strains

were generally accompanied by only limited demographic and clinical information.

DNA extraction and sequencing

DNA was isolated from the 154 S. Typhi isolates using the Norgen DNA extraction kit as per

the manufacturer’s instructions. Genomic DNA was sequenced by Illumina HiSeq at the Well-

come Sanger Institute, generating 125 bp paired reads. Raw read data were deposited in the

European Nucleotide Archive and individual accession numbers are listed in S1 Table.

Assembly, mapping, SNP-calling and genotype assignment

Raw Illumina reads were assembled using Velvet v1.2 via the Wellcome Sanger Institute auto-

mated analysis pipeline [18]. Sequenced reads were mapped and annotated, single nucleotide

polymorphisms (SNPs) were called against the S. Typhi CT18 reference genome [19] using
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SMALT v0.7.4 and subsequent variant calling was carried out as previously described [20].

Genotypes were assigned using GenoTyphi (v1.9.0) [14,16].

Phylogenetic analysis

Previously defined [21–23] recombinant regions such as prophages and plasmids were excluded

manually, and any remaining recombinant regions were filtered using Gubbins (v2.5.0) [24]. The

resultant core genome alignment was used to infer Maximum Likelihood (ML) phylogenies using

RAxML (v8.2.8) [25], specifying a generalized time-reversible model and a gamma distribution to

model site-specific rate variation (GTR+ Γ substitution model; GTRGAMMA in RAxML) with

100 bootstrap pseudoreplicates used to assess branch support. SNP distances for the core genome

alignment of all the strains have also been calculated from this alignment using snp-dists package

(available at: https://github.com/tseemann/snp-dists). Resulting phylogenies were visualized with

iTOL [26] and are available for interactive inspection on Microreact [27] (https://microreact.org/

project/j25cGgoVX8ixQCRstPVhgo-chile-1980-2010).

Molecular determination of AMR, plasmids and virulence genes

Raw read data were screened using SRST2 v0.2.0 [15] with the ARG-ANNOT [28], PlasmidFinder

[29], and Salmonella Virulence Factor DB databases [30] to detect known and putative antimicro-

bial resistance (AMR) genes, known plasmid replicons, and known virulence-associated genes,

respectively. Homology cutoffs of 90% nucleotide similarity were used for all SRST2 screens.

Plasmid pHCM2 sequences were assembled with Unicycler [31], and the circularised

sequences extracted from de bruijn assembly graphs with Bandage (v0.8.1) [32]. These were

then compared with the pHCM2 reference sequence (accession no: AL513384) using Artemis-

ACT [33] and visualized with EasyFig [34].

Results

S. Typhi genotypes in Santiago, Chile

Genotypic analysis indicated that most of the isolates from Santiago in this study belonged to

genotypes 2 (n = 43, 27.9%), 3.5 (n = 51, 33.1%) and 1.1 (n = 22, 14.3%) (Table 1). While these

Table 1. S. Typhi genotypes detected in isolates from acute clinical cases in Santiago, Chile during the hyperen-

demic 1980s versus the nonendemic 2010s.

1983–1986 2011–2016 TOTAL

1.1 2 (2.7%) 20 (25%) 22 (14.3%)

1.2.1 1 (1.4%) 5 (6.3%) 6 (3.9%)

2 30 (40.5%) 13 (16.3%) 43 (27.9%)

2.0.2 11 (14.9%) 5 (6.3%) 16 (10.4%)

2.2 - 3 (3.8%) 3 (1.9%)

2.3.2 1 (1.4%) 1 (1.3%) 2 (1.3%)

2.3.3 1 (1.4%) 1 (1.3%) 2 (1.3%)

2.3.4 1 (1.4%) - 1 (0.6%)

3.1 1 (1.4%) - 1 (0.6%)

3.3 - 1 (1.3%) 1 (0.6%)

3.5 25 (33.8%) 26 (32.5%) 51 (33.1%)

4.1 1 (1.4%) 2 (2.5%) 3 (1.9%)

4.3.1.1 - 2 (2.5%) 2 (1.3%)

4.3.1.2 - 1 (1.3%) 1 (0.6%)

TOTAL 74 80 154

https://doi.org/10.1371/journal.pntd.0010178.t001
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three genotypes were the most prevalent, we also detected 11 additional distinct genotypes

across the two time periods. These include three previously described importations of isolates

belonging to H58 genotypes 4.3.1.1 and 4.3.1.2 [35].

The genomic population structure of S. Typhi in Santiago appeared highly consistent

between the hyperendemic and post-hyperendemic eras (Fig 1). Both rare “ancient” genotypes

1.1 and 1.2.1, as well as more commonly found genotypes 2 and 3.5, were frequently present

across both study periods. Despite several decades having passed since the cessation of the era

of hyperendemic transmission, most of the post-2010 sporadic S. Typhi isolates shared boot-

strap-supported phylogenetic clusters with the 1980 hyperendemic isolates. Only within geno-

type 1.1 did recent and historical sequences form independent clusters. The intermingling of

historical and recent sequences suggests that the 2010s isolates originated from progenitors

within the same pool of S. Typhi circulating in the 1980s.

Amongst the 151 non-H58 isolates, few antimicrobial resistance mechanisms were

detected. One genotype 2.0.0 isolate carried a tetB gene, known to encode a mechanism of

resistance to tetracyclines (albeit not an antibiotic of clinical relevance for treatment of typhoid

fever). Two genotype 2.2 isolates and one genotype 4.1 isolate had single non-synonymous

point mutations in the Quinolone Resistance Determining Region (QRDR) of genes gyrA and

gyrB, associated with reduced susceptibility to fluoroquinolones [36]; in the late 1980s, cipro-

floxacin was the antibiotic of choice for treating patients with typhoid fever. Only 17 candidate

plasmids were detected across all the isolates, including a Colicin plasmid, three related to plas-

mid pHCM2 and 13 of incompatibility type IncX1 (Fig 1).

Global transmission dynamics

To better understand how this local population structure fits into the global context of S.

Typhi, a maximum likelihood phylogenetic tree was generated using a total of 2,013 non-H58

S. Typhi genomes from approximately 70 countries (Fig 2). The S. Typhi isolates from Santiago

of genotypes 3.5, 2, 1.1 and 1.2.1 clustered together and were genetically distinct from those

sequenced previously from other countries. The other genotypes present in Santiago were

mostly found on long branches, indicating significant differentiation from their closest rela-

tives in the global context phylogeny.

“Ancient” S. Typhi clades endemic to Chile

Two of the clades common in our dataset, 1.1 and 1.2, are found closer to the root of the global

S. Typhi tree and thus can be considered “ancient” clades, which are detected with very low

global frequency. Of the 1.1 isolates (n = 22), two were from the 1980s collection (Fig 3). Only

six other isolates, 0.3% of the global collection described by Wong et al [14], belonged to clade

1.1. Interestingly, a cluster of closely related genotype 1.1 S. Typhi isolates was detected in the

years 2011 (1 isolate) and 2012 (19 isolates). These isolates also exhibit lower genetic variation

(median SNP distance of 8) than those observed among the two 1980s 1.1 isolates (119 SNPs).

The smallest SNP distance between a 1980s 1.1 isolate and a 2010s 1.1 isolate was 79 SNPs.

This suggests the 2011–2012 isolates have a recent common ancestor.

We sought to determine if there was a specific virulence gene associated with the 2011–

2012 genotype 1.1 cluster, using SRST2 with the Salmonella VFDB. Although there were no

additional or missing virulence factor-associated genes detected, this screening did reveal that

all of the genotype 1.1 isolates from 2011–2012 cluster harboured a SNP in the ssrA gene. The

alignment of this gene revealed the same missense mutation (G to A at position 1648968 of

CT18, causing a glycine to glutamic acid amino acid change) in the ssrA gene (ssrA-G639E),

(Fig 3).
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Fig 1. Genotypes and molecular determinates of AMR and plasmids in the Santiago collection. SNP based

maximum likelihood core genome phylogeny indicating the genotypes of all the Santiago S. Typhi isolates is shown by

the branch colour as per the inset legend. A diverse range of 14 genotypes were detected including 1.1, 1.2.1, 2, 2.0.2,

2.2, 2.3.2, 2.3.3, 2.3.4, 3.1, 3.3, 3.5, 4.1, 4.3.1.1, 4.3.1.2. Most of the isolates belonged to genotype 1.1, 2 and 3.5. Year of

isolation, SNPs in the QRDR region associated with reduced susceptibility to fluoroquinolones as well as plasmids and

detected resistance genes are shown in the columns adjacent to the tree. Bootstrap confidence of 80 or above is

indicated with a black circle on the branch.

https://doi.org/10.1371/journal.pntd.0010178.g001
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The other ancient clade present amongst the Santiago isolates was genotype 1.2.1. This was

the only clade in our datasets (except from one recently imported H58 isolate) in which isolates

harboured pHCM2 plasmids. pHCM2 plasmids are found in ~15% of S. Typhi and are

Fig 2. A global context maximum likelihood core genome phylogeny incorporating publicly available non-H58

and Santiago S. Typhi isolates. SNP based core genome maximum likelihood tree of 2013 global isolates, branches are

coloured by genotype as per the inset legend; the ring indicates country of isolation as per the inset legend; Santiago

isolates are highlighted in black and the Colombian isolates in red.

https://doi.org/10.1371/journal.pntd.0010178.g002

Fig 3. S. Typhi clade 1.1 phylogeny showing sequences carrying ssrA mutation (ssrA-G639E). Phylogenetic core

genome analysis of all S. Typhi isolates of genotype 1.1 identified from the global collection. The majority of these

isolates were collected in Santiago (black bar); two isolates belonged to the 1980s collection appearing ancestral to the

2010s collection. The twenty isolates from 2011–2012 showed an interesting cluster with a median SNP distance of 8

SNPs which is unlikely to have evolved among acute cases, where the mutation rate is calculated to be< 1 SNP/

genome/year, in one year. Also shown is an alignment of a section of the ssrA gene, showing the conserved SNP at

position 1648986 of the S. Typhi CT18 reference genome. � the precise isolation year of one of the 1980s isolates was

unclear.

https://doi.org/10.1371/journal.pntd.0010178.g003
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generally highly conserved (Fig 4A). To our knowledge, based on the data available in the S.

Typhi public collection on Pathogenwatch: (https://pathogen.watch/collection/1y3cdsjq55hf-

public-genomes- accessed Dec 2021), pHCM2 plasmids have not been detected in ancient

clades 0.0 to 1.2 previously. Two pHCM2 plasmids were found among our isolates from geno-

type 1.2.1; one in a 1984 isolate (ERR2710544) and the other from 2013 (ERR4289185). These

plasmids were highly similar to each other, but significantly different from the pHCM2 found

on S. Typhi reference CT18 (accession no: AL513384), and from another novel pHCM2 found

in a 1973 isolate from Thailand [37]. The pHCM2 sequences described here differed by>2000

SNPs (98.4% nucleotide identity, 89% coverage) from the reference (Fig 4).

Discussion

This study utilizes WGS analyses to compare S. Typhi isolates from patients who developed

acute typhoid fever in Santiago during the modern era (i.e., 2011–2016, decades post-interrup-

tion of amplified typhoid transmission in 1991) with isolates from acute cases during the

hyper-endemic era of the 1980s. Using phylogenetics and genome-wide screening, we com-

pared the genotypes, AMR determinants and plasmid content of S. Typhi isolates between

these two time periods. Whilst comparisons of isolates from the 1980’s with isolates from 1990

(post vaccinating interventions-but pre-irrigation ban, when incidences were still high 47

cases /105 [1]) have been undertaken previously with pulse field gel electrophoresis (PFGE)

[38], to our knowledge, this is the first WGS-based analysis comparing S. Typhi collected dur-

ing a period of hyper-endemicity and decades after typhoid control.

The observation that the 1980s and 2010s collections of S. Typhi isolates do not cluster

independently within our commonly found genotypes (2, 3.5 and 1.2.1) suggests that many of

the sporadic cases detected in the 2010s share common ancestry with S. Typhi cases from the

1980s. These may, in turn, be linked to shedding of S. Typhi from chronic typhoid carriers.

This is expected decades after hyper-endemic typhoid is controlled, as chronic carriers will

continue to shed sporadically until they are treated or die out of the population [39].

Although there have been several detected introductions of the globally dominant H58 S.

Typhi clade (4.3.1) into Santiago, as occurs with most industrialized countries in North Amer-

ica, Europe, and Australia, this was not a frequent genotype found in the sporadic modern

Chilean cases. This is distinct from countries such as the United Kingdom where imported

Fig 4. Genetic comparison of cryptic plasmid pHCM2-like sequences. Global representative collection of pHCM2 aligned

to the reference pHCM2 from CT18. (A) Presence and absence of genes located on pHCM2. Red indicates presence of the

genes located on the reference pHCM2 sequence from CT18, while blue indicates absence of the genes compared to the

reference. Nucleotide BLAST comparison of the 2 Chilean assembled pHCM2-like plasmids (ERR271054, ERR4289185)

against the reference pHCM2 plasmid from S. Typhi CT18 (accession no:AL513384) (B). Gene annotations are shown for the

reference pHCM2 from CT18, with the shading intensity indicating percent nucleotide homology between the plasmid

sequences.

https://doi.org/10.1371/journal.pntd.0010178.g004
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cases of H58 S. Typhi have become common among travel-associated typhoid cases in recent

years [40,41].

S. Typhi WGS data from a recent study in Colombia found genotypes 2, 2.5 and 3.5 to be

the local endemic genotypes [42]. Genotype 2.5 was not detected among the Santiago isolates;

however, genotype 3.5 and 2 were detected in Santiago, and were the nearest genomic neigh-

bours of the Colombian isolates on the global tree. Even though the sequenced isolates from

Colombia and Santiago, Chile both contained isolates from the 2010s and historical isolates,

they clustered separately on the global tree, suggesting that there has not been obvious trans-

mission between the two countries. More representative WGS data from other Central and

South American countries are needed to determine if this is the case with other unsampled

potentially endemic countries in the area.

One of the more interesting findings from this dataset was the cluster of 20 highly related

strains of genotype 1.1 in 2011–2012. These isolates differed by a median of 8 SNPs in the core

genome. For context, the average core genome mutation rate in S. Typhi is approximately 1

substitution/genome/year every year [21,43–45]. As such, it is unlikely that these isolates origi-

nated from a clonal source and sequentially acquired this genetic variation in<2 years. Con-

versely, these strains are clearly highly related and were all collected during a short time span.

A potential explanation to account for this cluster is that it was an outbreak caused by bacteria

shed from a long-term carrier. S. Typhi colonizing the gallbladder or other long-term physio-

logic niche of a chronic typhoid carrier may evolve and mutate over time into a heterogeneous,

yet closely related, community of bacteria [46]. Thus, the closely related nature of these isolates

occurring mainly over a single year and during a period when typhoid was no longer hyperen-

demic in Santiago could be explained by an outbreak instigated by a chronic carrier who was

shedding multiple highly related strains. If this hypothetical carrier was working as a food han-

dler, intermittently contaminating food or water consumed by subjects during 2011–12, this

could result in the cluster of closely related isolates we observe. The cessation of cases could

then be explained by a change of employment or residence, a cholecystectomy procedure, a

course of antibiotics that concentrate in the gallbladder (e.g., ciprofloxacin) prescribed for

another infection or surgery, or death of the hypothetical carrier at the end of 2012.

Notably, the only detectable difference in virulence factor-associated genes from this poten-

tial carrier-related 2011–2012 cluster is the ssrA missense mutation. The ssrA/B two compo-

nent response regulator is a principle regulator of Salmonella pathogenicity island-2 (SPI-2)

[47,48]. SPI-2 has been shown to be insignificant in S. Typhi macrophage survival capability

and S. Typhi’s infection efficiency of humanized mice [49,50]. The ssrA gene has been linked

to biofilm formation in Salmonella and persistence on gallstones [51,52]. This observation

may be worth additional investigation to investigate the role of SPI-2 and ssrA in Typhoid

carriage.

Our analysis identified a novel variant of cryptic plasmid pHCM2 in two sequences from

genotype 1.2.1. A pHCM2 type plasmid was present in the S. Typhi reference isolate CT18

from Vietnam [19] and the plasmid family was described in some detail [53]. Interestingly,

any role for pHCM2 in S. Typhi biology remains elusive. We know that almost all of the

pHCM2 plasmids in the global S. Typhi collection are highly conserved in terms of overall

nucleotide diversity. However, the Chilean pHCM2 from clade 1.2.1 is substantially different

from most other family members. The only other reported pHCM2 plasmid with a similar

level of variation is harboured in a S. Typhi Thailand isolate from 1973 [37].

The main limitation of this study is the limited sample size of S. Typhi genomes from both

the historical hyperendemic and modern nonendemic periods in Santiago, Chile. Although

not all isolates were stored during the hyperendemic period more than 40 years ago, we incor-

porated all available stored isolates from acute cases. For the modern time period we used a
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similar number of available isolates exclusively from acute cases to represent circulating infec-

tion. Among the approximately 7 million inhabitants in Santiago, Chile, few blood culture iso-

lates from acute cases of typhoid fever were recorded in the 2010s, (<0.5/105 cases per year)

and not all isolates are sent to the ISP; thus, only a limited number of S. Typhi isolates were

available for sequencing. Nevertheless, the study design, based on S. Typhi causing acute dis-

ease between epidemiologically-distinct eras, lends support to our primary finding: the same

genotypes circulating in the hyperendemic 1980s are found circulating in the modern 2010s

period.

There are especially limited genomic data available for S. Typhi circulating in neighbouring

countries, presenting another limitation of this study. Nevertheless, efforts to foster sequencing

infrastructure and data generated in South America through the PAHO regional networks

have accelerated during the Covid-19 pandemic. It is expected that whole genome sequencing

of other pathogens, like S. Typhi, will follow in this region.

In conclusion, this genomics analysis suggests that asymptomatic typhoid carriers (or other

unknown reservoirs) are likely responsible for continuing sporadic typhoid cases in Chile. The

ancient clades present in the country have persisted. We recommend that all sporadic typhoid

cases and clusters should be evaluated using epidemiological outbreak investigations and WGS

as routine surveillance. This will help ensure the detection of any potential introduction or

development of drug-resistant S. Typhi and may lead to the identification and treatment of

carriers, which would further limit ongoing disease transmission.
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S1 Table. S1 Table includes from left to right: Id, lane accession, __latitude, __longitude,

genotype, Ampicillin resistance, Cephalexin resistance, Chloramphenicol resistance, Cip-

rofloxacin resistance, Nalidixic acid resistance, Sulfamethoxazole resistance, Trimetho-

prim resistance, Trimethoprim/Sulfamethoxazole resistance, Tetracycline resistance,

Azithromycin resistance, Colistin resistance, Meropenem resistance, gyrA_D87N muta-

tion, gyrB_S464F mutation, parC_S80I mutation, perE_A364V mutation, presence of tetA
(B) gene, presence of tetR (B) gene, presence of pHCM2 plasmid (any variant), year of iso-

lation, ssrA_G639E mutation, presence of pHCM2 Chile variant.
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Abstract

Little is known about the genetic diversity of Salmonella enterica serovar Typhi (S. Typhi) cir-

culating in Latin America. It has been observed that typhoid fever is still endemic in this part

of the world; however, a lack of standardized blood culture surveillance across Latin Ameri-

can makes estimating the true disease burden problematic. The Colombian National Health

Service established a surveillance system for tracking bacterial pathogens, including S.

Typhi, in 2006. Here, we characterized 77 representative Colombian S. Typhi isolates col-

lected between 1997 and 2018 using pulse field gel electrophoresis (PFGE; the accepted

genotyping method in Latin America) and whole genome sequencing (WGS). We found that

the main S. Typhi clades circulating in Colombia were clades 2.5 and 3.5. Notably, the

sequenced S. Typhi isolates from Colombia were closely related in a global phylogeny. Con-

sequently, these data suggest that these are endemic clades circulating in Colombia. We

found that AMR in S. Typhi in Colombia was uncommon, with a small subset of organisms

exhibiting mutations associated with reduced susceptibility to fluoroquinolones. This is the

first time that S. Typhi isolated from Colombia have been characterized by WGS, and after

comparing these data with those generated using PFGE, we conclude that PFGE is unsuit-

able for tracking S. Typhi clones and mapping transmission. The genetic diversity of patho-

gens such as S. Typhi is limited in Latin America and should be targeted for future

surveillance studies incorporating WGS.
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Author summary

Salmonella Typhi is the causative agent of typhoid fever, with between 9–13 million cases

and 116,800 associated deaths annually. Typhoid fever is still a public health problem

mainly in low and middle-income countries (LMICs), including in Latin America, which

has a modelled incidence of up to 169 (32–642) cases per 100,000 person-years. Several

international studies have aimed to fill data gaps regarding the global distribution and

genetic landscape of typhoid; however, in spite of these efforts Latin America is still under-

represented. The globally dominant lineages of S. Typhi (e.g., H58), which often carry

multi-drug resistance (MDR) plasmids, decreased fluoroquinolone susceptibility, and

now azithromycin resistance, are not detectable by the accepted method (PFGE) used to

track outbreaks of typhoid in Latin America. We compared PFGE with whole genome

sequence (WGS) and found it correlated poorly, resulting in the over clustering of cases.

We additionally found that unlike in most endemic countries, S. Typhi in Colombia are

highly antimicrobial susceptible and restricted to a limited number of genotypes that are

not as commonly identified in other S. Typhi endemic countries. Our study provides the

first enhanced insights into the molecular epidemiology of S. Typhi in Colombia, using

WGS data for the first time to investigate the population structure in Colombia and iden-

tifying predominant circulating genotypes. Our work demonstrates that routine surveil-

lance with the integration of WGS is necessary not only to improve disease burden

estimates, but also to track the national and regional transmission dynamics of S. Typhi.

Introduction

Salmonella enterica serovar Typhi (S. Typhi) is the bacterial agent of typhoid fever. With

between 9–13 million cases and 116,800 associated deaths annually, typhoid is still a public

health problem in many low and middle-income countries (LMICs), particularly in South Asia

and parts of sub-Saharan Africa[1,2]. Antimicrobial resistance (AMR) is a major issue, with

multi-drug resistance (MDR; resistance to chloramphenicol, ampicillin, and trimethoprim-

sulfamethoxazole) and fluoroquinolone resistance in genotype 4.3.1 (H58) organisms domi-

nating the global genetic landscape [3,4]. The emergence of extensively-drug resistant (XDR;

MDR and resistant to fluoroquinolones and third generation cephalosporins) in Pakistan and

more recent reports of resistance to azithromycin in South Asia compound the problem [5,6]

Several international studies have aimed to fill data gaps regarding the global distribution of

typhoid [7–10]. However, there have not been large multicenter population-based surveillance

studies conducted in Latin America as there have been in sub-Saharan Africa and South Asia,

nor is there routine blood culture surveillance, so this region represents a major data gap in

global disease burden estimations [11–13]. The modelled incidence of typhoid in Latin Amer-

ica varies enormously, and estimates range from 1.0 (0.2–3.9) cases and 169 (32–642) cases per

100,000 person-years [8,14]. A lack of systematic surveillance also means that there are limited

contemporary data on the circulating bacterial population, AMR profiles, and potential trans-

mission dynamics within South America. However, a recent study revealed a large number of

S. Typhi isolates with a high prevalence of decreased fluoroquinolone susceptibility in Colom-

bia and El Salvador [15].

Pulsed Field Gel Electrophoresis (PFGE) is the conventional method for studying the

genetic relationship between S. Typhi isolates in Latin America [16]. Using this method, we

recently found that some S. Typhi isolates from Colombia shared indistinguishable PFGE pat-

terns with organisms from Argentina, Chile, Perú, Venezuela, Brazil, and Guatemala,
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indicative of the circulation of common “continental” genotypes [17,18]. However, PFGE has

limited discriminatory power to support subtyping and cannot identify genotype 4.3.1, other

emerging genotypes, or AMR genes. Whole genome sequencing (WGS) is the gold standard

for the investigating population structures, transmission dynamics, and molecular mecha-

nisms of AMR in S. Typhi. In 2015, a landmark global S. Typhi genotyping scheme was pub-

lished, but comprised only 20 genome sequences originating from Latin America (Argentina,

El Salvador, French Guiana, and Peru)[3]. Since then, there have been only three additional

publications describing S. Typhi isolated in Latin America and characterized using WGS, gen-

erating a further 36 genome sequences [4,19,20]

In response to local concern regarding the increase of typhoid fever and the international

threat of AMR, the National Surveillance System Public Health (SIVIGILA) of Colombia made

typhoid fever a notifiable disease in 2006, requiring laboratory follow-up [21]. Here, we aimed

to generate the first insights into the molecular epidemiology of typhoid in Colombia by per-

forming AMR profiling and comparative genotyping using both PFGE and WGS on a cross-

sectional collection of S. Typhi isolated in Colombia between 1997 and 2018.

Methods

Ethics statement

This study was conducted in accordance with the principles expressed in the Declaration of

Helsinki. The clinical bacterial isolates were collected through the Colombian Laboratory

National Surveillance System under the scientific, technical and administrative standard for

health research established in Colombian resolution 8430 of 1993 of the Ministry of Health.

Patient data were analysed anonymously; consequently, formal ethical approval for the study

was not necessary.

Salmonella Typhi isolates

A total of 1,478 S. Typhi isolates were submitted to the surveillance program at the National

Health Institute of Colombia between 1997 and 2018. These organisms were all associated

with a reported typhoid and paratyphoid fever event and came from 22 of 32 Colombian

departments and the Capital District of Colombia [21]. 1,077 (72.9%) of these isolates were

successfully genotyped using the standard routine PFGE pipeline (S1 Fig) and 77 (5.2%) S.

Typhi isolates were selected cross-sectionally for WGS (Fig 1 and S1 Table). Our aim was to

generate a broad overview of circulating genotypes in Colombia and to identify genotype H58.

Therefore, we included isolates from all years, from sampled departments, and a broad range

of PFGE patterns, including at least one isolate of each mayor PFGE pattern and including the

various AMR phenotypes. These isolates were both from outbreaks defined by the health

authorities (n = 12) and sporadic cases (n = 65); 61 isolates originated from blood, 10 from

stool, and six from other sources (3 bone marrow, 1 splenic abscess, 1 gluteus abscess, and 1

from a skin swab).

Bacterial identification and antimicrobial susceptibility testing

All isolates were identified using standard biochemical tests (Triple Sugar Iron Agar (TSI), Cit-

rate, Urea, motility), the automated MicroScan, VITEK II system and the Kauffmann-White-

Le Minor scheme to identify organisms suspected to be S. Typhi (Difco, United States) [22]

Antimicrobial susceptibility testing was performed using the Kirby-Bauer disk diffusion

method against amoxicillin-clavulanic acid (AMC), chloramphenicol (CHL), nalidixic acid

(NAL), tetracycline (TET), ampicillin (AMP), cefotaxime (CTX), ceftazidime (CAZ),
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trimethoprim-sulfamethoxazole (SXT), and Meropenem in combination with the MIC-based

methods using the MicroScansystems according to manufactures recommendations. Cipro-

floxacin (CIP) susceptibility was determined by agar dilution assays according to the CLSI

standards of 2019 [23] Extended-Spectrum Beta-Lactamase (ESBLs) activity mediated by

blaSHV, blaTEM, and blaCTX-M genes was confirmed by PCR amplification [24].

Molecular subtyping by PFGE

All organisms were subtyped by PFGE following standardized PulseNet protocols. [16].

Briefly, genomic DNA were digested with XbaI (Promega, USA) and subjected to gel electro-

phoresis. PFGE patterns from the different runs were normalized by aligning the reference

digestion pattern of S. Braenderup H9812. Bands were assessed visually and by a computerized

program (Gelcompare 4.0 software (Applied Maths, Belgium). Parameters of tolerance and

optimization were set to 1.5% and similarities calculated according to Dice coefficient. The

Clustering dendrogram was based on the unweighted pair-group method using arithmetic

Fig 1. Colombian Salmonella Typhi isolates selected for whole genome sequencing. PFGE-XbaI dendrogram

generated with Dice coefficient and UPGMA clustering method (tolerance and optimization 1.5%) of the 77 selected S.

Typhi isolates with isolate identification and PFGE pattern code. The red boxes indicate isolates from epidemiological

confirmed outbreaks (A-H).

https://doi.org/10.1371/journal.pntd.0009755.g001
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averages (UPGMA). The resulting XbaI patterns were compared with the local database and if

indistinguishable (within this 1.5% tolerance) from an existing pattern the isolates was given

the same PFGE code; if a unique pattern was deteremined a new PFGE code was assigned. All

PFGE pattern codes were assigned following the PulseNet International guidelines for nomen-

clature, which includes 2 letters for the country or region, 3 letters for the serovar, 3 characters

for the enzyme and 4 digits for the profile number (e.g. COINJPPX01.0001 for Colombia) [17]

Genome sequencing and SNP analysis

DNA was extracted using a Qiacube in combination with the Qiagen QIAamp DNA Mini Kit

(Qiagen) at the Colombian National Health Institute (INS), following the manufacturer guide-

lines. DNA was quantified using a Qubit 2.0 fluorometer (Invitrogen) and 2μg of genomic

DNA was subjected to indexed WGS by Illumina MiSeq platform to generate 100 bp paired

end reads and 30x genome coverage. Genomic libraries were prepared with Nextera XT library

prep Kit FC 121–1031. Raw Illumina reads were assembled using (Velvet v1.2) via an auto-

mated pipeline at the Wellcome Sanger Institute[25]. For preliminary analysis and global con-

textualization and for the detection of non-synonymous mutations in the Quinolone

Resistance Determining Region (QRDR) of genes gyrA, gyrB, parC, and are, the assembled

genomes were uploaded to PathogenWatch v3.2.2 (https://pathogen.watch/). Genotypes were

assigned using GenoTyphi (https://github.com/katholt/genotyphi)

Sequenced reads and publicly available sequences were mapped and SNP called against the

reference genome S. Typhi CT18 using the Sanger institute pipelines and following quality

metrics as previously described [26]. Known recombinant regions such as prophage[4], were

manually excluded, and any remaining recombinant regions were filtered using Gubbins

(v1.4.10)[27]. The resultant core SNP alignment of 40,998 bp was used to infer Maximum

Likelihood (ML) phylogenies using RAxML (v8.2.8)[28], specifying a generalized time-revers-

ible model and a Gamma distribution to model site-specific rate variation (GTR+ Γ substitu-

tion model; GTRGAMMA in RAxML) with 100 bootstrap pseudoreplicates used to assess

branch support. SNP distances for the core genome alignment of all the novel genome

sequences were calculated from this alignment using snp-dists package (https://github.com/

tseemann/snp-dists). SRST2 v0.2.0 [29] was used with the ARGannot [30] and PlasmidFinder

[31] databases to detect the molecular determinants associated with AMR; standard cut-offs of

>90% gene coverage and a minimum read dept of 5 were used. Maps drawn in inkscape v1.0.1

an open source scalable graphics editor.

Results

PFGE genotyping and isolate selection

PFGE is performed routinely for S. Typhi in Latin America; results are consolidated into the

PulseNet Latin America and Caribbean Network database [16,17]. Organisms are given a

unique PFGE code according to their genomic digestion pattern; 1,478 Colombian isolates

were present in the national surveillance database at the initiation of this project. We selected

77 S. Typhi isolated between 1997 and 2018 to represent the broadest possible diversity (by

PFGE; S1 Fig) for WGS. This collection comprised 60 unique PFGE profiles (Fig 1 and S1

Table), including the most commonly circulating restriction patterns in Colombia (e.g.,

COINXX.JPPX01. 0008-0083-0115)[18]. Twelve isolates also originated from eight outbreaks

confirmed by the health authorities (A-H; 8, 4, 24, 9, 5, 2, 6, and 8 patients per outbreak respec-

tively) (Figs 1 and S1); more than one isolate were included from two of these outbreaks (D

and G). The selection was skewed towards more recent years based on number of available iso-

lates and for AMR isolates [32].
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AMR and population structure of Colombian S. Typhi

The 77 Colombian S. Typhi isolates were subjected to WGS and a phylogenetic tree was con-

structed from core genome SNPs (Fig 2). We found that genotypic variation in the population

of Colombian S. Typhi was generally limited, with the majority of isolates restricted to two

groups: major cluster 2 and 3. These clades could be further segregated into clades 2.5 (51/77;

66.2%), 3.5 (20/77; 24.9%), and 2 (4/77; 5.2%). In addition, we identified two isolates in major

cluster 1; these organisms belonged to genotypes 0.1.3 and 1.1.

Notably, unlike a recent observation from Chile, we did not identify genotype 4.3.1 (H58)

isolates in this set of Colombian sequences, despite being specifically enriched for organisms

that exhibited resistance to antimicrobials. However, we did identify 14 organisms in geno-

types 1.1, 2.5 and 3.5 that contained a single SNP in the QRDR region (Fig 2 and Table 1),

resulting in reduced susceptibility to fluoroquinolones. Overall, and unlike contemporaneous

S. Typhi collections from Africa and Asia, this collection contained a limited accumulation of

acquired AMR genes. We identified one isolate carrying the sul2 and tetA genes associated

with resistance to tetracycline and sulphonamides, respectively. We additionally detected one

organism from Bogota, isolated in 2012, which carried blaCTX-M-12, blaTEM-1, blaOXA-15, and

Sul1, rendering it resistant to ampicillin, cephalosporins, and sulphamethoxazole (Fig 2 and

Table 1).

Associations between PFGE and WGS

We next aimed to compare the PFGE patterns of the 77 Colombian S. Typhi with that of phy-

logenetic structure created by WGS. First, we found that the paired isolates from the outbreaks

(D and G) were indistinguishable; these organisms had identical PFGEs patterns and displayed

Fig 2. The phylogenetic structure of Salmonella Typhi in Colombia. SNP based RAxML generated Maximum Likelihood

phylogenetic tree of 77 selected Salmonella Typhi isolates. Branches are coloured by genotype (numbers shown). Column 1 indicates

year of isolation, column 2 indicates department (state) of isolation, column 3 indicates the presence (brown) of SNPs in the QNDR

and column D indicates acquired AMR genes (see legend). The map was drawn by inkscape v1.0.1 an Open Source Scalable Vector

Graphics Editor.

https://doi.org/10.1371/journal.pntd.0009755.g002
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no SNP differences in the WGS data (Figs 1 and 3). However, more generally, the PFGE

restriction patterns and position in the dendrogram showed minimal concordance with their

corresponding phylogenetic location from the WGS data (Fig 3). For example, three isolates

from an outbreak (G) shared an identical PFGE restriction pattern (COINXX.JPPX01.0235).

This association was encouraging, but on further investigation, an additional three S. Typhi

isolates exhibited this same restriction profile. These three further isolates had no apparent epi-

demiological association with the specific outbreak, were from different geographical locations

across Colombia, and were isolated several years after the outbreak (Fig 3). These isolates were

determined to be>40 SNPs away in the phylogenetic tree from the isolates causing the

Table 1. Colombian Salmonella Typhi isolates with antimicrobial resistance phenotypes and their associated genes and plasmids.

Organism id Genotype Resistance Kirby-Bauer

(mm)�
MIC Resistance profile AMR Genes/QRDR mutations Plasmid content

INS-S.Ty1062/

1087-15

3.5 NAL(28),AMP(33), S(14) AMP >16

CIP 0.008

AMP

INS-S.Ty0330/256-

08

2.5 NAL(27), AMP(16),S(12) CIP 0.008 AMP(I)

INS-S.Ty0115/36-

03

2.0 NAL(28),SXT(6), TET(6), S

(14)

CIP 0.008 SXT-TET

INS-S.Ty551/52-12 3.5 NAL(24),AMP(6), CTX(8),

TET(6), S(6)

CIP 0.008 AMP-CTX blaCTX-M-12, blaOXA-15, Sul,
blaTEM-1

IncL/M(pOXA-48) IncFIB

(pHCM2)

INS-S.Ty980/524-

15

2.5 NAL(22), TET(6), S(6)

CTX(6), CTX-CLA(10)

CAZ(17), CAZ-CLA(19)

AMP >16 CTX

>32

CIP 0.016

AMP-CTX-TET-S TetA(A), Sul2 ColRNAI

INS-S.Ty0130/69-

04

1.1 NAL(6), S(14) CIP 0.25 NAL-CIP(I) gyrA_S83F

INS-GMR-S-331-

18

3.5 NAL(6),CIP(26)(I) NAL-CIP(I) gyrA_D87Y

INS-S.Ty1100/

1425-15

3.5 NAL(18)(I) CIP 0.25 NAL(I)-CIP(I) gyrA_S83F

INS-S.Ty772/314-

14

2.5 NAL(10), CIP(25), S(10) CIP 0.032 NAL gyrA_D87V

INS-S.Ty423/316-

10

2.5 NAL(6), S(14) CIP 0.064 NAL gyrA_S83Y

INS-S.Ty666/329-

13

3.5 NAL(6), S(11) CIP 0.032 NAL gyrA_D87G

INS-S.Ty1013/755-

15

2.5 NAL(6), S(13) CIP 0.064 NAL gyrA_D87G

INS-GMR-S-752-

17

2.5 NAL(6), CIP(25), S(12) CIP 0.064 NAL gyrA_D87G

INS-GMR-S-91-18 3.5 NAL(6), CIP(24), S(14) CIP 0.064 NAL gyrA_S83F
INS-GMR-S-480-

18

2.5 NAL(6), CIP(26), S(13) CIP 0.064 NAL gyrA_D87G

INS-GMR-S-432-

18

3.5 NAL(6), CIP(23) ND NAL gyrA_S83F

INS-S.Ty0253/397-

07

2.5 NAL(6), S(12) CIP 0.064 NAL gyrA_D87N

INS-GMR-S-114-

17

2.5 NAL(15),CIP(26), S(13) CIP 0.064 NAL gyrB_S464Y

INS-S.Ty563/214-

12

2.5 NAL(18), CIP(28) CIP 0.032 NAL(I) gyrA_S83F

INS-S.Ty538/7-12 3.5 NAL(24), CIP(29), S(12) CIP 0.008 Susceptible IncFIB(pHCM2)

�Interpretation criteria according CLSI 2020

https://doi.org/10.1371/journal.pntd.0009755.t001
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outbreak. Lastly, we found a number of occasions where isolates within differing major WGS

clades shared an identical PFGE digestion pattern. For example, isolates exhibiting the 0006,

0083, and 0250 PFGE patterns could be found in both clade 2.5 and clade 3.5 of the WGS-

based phylogeny (Fig 3). As predicted, these data show that PGFE has limited discriminatory

power to identify organisms that may or may not be closely genetically related, further sup-

porting the transition to WGS for routine surveillance.

Colombian S. Typhi in a global context

To determine if the detected Colombian genotypes were more likely to be of Colombian origin

or introduced from other continents, we placed these contemporaneous Colombian isolates

into a global context with an international collection of S. Typhi genome sequences. We con-

structed a phylogenetic tree of 3,382 publicly available S. Typhi genome sequences with the 77

contemporaneous Colombian isolates; genotype 4.3.1 (H58) sequences were excluded as they

were not identified in this collection (Fig 4). The Colombian organisms in clades 2.5 and 3.5

clustered alongside other Colombian organisms within their respective genotypes. The nearest

Fig 3. WGS and PFGE exhibit a limited correlation for Salmonella Typhi genotyping. The branches of the SNP based RAxML

phylogenetic tree and the first column are coloured by genotype. The sequential columns highlight the PFGE patterns that were

present more than one occasion. i.e., the bottom two isolates of clade 2.5 with PFGE code COINXX.JPPX01.0004 and the top two

isolates of clade 3.5 with PFGE code COINXX.JPPX01.0249. All PFGE patterns are additionally listed under PFGE code (the PFGE

pattern correspond to the last 4 digits of the PFGE code) for enhanced visibility only unique PFGE are listed by code and not

highlighted. The year of isolation and department are coloured as in Fig 2. Letter D and G indicate the two outbreaks from which

we sequenced more than one isolate, these correspond with outbreak strains D and G in Fig 1.

https://doi.org/10.1371/journal.pntd.0009755.g003
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neighbours to these organisms were isolated in India (10592_2_45, genotype 2.5) and Vietnam

(10425_1_60, genotype 3.5) in 1997 and 1993, respectively. In the absence of further sampling,

these data suggest that clade 2.5 and clade 3.5 are locally circulating genotypes in Colombia.

Similarly, the presence of genotypes 1.1 and 0.1.3 in Colombia is indicative of limited circula-

tion of overseas genotypes. Organisms belonging to genotypes 1.1 and 0.1.3 are considered

ancient and presently uncommon on the international S. Typhi genotypic landscape and are

historically associated with typhoid in Africa [3].

Discussion

Here, in this primary study of WGS data from S. Typhi circulating in Colombia, we show that

the majority of organisms in the selected 20-year time span displayed limited genetic diversity,

belonging mainly to two major clades: 3.5 and 2.5. The limited number of sequenced isolates

from Latin America to date mainly belonged to primary cluster 2 and primary cluster 4, with

genotype 2.0 in Argentina, Mexico, El Salvador, and Peru, genotype 2.3.2 in Argentina, El Sal-

vador, and Mexico, genotype 4.1.0 in Brazil [19], and Argentina [3]. In the restricted number

of isolates screened here, no genotype 4.3.1 (H58) isolates were found. Although samples were

selected to present a maximal variation based on diverse PFGE patterns, included specifically

outbreak and AMR related isolates, we cannot be certain H58 is not present in Colombia; how-

ever, we can surmise that this genotype is not as broadly distributed as in Asia and Africa.

Before 2020, genotype 4.3.1 S. Typhi had not been detected in Latin America, but a recent

Fig 4. The phylogenetic location of Colombian Salmonella Typhi in a global context. SNP based RAxML based phylogenetic

tree of the 77 Colombian isolates among 3,382 publicly available non-H58 S. Typhi genome sequences. Branches are coloured by

genotype, inner ring depicts country of isolation, Asia in red shades, South East Asia in blue shades, Africa in green shades,

Colombia in bright red and other Latin American countries in grey. The middle ring indicates AMR profile, any AMR is shown in

light brown and MDR isolates are shown in dark brown. Finally, the outer ring shows number of QRDR SNPs with the colour

intensity increases with increasing number of SNPs.

https://doi.org/10.1371/journal.pntd.0009755.g004
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study identified three independent introductions of H58 into Chile [20]. In Chile, the spread

of these isolates appears to have been contained; however, this observation highlights the need

for sustained genomic surveillance to detect any additional introductions and potential

increased circulation of genotype 4.3.1 [33].

A key observation is that the prevalence of AMR in Colombian S. Typhi appears to be sig-

nificantly lower than that observed in South Asia or Africa. This study, despite being enriched

for AMR isolates, indicates an exceptionally low background of AMR in S. Typhi, with only

one isolate carrying a plasmid containing AMR genes (IncL/M; pOXA-48), with an additional

cryptic no-AMR plasmid (IncFIB; pHCM2) also detected. The precise reason(s) for a lower

prevalence of AMR in S. Typhi, in Colombia are unknown and requires additional investiga-

tion. We hypothesise that a lower prevalence of AMR S. Typhi, in comparison to Asia and

Africa, may be related to antimicrobial access and global pathogen dynamics. Generally, anti-

microbial is not better regulated in this region than other locations with a high density of

LMICs in the past [34]. However, in the last decade many Latin American countries developed

their own National Action Plans to combat AMR under the guidance of PAHO [35]. AMR in

S. Typhi is not static, and the global trajectory of AMR is increasing; consequently, there is a

constant threat of the importation of AMR organisms and sustained surveillance in Colombia

remains crucial. These factors highlight the importance of global typhoid surveillance and not

purely restricting observations to Africa and Southeast Asia.

We additionally aimed to assess the potential correlations and utility of PFGE for S. Typhi

tracking across Latin America. We found that PFGE and SNP based phylogenetic do not cor-

relate especially well. We found the same PFGE patterns in completely distinct primary clus-

ters of the SNP based phylogeny. These observations again indicate that PFGE results in false

clustering and is not appropriately sensitive for surveillance requiring high resolution delinea-

tion of local/regional population structure and dynamics of S. Typhi or for outbreak detection

in Colombia. WGS is a more appropriate method and is therefore slowly being adopted as the

gold standard for these purposes internationally. Lastly, we compared the Colombian isolates

to publicly available non-H58 global isolates to determine whether Colombian organisms were

imported. This global tree highlighted a lack of genomic information from Latin America. It

was therefore impossible to determine whether observed cases are the result of introductions

into Colombia from other Latin American countries or local endemic transmission. However,

we found that even though the Colombian isolates were collected over 20-years, they formed

their own clusters and were not closely related organisms from other locations. These observa-

tions suggest that the S. Typhi population structure in Colombia is likely driven by sustained

endemic circulation of local genotypes.

This study has limitations, the main one being the small sample size of sequenced isolates.

The need to select only a subset of samples meant we could have overlooked genotypes and the

proportion of the detected genotypes may not be an accurate overview of the distribution.

However, this study was aimed to assess S. Typhi genetic diversity in Colombia and we show

that in spite of our diverse selection of organisms that 90% of the isolates belonged to two pre-

dominate clades. More thorough sequencing strategies are required to more accurately deter-

mine the distribution of genotypes.

This study provides an enhanced insight into the molecular epidemiology of S. Typhi in

Colombia, constructing the pathogen population structure and identifying the predominant

circulating genotypes. Our work demonstrates that routine surveillance with the integration of

WGS is necessary not only to improve disease burden estimates, but also to track the national

and regional transmission dynamics of S. Typhi and determine AMR profiles. These data will

be pivotal to better estimate the burden of typhoid in the region, improve antimicrobial treat-

ment practices and help policymakers to assess the need for typhoid conjugate vaccine
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introduction. While the population of S. Typhi in Colombia appears isolated, the emergence

and spread of AMR variants have been observed internationally [5,6,33]. Consequently, it is

critical for improved control and prevention measures that we establish routine WGS surveil-

lance in Colombia and other Latin American countries to strengthen surveillance and moni-

toring the continental spread of S. Typhi.
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ABSTRACT
Background Invasive non- typhoidal Salmonella (iNTS) is 
one of the leading causes of bacteraemia in sub- Saharan 
Africa. We aimed to provide a better understanding of 
the genetic characteristics and transmission patterns 
associated with multi- drug resistant (MDR) iNTS serovars 
across the continent.
Methods A total of 166 iNTS isolates collected from 
a multi- centre surveillance in 10 African countries 
(2010–2014) and a fever study in Ghana (2007–2009) 
were genome sequenced to investigate the geographical 
distribution, antimicrobial genetic determinants and 
population structure of iNTS serotypes–genotypes. 
Phylogenetic analyses were conducted in the context of the 
existing genomic frameworks for various iNTS serovars. 
Population- based incidence of MDR- iNTS disease was 
estimated in each study site.
Results Salmonella Typhimurium sequence- type (ST) 313 
and Salmonella Enteritidis ST11 were predominant, and both 
exhibited high frequencies of MDR; Salmonella Dublin ST10 
was identified in West Africa only. Mutations in the gyrA gene 
(fluoroquinolone resistance) were identified in S. Enteritidis 
and S. Typhimurium in Ghana; an ST313 isolate carrying 
blaCTX- M-15 was found in Kenya. International transmission 
of MDR ST313 (lineage II) and MDR ST11 (West African 
clade) was observed between Ghana and neighbouring 
West African countries. The incidence of MDR- iNTS disease 
exceeded 100/100 000 person- years- of- observation in 
children aged <5 years in several West African countries.

Conclusions We identified the circulation of multiple MDR 
iNTS serovar STs in the sampled sub- Saharan African 
countries. Investment in the development and deployment 
of iNTS vaccines coupled with intensified antimicrobial 
resistance surveillance are essential to limit the impact of 
these pathogens in Africa.

BACKGROUND
The non- typhoidal members of Salmonella 
enterica are archetypal zoonotic pathogens typi-
cally associated with self- limiting diarrhoea in 
humans. However, certain non- typhoidal Salmo-
nella serovars are also a recognised cause of 
invasive disease in specific geographical regions. 
Invasive non- typhoidal Salmonella (iNTS) is 

Key questions

What is already known?
 ► Invasive non- typhoidal Salmonella (iNTS) disease is 
an emerging pathogen in sub- Saharan Africa.

 ► iNTS is now a leading cause of bacteraemia in sub- 
Saharan Africa.

 ► The disease is associated with specific sequence 
types of S. Enteritidis and S. Typhimurium.
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most commonly observed in infants and young adults with 
HIV, malaria and malnutrition.1 Annually, there are an esti-
mated 3.4 million cases of iNTS globally, 20% of which are 
fatal.2 3 The vast majority of iNTS disease is reported in sub- 
Saharan Africa, where annual incidence rates of 175–388 
cases per 100 000 person- years and case fatality rates as high 
as 25% have been reported in young children.4–6 A recent 
multi- centre study across 10 countries in sub- Saharan Africa 
identified iNTS as a major cause of bacteraemia in febrile 
patients, with incidence rates exceeding 100 cases per 100 
000 person- years recorded in multiple sampling locations.7

Various Salmonella serovars have been associated with 
iNTS disease, including S. Isangi,8 S. Concord,9 S. Stan-
leyville and S. Dublin.10 However, the majority of iNTS 
infections in sub- Saharan Africa can be attributed to S. 
Typhimurium and S. Enteritidis.11 12 Salmonella Typh-
imurium iNTS in sub- Saharan Africa is largely asso-
ciated with a multi- drug resistant (MDR; resistant to 
ampicillin, chloramphenicol and trimethoprim–sulfa-
methoxazole) variant of ST313, which comprised two 
major lineages (I and II).11 Salmonella Enteritidis account 
for approximately one- third of the iNTS cases reported 
in sub- Saharan Africa and are primarily associated with 
genotype ST11. There are three major clades of S. Enter-
itidis ST11 (Global epidemic, West African and Central/
East African clades) co- circulating in this region, in which 
MDR phenotypes are common.13

Ampicillin, chloramphenicol and trimethoprim–sulfa-
methoxazole (co- trimoxazole) have traditionally served as 
first- line treatment for iNTS and typhoid fever in Africa.14 
The widespread use of these antimicrobials likely led to the 
emergence and spread of MDR iNTS organisms. Several 
sub- Saharan African countries have reported MDR iNTS, 
including Malawi,15–17 Kenya,18–20 Ghana,21 Gambia,5 
Democratic Republic of the Congo (DRC),22 Mozam-
bique,23 24 Tanzania,25 Burkina Faso,7 Guinea- Bissau7 and 
Nigeria.26 Consequently, alternative treatments, such as 
ciprofloxacin, azithromycin and ceftriaxone, are used 
increasingly to manage bloodstream infections. However, 
these drugs may be unavailable or costly, and resistance is 
emerging to these antimicrobial agents.17 Concerningly, 

extensively drug- resistant (XDR) (MDR plus resistance to 
fluoroquinolones and third- generation cephalosporins) 
S. Typhimurium ST313 organisms have been reported 
in Kenya,14 27 Malawi28 and DRC.29 These new resistance 
phenotypes pose a significant challenge for the control 
of iNTS disease.14

Here, we subjected a contemporaneous collection of iNTS 
organisms from multiple sites in sub- Saharan Africa to whole 
genome sequencing to investigate the phylogenetic distribu-
tion of these organisms and their corresponding sequence 
types (STs) and antimicrobial resistance (AMR) determi-
nants. We also estimated the incidence rates of MDR iNTS 
disease in the sampling locations and performed phyloge-
netic analyses of S. Typhimurium ST313 and S. Enteritidis 
ST11 in a global context.

METHODS
Ethics approval and consent to participate
This research was conducted under the ethical prin-
ciples of the Declaration of Helsinki. The IVI Institu-
tional Review Board (IRB), the national ethical review 
committees in each participating country, and local 
research ethics committees approved the study protocol. 
All eligible patients meeting the study inclusion criteria 
were provided with a detailed explanation of the study 
purpose, and written informed consent was obtained 
prior to study enrolment. For children, written informed 
consent was obtained from parent or guardian.30

Study design and inclusion criteria
The majority of iNTS isolates (117/166) in this study 
originated from the Typhoid Fever Surveillance in Africa 
Program (TSAP),30 conducted in 13 sites in 10 countries 
between 2010 and 2014. Febrile patients from all age 
groups (except in Ghana, where only children aged <15 
years were enrolled) with a tympanic or axillary temper-
ature of ≥38.0℃ or ≥37.5℃, respectively, living in a 
defined study catchment area were eligible for recruit-
ment. For inpatients, reported fever within 72 hours 
of admission was also necessary for inclusion. Written 
informed consent/assent was obtained. Clinical assess-
ments of patients included history of illness, physical 
examination and clinical appraisal. Blood samples (5–10 
mL for adults; 1–3 mL for children) were collected for 
microbiological testing and diagnosis. An additional 49 
iNTS isolates were obtained from a febrile surveillance 
study conducted at the Presbyterian Hospital of Agogo in 
Ghana, between 2007 and 2009.31

Patient and public involvement statement
This TSAP study was performed under a single protocol 
with some site- specific and country- specific details; these 
details were developed with the study sites and local 
patient groups and communities attending the health-
care facilities. These data were essential for establishing 
the demographic framework of the sites and under-
standing how patients accessed healthcare and disease 
diagnosis. Therefore, these patient/community groups 

Key questions

What are the new findings?
 ► iNTS disease is widespread across the sampled locations.
 ► Salmonella Typhimurium sequence- type (ST) 313 and Salmonella 
Enteritidis ST11 are the predominant pathogens.

 ► There is a high frequency of multi- drug resistant (MDR) phenotypes.
 ► The incidence of MDR- iNTS disease exceeded 100/100 000 
person- years- of- observation in children aged <5 years in several 
West African countries.

What do the new findings imply?
 ► Sustained disease surveillance of MDR- iNTS organisms is essential.
 ► There is a need for acceleration of iNTS vaccines.
 ► We need a better understanding of the disease reservoir and 
human- to- human transmission.
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Table 1 Distribution of iNTS serovars and genotypes circulating in the sampled countries in sub- Saharan Africa

Country
(number of 
iNTS*)
(a) Serovars

Number of iNTS
per serovar
(b)

% of total number 
of iNTS per country
(b)/(a)

Genotype
(sequence 
type)

Number of iNTS
per genotype
(c)

% of total number 
of iNTS per country
(c)/(a)

Burkina Faso 
(12)

Typhimurium 7 58 313 6 50

  19 1 8

Enteritidis 4 33 11 4 33

Dublin 1 8 10 1 8

Ghana (133) Typhimurium 92 69 313 90 68

  19 2 2

Enteritidis 20 15 11 18 14

  183 1 1

  2107 1 1

Dublin 17 13 10 17 13

Muenster 1 1 321 1 1

Poona 1 1 308 1 1

Stanleyville 1 1 339 1 1

Virchow 1 1 359 1 1

Guinea- 
Bissau (9)

Typhimurium 5 56 313 2 22

  19 3 33

Enteritidis 1 11 11 *1 11

Choleraesuis 3 33 145 3 33

Kenya (1) Typhimurium 1 100 313 1 100

Madagascar 
(4)

Typhimurium 1 25 19 *1 25

Enteritidis 3 75 11 ‡3 75

Senegal (2) Typhimurium 1 50 19 *1 50

Enteritidis 1 50 11 *1 50

South Africa 
(1)

Enteritidis 1 100 11 *1 100

Tanzania (4) Typhimurium 3 75 19 3 75

Unknown 1 25 2533 1 25

Total 8 
countries† 
(166 iNTS 
isolates) (d) Serovars

Number of 
iNTS per 
serovar (e)

% of total number 
of iNTS in all 8 
countries (e)/(d)

Genotype 
(sequence type)

Number of iNTS 
per genotype (f)

% of total number of 
iNTS in all 8 countries 
(f)/(d)

  Typhimurium 110 66 ST313 99 60

    ST19 11 7

  Enteritidis 30 18 ST11 28 17

    Other STs‡ 2 1

  Dublin 18 11 ST10 18 11

  Others 8 5 Other STs§ 8 5

*iNTS: invasive non- typhoidal Salmonella.
†Total 8 countries: Burkina Faso, Ghana, Guinea- Bissau, Kenya, Madagascar, Senegal, South Africa and Tanzania presented in this table. No 
iNTS isolates were yielded in Sudan and Ethiopia.
‡Other sequence types of S. Enteritidis detected: 1 ST183 (isolate yielded from Ghana; age/sex unknown due to missing data) and 1 ST2107 
(from Ghana; a 22- year- old woman); both non- MDR and no antimicrobial resistant genes detected.
§Sequence types of the other NTS serovars: 1 Muenster ST321 (yielded from Ghana; age/sex/year unknown due to missing data), 1 
Poona ST308 (yielded from Ghana in 2008; age/sex unknown due to missing data), 1 Stanleyville ST339 (yielded from Ghana; age/sex/
year unknown due to missing data), 1 Virchow ST359 (from Ghana; age/sex/year unknown due to missing data), 3 Choleraesui ST145 (two 
isolates yielded from 1- year- old female infants in 2010 and 2011 and 1 from a 3- year- old female infant in 2012; all from Guinea- Bissau), 1 
unknown ST2533 from Tanzania.
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informed the study design to address issues regarding 
healthcare access and practices. Local communities and 
patients acted as communicators in the local communi-
ties to encourage people to attend healthcare facilities 
when symptomatic. Data from the studies have been 
provided to study sites to inform the local community 
and patients of the study findings.

Bacterial isolates and antimicrobial susceptibility testing
Blood specimens were inoculated into an aerobic blood 
culture bottle and incubated in systems with auto-
mated growth detection (BACTEC Peds Plus Medium/
BACTECT Plus Aerobic- F, BACTEC, Becton- Dickinson, 
New Jersey; or BacT/ALERT PF Paediatric FAN/BacT/
ALERT FA FAN Aerobic, bioMerieux, Marcy l’Etoile, 
France). Blood cultures with bacterial growth were sub- 
cultured on blood and chocolate agar (Oxoid, Basing-
stoke, UK), and biochemical tests were conducted 
(API 20E; bioMerieux) to identify suspected Salmo-
nella isolates.30 Antimicrobial susceptibility testing was 
performed using agar diffusion tests according to the 
Clinical Laboratory and Standards Institute guidelines.30

Data sources and bacterial isolates
A total of 166 iNTS isolates were used for this investiga-
tion, which comprised 94 iNTS isolates from the TSAP 
study, an additional 23 iNTS isolates obtained from 
outside predefined TSAP study catchment areas and 49 
iNTS isolates from other studies. In order to place these 

S. Typhimurium and S. Enteritidis isolates into a global 
phylogenetic context, the existing datasets were incor-
porated: 147 iNTS serotype Typhimurium ST313 isolates 
from seven countries (Malawi, Kenya, Mozambique, 
Uganda, DRC, Nigeria and Mali),11 Nigeria and DRC,12 
Malawi,28 Kenya,14 Malawi32 and 594 iNTS serotype Ente-
ritidis ST11 isolates (selected from Feasey et al13; online 
supplemental table 1).

Whole genome sequencing
Genomic DNA was extracted from all Salmonella isolates 
using the Wizard Genomic DNA Extraction Kit (Promega, 
Wisconsin, USA). Two micrograms of genomic DNA 
from each organism was subjected to indexed- tagged 
pair- end sequencing on an Illumina Hiseq 2000 platform 
(Illumina, CA, USA) at the Wellcome Sanger Institute to 
generate 100 bp paired- end reads. Data quality control 
was performed using in- house pipelines. Raw sequence 
data are available in the European Nucleotide Archive 
(Project number: ERP009684, ERP010763, ERP013866) 
(online supplemental table 2).

Single nucleotide polymorphism (SNP) calling and analyses
Raw Illumina reads were used to create multiple assem-
blies using Velvet V.1.233 with parameters optimised using 
VelvetOptimiser V.2.2.5,34 35 and automated annotation 
was performed using PROKKA V.1.5.36 Roary37 was used 
to define the pan genome of 166 iNTS isolates with blastp 
percentage identity of 99% and a core definition of 99%. 
In total, 3450 core genes were identified (genes that 
were present in ≥99% strains) and 86 765 SNP sites were 
extracted from the core gene alignment using SNP- sites 
V.2.1.3.35

For S. Typhimurium ST313, raw Illumina reads of 99 
isolates from this study and 147 S. Typhimurium ST313 
from previous studies11 12 29 33 38 were mapped to the refer-
ence sequence of S. Typhimurium strain SL1344 (accession: 
FQ312003.1), using SMALT V.0.7.4 (http://www. sanger. 
ac. uk/ resources/ software/ smalt/). Candidate SNPs were 
called against the reference sequence using SAMtools38 
and filtered with a minimum mapping quality of 30 and 
minimum consensus base agreement of 75%. The allele at 
each locus in each isolate was determined by reference to the 
consensus base in that genome using SAMtools mpileup and 
removing low confidence alleles with consensus base quality 
≤20, read depth ≤5 or a heterozygous base call. The repeat 
finding program in NUCmer V.3.139 was used to identify 
exact repetitive regions of ≥20 bp in length in the reference 
genome and SNPs called in these regions were excluded. 
SNPs called in phage sequences and recombinant regions 
identified using Gubbins40 were further removed, resulting 
in a final set of 1960 chromosomal SNPs. The identification 
of SNPs for S. Enteritidis ST11 was performed following the 
same procedure as S. Typhimurium ST313. Briefly, the raw 
Illumina reads of 28 S. Enteritidis ST11 isolates from this 
study and 594 additional isolates from a global collection13 
were mapped to the reference sequence of S. Enteritidis 
strain P125109 (accession: NC_011294.1), using SMALT 

Figure 1 Geographical distribution of iNTS genotypes and 
serotypes in the sampled countries in sub- Saharan Africa. 
Different colours in the pie charts correspond to different 
sequence types and serovars of iNTS isolates in our study 
sites. The size of the pie charts corresponds to the numbers 
of isolates in each country. Countries coloured in grey 
highlight the study sites, while red and white circles indicate 
countries with and without MDR iNTS isolates, respectively.
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followed by SNP calling and filtering as described previously, 
resulting in a final set of 25 121 SNPs.

Phylogenetic analyses
A maximum likelihood (ML) phylogenetic tree was 
constructed from the 86 765 SNP alignment of all 166 
iNTS isolates using RAxML V.8.2.8 with a generalised time- 
reversible model and a Gamma distribution to model the 
site- specific rate variation (GTRGAMMA).41 Clade support 
for this tree was assessed through a bootstrap analysis with 
100 pseudo- replicates. To investigate the molecular epidemi-
ology of the S. Typhimurium ST313 and S. Enteritidis ST11 
isolates sequenced here in a global context, a ML tree was 
inferred from an alignment of 1960 SNPs for 246 S. Typhi-
murium ST313 (99 from this study and 147 from previous 
studies11 12 29 33 38) and an alignment of 25 121 SNPs for 622 
S. Enteritidis ST11 isolates (28 from this study and 594 from 
a global collection13), using RAxML with GTRGAMMA 
model. Support for these phylogenetic trees was assessed 
through a 100 bootstrap pseudo- analysis. Tree annotation 
was visualised using ITOL.42

Antimicrobial resistance gene and plasmid analyses
From raw Illumina reads, Short Read Sequence Typing- 
SRST243 was used to identify acquired AMR genes and their 
precise alleles using the ARG- Annot database,44 as well as 
plasmid replicons using the PlasmidFinder database.45 Multi-
locus sequence typing (MLST) of all iNTS isolates was also 
determined using SRST2 together with the MLST database 
for Salmonella enterica downloaded from pubMLST (https:// 
pubmlst. org/ organisms/ salmonella- spp).46 Salmonella sero-
types were identified using conventional serology as well 
as MLST- based approach47 and SeqSero (genome- based 
approach)48; the final interpretation followed a consensus 
of MLST and SeqSero. Bandage49 was used to investigate the 
assembled contigs carrying the AMR cassettes. Mutations in 
fluoroquinolone resistance genes (gyrA, gyrB, parC, parE) 
were identified using SeaView.50

Incidence analyses of MDR iNTS disease
Incidence rates of MDR iNTS were estimated for study sites 
in Burkina Faso, Ghana, Guinea- Bissau, Kenya and Senegal. 
Statistical methodology used previously to calculate the 

Table 2 Distribution of MDR iNTS and gyrA mutation (fluoroquinolone resistance) in the sampled countries in sub- Saharan 
Africa

Serovars
(number of isolates)
n=166

MDR iNTS isolates per 
serovar*

MDR iNTS serovar per country
(%, number)

MDR iNTS per genotype
(%, number)

Typhimurium (n=110) 85% (94/110) Burkina Faso (50, 6/12) ST313 (95, 94/99)

Ghana (64, 85/133) ST19 (0, 0/11)

Guinea- Bissau (22, 2/9)   

Kenya (100, 1/1)   

Enteritidis (n=30) 23% (7/30) Burkina Faso (33, 4/12) ST11 (25, 7/28)

Ghana (2, 2/133)   

Senegal (50, 1/2)   

Dublin (n=18) 6% (1/18) Ghana (1, 1/133) ST10 (6, 1/18)

Others (n=8) 0% (0/8) n.a. n.a.

Countries
(number of iNTS) Number of MDR iNTS (n=102) % of MDR iNTS gyrA

Burkina Faso (n=12) 10 10/12 (83) 0

Ghana (n=133) 88 88/133 (66) S83Y (ST313, 2 isolates)
D87G (ST11, 6 isolates)
D87Y (ST11, 2 isolates)
D87N (ST11, 3 isolates)

Guinea- Bissau (n=9) 2 2/9 (22) 0

Kenya (n=1) 1 1/1 (100) 0

Senegal (n=2) 1 1/2 (50) 0

*Multidrug resistance (MDR) definition used for the analysis presence of resistant genes for at least one agent in all three antimicrobial 
categories listed below (detected in this study): ampicillin (blaCTX_M, blaOXA, blaTEM), chloramphenicol (catA1), trimethoprim–
sulfamethoxazole (sulfonamide (sul1, sul2) and trimethoprim (dfrA, dfrA1, dfrA14, dfrA8)).
†Refer to table 1 for the number of iNTS isolates per country used as a denominator to calculate the % of MDR per country in this table.
‡The 2 MDR iNTS isolates with gyrA mutation (fluoroquinolone resistance) were yielded from a 1- year- old female infant and a 10- month- old 
female infant in Agogo in 2011 (TSAP: Typhoid Fever Surveillance Program).
§Spv locus was detected in all MDR iNTS isolates.
n.a., not available.
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incidence of S. Typhi and iNTS disease in the TSAP study 
was used to calculate MDR iNTS incidence.7 30 51 Demo-
graphic data from Health and Demographic Surveillance 
System (HDSS) sites were used to estimate population 
denominators where available. In non- HDSS sites, health- 
seeking behaviour as reported by randomly administered 
healthcare utilisation surveys were used to estimate popula-
tion denominators for each study site. Crude incidence rates 
were adjusted to account for the proportion of surveyed 
individuals who reported seeking care for a febrile episode 
at a study facility to yield adjusted incidence rates. Adjusted 
incidence rates of MDR iNTS cases per 100 000 per person- 
years- of- observation (PYO) were estimated with 95% CIs 
using these adjustment factors and crude MDR iNTS case 
numbers. The previously established multi- country database 
(Microsoft Visual FoxPro 7.0, Redmond, Washington) for 
TSAP was used for the countries with MDR iNTS isolates.

RESULTS
Geographical distribution of iNTS serotypes and sequence 
types
The majority (66%; 110/166) of iNTS organisms in the 
sampled sub- Saharan African countries were S. Typhi-
murium, of which 90% (99/110) were ST313 and 10% 
(11/110) were ST19. S. Enteritidis accounted for 18% 
(30/166) of the isolates, composed of ST11 (93.3%; 
28/30), ST183 (3.3%; 1/30) and ST2107 (3.3%; 1/30). 
S. Dublin (ST10) comprised a further 11% (18/166) of 
isolates. Several other serotype STs, including S. Chol-
eraesuis ST145 (3/166), S. Muenster ST321 (1/166), 

S. Poona ST308 (1/166), S. Stanleyville ST339 (1/166) 
and S. Virchow ST359 (1/166), were also identified. S. 
Typhimurium ST313 was mostly limited to West Africa 
(table 1), whereas S. Enteritidis ST11 appeared to be 
pervasive in both West and Southern Africa. S. Dublin 
ST10 was identified in West Africa and S. Typhimurium 
ST19 was distributed across the continent.

Overall, 61% (102/166) of the iNTS organisms 
described here were MDR. These were isolated in Burkina 
Faso (83%; 10/12), Ghana (66%, 88/133), Guinea- Bissau 
(22%; 2/9), Kenya (100%; 1/1) and Senegal (50%; 1/2). 
S. Typhimurium exhibited the highest prevalence of 
MDR (85%; 94/110); 95% (94/99) of the ST313 isolates 
were MDR. In total, 23% (7/30) of S. Enteritidis and 6% 
(1/18) S. Dublin organisms were MDR; none of the S. 
Typhimurium ST19 were MDR (figure 1, table 2).

Phylogenetics and AMR of iNTS
A phylogenetic reconstruction of all iNTS isolates showed 
that the three major serovar STs—S. Typhimurium (ST313), 
S. Enteritidis (ST11) and S. Dublin (ST10)—formed inde-
pendent clusters with dissimilar AMR gene profiles (figure 2). 
Almost all of the MDR S. Typhimurium ST313 (95%; 94/99) 
carried the Tn21 transposon- associated MDR- loci (sulII- strAB- 
dfrA1- aadA1- sulI- cat- blaTEM) on an IncF virulence- resistance 
plasmid (pSLT- BT).11 A single MDR S. Typhimurium ST313 
from Kenya additionally carried two copies of blaCTX- M-15, 
conferring resistance to third- generation cephalosporins. 
One copy of blaCTX- M-15 was located on the 300 kb IncHI2 
plasmid, pKST313 (accession number: LN794248), and 

Figure 2 Antimicrobial resistance genes and plasmids associated with iNTS isolates circulating in sampled sub- Saharan 
African countries. Midpoint- rooted maximum likelihood phylogenetic tree based on the core genes of iNTS isolates sequenced 
in this study and their corresponding metadata. The first column shows the sequence types in different colours. The second 
column corresponds to the countries where our iNTS isolates were detected. The remaining columns exhibit a heatmap of 
detected AMR genes and plasmid replicons. The tree scale bar indicates the number of substitutions per variable site.
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the other on the chromosome disrupting the ompD locus. 
Reduced susceptibility to fluoroquinolones in S. Typhimu-
rium ST313 was uncommon, with 2% (2/99) of Ghanaian 
ST313 isolates possessing a single mutation (S87Y) in gyrA 
(table 2).

The majority of S. Enteritidis ST11 (19/28; 68%) harboured 
the typical IncF virulence plasmid (60 kb), which was 
comparable with pSENV (accession number NC_019120.1, 
coverage 100%, identity 99%). The remaining S. Enterit-
idis ST11 (9/28; 32%) harboured a novel IncI1 virulence- 
resistance plasmid (pSEP, accession number: ERP121368) of 
approximately 68 kb (figure 3), of which 7/28 (25%) isolates 
(4 from Burkina Faso, 2 from Ghana, 1 from Senegal) 
carried the MDR- encoding Tn21- like transposon (sulII- strAB- 
tetB- dfrA1- sulI- cat- blaTEM), and 2/28 (7.1%) isolates carried 
a different AMR cassette (TnpA- sulII- strAB- blaTEM- Tn3). The 
novel IncI plasmid exhibited 60% homology to pSENV but 
did not harbour the IncF replicon, the pefBACD fimbriae- 
encoding operon, or the virulence- associated genes srgA and 
rck (figure 3). In addition, two non- MDR Ghanaian S. Enterit-
idis ST11 possessed an AMR cassette (sul2- strAB- tetA) carried 
on a small (11 kb) non- conjugative IncQ plasmid conferring 
resistance against sulfonamides, streptomycin and tetracy-
clines. This IncQ plasmid exhibited a similar genetic struc-
ture to pSTU288-2 from S. Typhimurium (accession number 
CP004059.1, coverage 98%, identity 99%). Two further 

non- MDR Ghanaian isolates carried a Tn21- mediated AMR 
cassette (sulII- strAB- dfrA1- aadA1- sulI- cat) on the virulence 
plasmid, and a single non- MDR isolate from Madagascar 
carried a blaTEM Tn3 integrated into the virulence plasmid. 
Reduced susceptibility to fluoroquinolones was predicted by 
the sequences in 39% (11/28) of the S. Enteritidis- ST11, all 
of which originated from Ghana and displayed a variety of 
gyrA mutations (D87G: 6 isolates, D87N: 3 isolates, D87Y: 2 
isolates) (table 2).

Phylogenetics of S. Typhimurium ST313 and S. Enteritidis 
ST11 isolates in global context
To investigate the population structures of S. Typhimu-
rium ST313 and S. Enteritidis ST11 in a broader context, 
we constructed global phylogenies. All S. Typhimu-
rium ST313 isolates from our study fell into lineage II 
(figure 4A). The single Kenyan ST313 isolate carrying two 
copies of blaCTX- M-15 was part of the previously described 
clonal expansion of MDR ceftriaxone- resistant ST313 
sub- lineage.14 Notably, the Ghanaian ST313 isolates 
did not form a single cluster, but were associated with 
multiple clusters from Mali, Burkina Faso and Nigeria, 
indicating multiple introduction events (figure 4A).

A detailed phylogenetic investigation of S. Enteritidis 
ST11 demonstrated that 11/28 (40%) (Ghana: 5, Burkina 
Faso: 4, Senegal: 1, Guinea Bissau: 1) isolates fell into the 

Figure 3 Novel IncI1 virulence- resistance plasmid (pSEP) in an S. Enteritidis ST11 isolate. Plasmid comparison analyses 
between the novel virulence- resistance IncI1 plasmid pSEP (bottom) and the reference virulence IncF plasmid pSENV (top). The 
grey blocks show the BLASTn comparison between the two plasmids using the bl2seq feature from the web- based BLAST. 
Some annotations are added for both plasmids. Red- coloured arrows are genes associated with virulence and AMR. Blue- 
coloured arrows are genes associated with conjugation. Grey- coloured arrows correspond to plasmid replication and stability. 
Green- coloured genes are associated with transposon elements.
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West African clade.13 The ST11 organisms within this West 
African clade displayed either MDR (seven isolates) or 
other non- MDR AMR phenotypes (two isolates). We found 
evidence that some Ghanaian isolates within this clade clus-
tered alongside organisms from Burkina Faso and Mali, 
again suggesting international transmission. In addition, 
13/28 (46%) of the S. Enteritidis ST11 (Ghana: 11, Mada-
gascar: 1, South Africa: 1) belonged to the Global epidemic 
clade.13 These isolates had phylogenetic links with their 
country- specific clusters, with the exception of two Ghanaian 
isolates that clustered with organisms from neighbouring 
Cameroon and Senegal. Lastly, 4/28 (14%) (2 from Ghana, 
2 from Madagascar) of the ST11 isolates grouped within the 
outlier cluster (figure 4B).

Incidence of MDR iNTS disease in sub-Saharan Africa
We calculated the age- stratified incidence rates of MDR 
iNTS in previously described study catchment areas in 
Burkina Faso, Ghana, Guinea- Bissau and Kenya (table 3). 
The adjusted incidence of MDR iNTS disease exceeded 
100/100 000 PYO in children <15 years of age in all West 

African countries: Burkina Faso (Nioko II, 274/100 000 
PYO, 95% CI 185 to 406; Polesgo, 255/100 000 PYO, 95% 
CI 138 to 470), Ghana (Asante Akim North: Ghana- AAN, 
414/100 000, 95% CI 333 to 515) and Guinea- Bissau 
(Bandim, 105/100 000, 95% CI 69 to 161). Among chil-
dren <15 years, younger children (<2–4 years) exhibited the 
highest MDR iNTS incidence rates in both sites in Burkina 
Faso: 753/100 000 PYO (95% CI 460 to 1233) in Nioko II 
and 630/100 000 PYO (95% CI 288 to 1380) in Polesgo. In 
both settings in Burkina Faso, the incidence of MDR iNTS 
disease in the infant age group was slightly lower than in the 
group aged 2–4 years, but children <5 years old exhibited a 
high burden of MDR iNTS disease. In Ghana- AAN, infants 
aged <2 years had the highest incidence of MDR iNTS 
disease (1435/100 000; 95% CI 1110 to 1854) followed by 
children aged between 2 and 5 years (747/100 000; 95% 
CI 491 to 1135). Similarly, in Guinea- Bissau, infants <2 years 
old exhibited the highest incidence of MDR iNTS disease 
(291/100 000; 95% CI 176 to 482). The incidence rate of 
MDR iNTS in older age groups (≥15 years) was relatively 

Figure 4 Phylogenetics of S. Typhimurium ST313 lineage II and S. Enteritidis ST11 in sub- Saharan Africa. (A) Maximum 
likelihood phylogenetic tree of S. Typhimurium- ST313 lineage II isolates from this study in the context of the sub- Saharan 
African continent; lineage I was pruned to enhance the visualisation of the tree. Red circles at the terminal leaves correspond 
to our study isolates. The first column shows different colour- coded countries from where all analysed isolates originate. The 
second column shows MDR and non- MDR isolates in red and grey, respectively. (B) Maximum likelihood phylogenetic tree of 
our S. Enteritidis- ST11 isolates in the global context of S. Enteritidis. Red circles at the terminal leaves correspond to our study 
isolates. The first and second columns show regions and resistant phenotypes in different colours. The tree scale bar indicates 
the number of substitutions per variable site.
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low, ranging between 0 (Guinea- Bissau) to 11 (Kenya) and 
54 (Burkina Faso) per 100 000 PYO.

DISCUSSION
Our study shows that MDR iNTS is highly prevalent in 
several sub- Saharan African countries. Specifically, we 
found that MDR S. Typhimurium ST313 is the most 
common cause of iNTS disease, but that other iNTS 
serovars, principally S. Enteritidis ST11 and S. Dublin 
ST10 in West Africa, also constitute a major proportion 
of the disease burden.52 53 Our phylogenetic analyses 

provide further evidence for the regional transmission 
of two MDR serovars/STs (S. Typhimurium ST313 and 
S. Enteritidis ST11) between Ghana and neighbouring 
countries Burkina Faso, Nigeria, Mali and Senegal. These 
transmission events highlight the need for intensified 
AMR surveillance, the coordination of AMR reporting, 
and sustained public health control measures between 
these and other African countries.

We calculated a particularly high incidence of MDR iNTS 
disease in the West African countries of Burkina Faso, Ghana 
(<5 years) and Guinea- Bissau (<2 years). The incidence rates 

Table 4 All iNTS organisms analysed

All iNTS isolates from TSAP† and non- TSAP projects‡ in Ghana (N=166)

iNTS 
isolates 
analysed 
(N=945)

Burkina 
Faso

Ghana§ Guinea- Bissau Kenya Madagascar Senegal South 
Africa

Tanzania

12 133 9 1 4 2 1 4

4 (Polesgo)
8 (Nioko II)

84 (Asante Akim 
North)
49 (Agogo)¶
36 
(‘IsolateAgogo’)
5 (‘FISA’)
3 (‘TYSA’)
5 (unidentified)

6 (Simao 
Hospital)
2 (Bandim)
1 (Belem)

1 (Kibera) 3 (CHU 
Tsaralalana)
1 (Isotry)

1 (IPS)
1 
(Dominique 
hospital)

2 (Moshi 
urban)
1 (Moshi 
rural)
1 (Moshi 
other)

Published iNTS Typhimurium ST313 Lineage II isolates (N=102)**

  DRC†† Kenya Malawi Mali Mozambique Nigeria Uganda

  8 9 55 18 3 6 3

Published iNTS Enteritidis ST11 isolates (N=677)‡‡

  Western 
Africa

Central and 
Eastern Africa

Southern Africa Northern 
Africa

Rest of the 
World

  90 262 131 11 183

*Total 945 iNTS organisms were analysed in this manuscript: 166 iNTS isolates from the TSAP and other Ghana projects; sequenced and 
published 102 iNTS serovar Typhimurium ST313 Lineage II isolates from seven countries (DRC/Kenya/Malawi/Mali/Mozambique/Nigeria/
Uganda); and sequenced and published 594 (out of 677) iNTS serovar Enteritidis ST11 isolates (see online appendices for the metadata).
†TSAP: Typhoid Fever Surveillance Program.7 30 Of the 10 countries under the TSAP, no iNTS was found in Sudan and Ethiopia. 4 and 1 
iNTS strains were identified from Madagascar and South Africa, respectively, through the whole genome sequencing; no iNTS isolates 
were reported from Madagascar and South Africa based on the blood culture result. Few analysed iNTS isolates, which may have been 
detected outside the strictly predefined surveillance catchment area, are considered for the bacterial genomic analysis, but excluded from 
the incidence estimation of the multidrug resistant iNTS in respective sites in table 4. The 166 iNTS isolates included for the final genomic 
analyses are based on the screening of whole genome sequenced results.
‡Non- TSAP projects in Ghana include the ‘Febrile Illnesses Surveillance in Africa (FISA)’, ‘Typhoid Surveillance in Africa (TYSA)’ and 
‘IsolateAgogo’ conducted in Agogo.
§Ghana: 133 iNTS isolates analysed in this manuscript include 84 iNTS detected through the TSAP in Asante Akim North and 49 iNTS from 
several non- TSAP projects conducted in Agogo.
¶49 (Agogo): 49 iNTS isolates detected from various non- TSAP projects in Agogo, Ghana as listed in this table.
**Total 102 iNTS Typhimurium ST313 Lineage II isolates, which had been collected in seven countries in sub- Saharan Africa and whole 
genome sequenced, were published and raw sequence data accessible at the Wellcome Trust Sanger Institute. Global collection of S. 
Typhimurium and additional S. Typhimurium from Malawi, Kenya, Mozambique, Uganda, DRC, Nigeria and Mali11; Nigeria and DRC12; 
Malawi28; Kenya (Kariuki et al 2015b); Malawi.32 Whole genome sequenced 166 iNTS isolates from TSAP and non- TSAP projects in Ghana 
listed in this table included 99 iNTS Typhimurium ST313 Lineage II . This 99 ST313 Lineage II was combined with the raw sequence data of 
102 ST313 Lineage II published isolates listed in this footnote. Total 201 ST313 Lineage II isolates were further analysed.
††DRC: Democratic Republic of Congo.
‡‡Raw sequence data of the published global collection of 594/677 S. Enteritidis isolated from human and animal samples (Feasey et al 
2016) were accessible at the Wellcome Trust Sanger Institute. The associated metadata were publicly available online. These samples 
were collected and whole genome sequenced across the African continent and the world: Western Africa: Benin, Cameroon, Chad, Gabon, 
Guinea, Ivory Coast, Mali, Niger and Senegal. Central and Eastern Africa: Central African Republic, Comoros, Congo, Djibouti, Ethiopia, 
HPA, Kenya, Madagascar, Malawi, Mauritius, Mozambique, Rwanda and Uganda. Southern Africa: Republic of South Africa. Northern 
Africa: Algeria, Egypt, Mauritania, Morocco and Tunisia. Rest of the World: Angola, Argentina, Colombia, Germany, Italy, Japan, PTG, Ratin- 
manufactured rat poison, Slovakia, Spain, Thailand, UK, Uruguay, USA and unknown.
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of MDR iNTS disease presented here generally correspond 
with the incidence of iNTS disease in other African coun-
tries.7 Effective antimicrobial therapy is an essential compo-
nent of iNTS management; however, the effectiveness of 
first- line treatments has been diminished due to the emer-
gence and spread of MDR and XDR NTS strains.13 29 54 Our 
data also depict the emergence of reduced fluoroquinolones 
susceptibility in both MDR ST313 and ST11 in Ghana, as 
well as the circulation of a ceftriaxone- resistant ST313 sub- 
lineage in Kenya. Invasive Salmonella with reduced suscep-
tibility to ciprofloxacin have been reported in Burkina 
Faso,7 Ghana,7 21 Nigeria,55 Senegal,56 Mozambique,23 the 
Congo,29 57 Kenya58 and South Africa.59 This increasing trend 
in resistance against clinically important classes of antimi-
crobials in differing iNTS serovars across Africa is of major 
concern.14 The growing use of ceftriaxone and ciprofloxacin 
for the treatment of febrile illnesses in Africa may lead to an 
increase in of MDR and XDR pathogens in this continent, 
which has already been observed across Asia in the last two 
decades.

Several limitations should be considered in interpreting 
and generalising these data beyond our study sites. While we 
are able to illustrate the magnitude of the problem of MDR 
iNTS in West Africa, there are relatively few genomic data 
points available from countries in East and Southern Africa. 
Previous studies showed high prevalence of MDR iNTS 
disease in Kenya27 58 and a recent meta- analysis suggested that 
MDR iNTS has emerged across four regions of sub- Saharan 
Africa.60 The generation and analysis of additional epidemi-
ological and genomic iNTS data in Eastern/Southern Africa 
would help facilitate comparison of incidence rates and 
AMR profiles of iNTS- associated organisms between African 
regions. Further, the estimated incidence rates of MDR iNTS 
disease in our study should be interpreted with caution as the 
number of cases in some countries were relatively small. In 
parallel, the original study design may also have led to some 
underestimation of iNTS burden, as afebrile patients with 
other clinical symptoms associated with iNTS disease were 
not enrolled. As a result, the true incidence of MDR iNTS 
disease in some settings need to be further monitored with 
more systematic disease surveillance.

Despite the identified limitations, our study provides 
enhanced insights into the population structure and 
transmission dynamics of major MDR iNTS serovars 
in sub- Saharan Africa and identified countries with a 
high burden of MDR iNTS. There is an urgent need to 
expand clinical and genomic surveillance for pathogens 
causing bloodstream infections across continental Africa 
to improve our understanding of disease incidence and 
to monitor AMR trends. Such data can better inform 
antimicrobial stewardship to extend the life of existing 
antimicrobial therapies and prioritisation of preventa-
tive interventions including vaccines. The development 
and deployment of a safe, low- cost, highly efficacious 
multivalent vaccine should be prioritised for the manage-
ment and prevention of iNTS disease in Africa, partic-
ularly in countries with high prevalence of MDR iNTS 
infections, as well as HIV, malaria and malnutrition.61 62 

Meanwhile, further investigations of household transmis-
sion dynamics and human and non- human reservoirs of 
infection are warranted to inform better iNTS control 
measures and, ultimately, optimal programmatic use of 
future vaccines.
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expansion of antimicrobial-resistant Salmonella Typhi: 
a genomic epidemiology study
Kesia Esther da Silva*, Arif Mohammad Tanmoy*, Agila Kumari Pragasam*, Junaid Iqbal*, Mohammad Saiful Islam Sajib, Ankur Mutreja, 
Balaji Veeraraghavan, Dipesh Tamrakar, Farah Naz Qamar, Gordon Dougan, Isaac Bogoch, Jessica C Seidman, Jivan Shakya, Krista Vaidya, 
Megan E Carey, Rajeev Shrestha, Seema Irfan, Stephen Baker, Steve P Luby, Yanjia Cao, Zoe Anne Dyson, Denise O Garrett, Jacob John, 
Gagandeep Kang, Yogesh Hooda†, Samir K Saha†, Senjuti Saha†, Jason R Andrews†

Summary
Background The emergence of increasingly antimicrobial-resistant Salmonella enterica serovar Typhi (S Typhi) 
threatens to undermine effective treatment and control. Understanding where antimicrobial resistance in S Typhi is 
emerging and spreading is crucial towards formulating effective control strategies.

Methods In this genomic epidemiology study, we sequenced the genomes of 3489 S Typhi strains isolated from 
prospective enteric fever surveillance studies in Nepal, Bangladesh, Pakistan, and India (between 2014 and 2019), and 
combined these with a global collection of 4169 S Typhi genome sequences isolated between 1905 and 2018 to 
investigate the temporal and geographical patterns of emergence and spread of antimicrobial-resistant S Typhi. We 
performed non-parametric phylodynamic analyses to characterise changes in the effective population size of 
fluoroquinolone-resistant, extensively drug-resistant (XDR), and azithromycin-resistant S Typhi over time. We 
inferred timed phylogenies for the major S Typhi sublineages and used ancestral state reconstruction methods to 
estimate the frequency and timing of international and intercontinental transfers.

Findings Our analysis revealed a declining trend of multidrug resistant typhoid in south Asia, except for Pakistan, 
where XDR S Typhi emerged in 2016 and rapidly replaced less-resistant strains. Mutations in the quinolone-
resistance determining region (QRDR) of S Typhi have independently arisen and propagated on at least 94 occasions, 
nearly all occurring in south Asia. Strains with multiple QRDR mutations, including triple mutants with high-level 
fluoroquinolone resistance, have been increasing in frequency and displacing strains with fewer mutations. Strains 
containing acrB mutations, conferring azithromycin resistance, emerged in Bangladesh around 2013 and effective 
population size of these strains has been steadily increasing. We found evidence of frequent international (n=138) 
and intercontinental transfers (n=59) of antimicrobial-resistant S Typhi, followed by local expansion and 
replacement of drug-susceptible clades.

Interpretation Independent acquisition of plasmids and homoplastic mutations conferring antimicrobial resistance 
have occurred repeatedly in multiple lineages of S Typhi, predominantly arising in south Asia before spreading to 
other regions.

Funding Bill & Melinda Gates Foundation.

Copyright © 2022 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Typhoid fever, the disease caused by Salmonella enterica 
serovar Typhi (S Typhi), remains a major public health 
concern worldwide,1 causing 11 million cases and more 
than 100 000 deaths annually.2,3 The highest incidence 
rates occur in south Asia, which contains 70% of the 
global disease burden, but substantial morbidity and 
mortality also occur in sub-Saharan Africa, southeast 
Asia, and Oceania.4

The effectiveness of antimicrobial therapy has 
been threatened by the emergence and expansion 
of antimicrobial-resistant strains. Multidrug-resistant 
variants, harbouring genes encoding resistance to 
ampicillin, chloramphenicol, and trimethoprim–

sulfamethoxazole, first emerged in the 1970s; subsequently, 
a single lineage (4.3.1) associated with multidrug-resistance 
among the H58 haplotype became globally dominant.5,6 
Fluoroquinolones were initially effective against 
multidrug-resistant S Typhi and became the mainstay of 
therapy in the 1990s. However, by the 2010s, the majority 
of S Typhi in south Asia contained mutations in the 
quinolone resistance-determining regions (QRDR).7,8 In 
2016, a large outbreak of S Typhi containing plasmid-
mediated resistance to third generation cephalosporins 
and fluoroquinolone, and chromosomally located genes 
encoding multidrug-resistance were identified in Pakistan 
and termed extensively drug-resistant (XDR).9 In 2021 a 
single polymorphism in the AcrB efflux pump conferring 
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resistance to azithromycin was found to have independently 
arisen in multiple lineages of S Typhi, threatening the 
efficacy of all oral antimicrobials for typhoid treatment.10

Typhoid conjugate vaccines have proven effective for 
disease prevention, and WHO recommends introduction 
in countries with high burden of antimicrobial-resistant 
strains.11 However, given the current trajectory of 
antimicrobial resistance in S Typhi, waiting until a high 
burden of antimicrobial resistance is present within a 
country to introduce typhoid vaccines might be ill-
advised. Understanding the historical emergence, and 
geographical spread of antimicrobial-resistant S Typhi 
might yield insights into where resistant strains might 
spread and how quickly they will become dominant.

Here, we leveraged prospective, population-based 
typhoid surveillance studies from four of the highest 
burden countries in south Asia: Bangladesh, India, 
Nepal, and Pakistan. We sequenced 3489 S Typhi 
organisms isolated over a 6-year period, and these data 
were combined with a global collection of more than 
4000 additional genomes to investigate the emergence 
and geographical spread of antimicrobial-resistant 
S Typhi over the past 3 decades.

Methods
Bacterial isolates
This study included S Typhi isolates obtained from the 
Surveillance for Enteric Fever in Asia Project (SEAP; 
Bangladesh, Nepal, and Pakistan; 2016–19), Etiologies of 
Acute Febrile Illness Study (Nepal; 2014–16), and 

Surveillance for Enteric Fever in India Project (SEFI; 
2017–19). The study methodologies have been previously 
described.12,13 Participants included children and adults 
presenting to study sites with febrile illness. These sites 
included five health facilities in Dhaka, Bangladesh, 
18 facilities across 16 cities in India, 11 facilities across 
three cities in Nepal, and two hospitals and a university 
laboratory network in Karachi, Pakistan. Among 
9945 blood culture-confirmed typhoid cases, we selected 
a country-stratified sample of 3489 isolates for sequencing 
based on random (SEAP) or convenience sampling 
(SEFI). Sampling details are available in appendix 1 (p 2). 

Whole-genome sequencing and single-nucleotide 
polymorphism (SNP) analysis
Whole-genome sequencing was performed at the 
Wellcome Trust Sanger Institute (Hinxton, UK) using 
the Illumina HiSeq2500 platform (Illumina, San Diego, 
CA, USA), at a commercial Illumina service in Bangalore 
(India) and at the Wellcome Trust Research Laboratory in 
the Christian Medical College (Vellore, India) using the 
Illumina MiSeq platform (Illumina, San Diego, CA, 
USA). Paired-end reads were mapped to the S Typhi 
CT18 (AL513382) reference sequence using RedDog 
pipeline version V1beta.11. SNPs occurring in 
recombinant regions were detected by Gubbins version 
2.4.1 and excluded.14 SNP data were used to assign 
genotypes using GenoTyphi version 1.9.1. To provide 
global context, additional S Typhi genomes9,15–24 were 
downloaded from The European Nucleotide Archive and 

Research in context

Evidence before this study
We searched PubMed for relevant articles published in English 
from database inception to Oct 15, 2021, using the terms 
“Salmonella Typhi”, “antimicrobial resistance”, “whole genome 
sequencing”, and “phylogeography analysis”. Several studies 
have explored the phenotypic and genotypic diversity of 
Salmonella enterica serovar Typhi (S Typhi) isolates using whole 
genome sequencing, and most of them involved small number 
of isolates from multiple countries. Two studies have described 
phylogeographical analysis of dominant lineages and identified 
transfers from Asia to Africa and an ongoing, multidrug-
resistance epidemic within Africa.

Added value of this study
This study represents the largest genome sequencing study of 
S Typhi to date, with 3489 newly sequenced isolates from 
prospective surveillance studies in four of the highest typhoid 
burden countries in the world: Bangladesh, Nepal, Pakistan, and 
India. We combined these data with 4169 previously sequenced 
strains to characterise the emergence and geographical spread 
of antimicrobial resistant S Typhi. We applied bacterial 
phylodynamic methods to investigate how antimicrobial 
resistance influenced the population size of S Typhi, including 

displacement of less-resistant strains. Dated phylogenetic 
reconstruction and phylogeographic analyses were performed 
to estimate the frequency and location of antimicrobial 
resistance acquisition, along with dates of international spread. 
Additionally, our analysis also describes the emergence and 
evolutionary history of non-H58 lineages, about which 
relatively little is known.

Implications of all the available evidence
The results indicate that south Asia continues to be a crucial 
hub for S Typhi antimicrobial resistance acquisition, and 
antimicrobial-resistant clones that emerge in this region have 
been regularly introduced across borders within the region and 
intercontinentally. Our analysis also suggests that multidrug-
resistant strains are declining in most parts of south Asia but 
are being replaced with strains containing ceftriaxone 
resistance (extensively drug-resistant), high-level 
fluoroquinolone resistance, or azithromycin resistance, which 
are reversing declines in the effective population size of S Typhi. 
These findings of frequent international spread and expansion 
of antimicrobial-resistant S Typhi strains underscore the 
importance of viewing typhoid control strategies through 
a global rather than country-specific lens.

https://github.com/katholt/reddog
https://github.com/katholt/reddog
https://github.com/katholt/genotyphi
https://github.com/katholt/genotyphi
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://www.ebi.ac.uk/ena/browser/home
https://github.com/katholt/reddog
https://github.com/katholt/reddog
https://github.com/katholt/genotyphi
https://www.ebi.ac.uk/ena/browser/home
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subjected to the same SNP calling and recombination 
filtering pipeline.

Phylogenetic analyses
Maximum likelihood phylogenetic trees were inferred 
from the SNP alignments using RAxML version 8.2.10.25 

A generalised time-reversible model and a gamma 
distribution was used to model site-specific rate variation 
with 100 bootstrap pseudoreplicates used to assess 
branch support for the phylogeny. We selected the tree 
with the highest likelihood score as the best tree.

Temporal and phylogeographical analysis
To investigate dates of emergence and geographical 
transfers, we inferred timed phylogenies. We used 
TempEst version 1.5 to assess temporal structure by 
conducting a regression of the root-to-tip branch 
distances of the tree as a function of the sampling time,26 
which was confirmed by a clustered permutation test 
using R package BactDating version 1.1.0.27 For the 
non-H58 isolates, we estimated the best-fit models, tree 
topology, evolutionary rates, and phylogeography by 
using Bayesian Markov chain Monte Carlo method with 
BEAST2 version 2.6.2.28 Separate trees were fit for the 
most common non-H58 lineages (2.3.3, 2.5, 3.2.2, and 
3.3). Isolates from each lineage were selected based on 
temporal, geographical, and phylogenetic diversity, as 
described in appendix 1 (p 3). 

For the BEAST analysis, a general time reversible with 
gamma distribution model was selected, and sampling 
times (tip dates) were defined as the year of isolation. We 
tested support for a strict clock for each lineage using 
the relaxed clock test in the treedater R package version 
0.5.0, and the strict clock was rejected in each instance.29 
We therefore constructed time-phylogenies using 
coalescent exponential population priors with a relaxed 
clock (uncorrelated lognormal distribution).5,24 Three 
independent runs were performed to ensure convergence. 
The effective sample sizes of the parameters were 
estimated to be more than 200 for all independent runs. 
Phylogeographical reconstruction was obtained by the 
continuous-time Markov chain process over discrete 
sampling locations.
For H58, we had 4761 isolates, which precluded temporal 
and phylogeographical analysis using BEAST due to 
computational constraints. To avoid significant down-
sampling of isolates, we used the treedater R package29 
with an uncorrelated, relaxed molecular clock to estimate 
the timed phylogeny using all available H58 sequences, 
which yielded a time of the most recent common 
ancestor matching a root-to-tip based analysis using 
BactDating.5 We reconstructed the ancestral state of 
nodes using the maximum parsimony approach with the 
Phangorn R package version 2.8.1, considering events 
with a location probability of more than 0∙5 between 
connected nodes. For visualisation purposes, we selected 
a smaller subset of sequences to depict in a dated 

phylogenetic tree. For all phylogeographical analyses, we 
considered a geographical transfer when the most 
probable location between two connected nodes 
(or between a node and a tip) differed, and we 
considered the time window of transfer as the date range 
between the nodes (or between the node and tip). To 
investigate the geographical origin of H58 isolates, we 
evaluated the correlation between genetic diversity and 
geographical distances.30 To obtain stable estimates of the 
pairwise distance distribution, we included all countries 
with at least 20 sequences. We created a geographical 
grid of coordinates representing potential origins of H58 
and fit weighted linear regression models relating log 
pairwise SNP distance with log geographical distance. 
We considered the most probable origin as that which 
had the highest coefficient of determination (R²). We fit 
separate models for Asia only and Asia and Africa, 
hypothesising that the relationship between diversity and 
distance might differ considering air travel across the 
Indian Ocean.

Non-parametric phylodynamic inference of effective 
population size
To evaluate the historical effective population size for 
H58 lineage strains, we used the time-stamped H58 tree 
to estimate the effective population size through time 
using the skygrowth package version 0.3.1. We compared 
the effective population sizes of antimicrobial resistant 
and sensitive populations within countries. Epidemic 
success of antimicrobial resistant populations was also 
measured by comparing time-scaled haplotypic densities 
(THD; appendix 1 pp 3–4).

Antimicrobial resistance associated gene detection and 
plasmid replicon analysis
Antimicrobial Resistance Identifier by Assembly (ARIBA) 
version 2.10.0 and the Comprehensive Antibiotic 
Resistance Database database version 1.1.8 were used to 
investigate antimicrobial resistance gene content. Point 
mutations in the QRDR of the DNA-gyrase gyrA/B and 
topoisomerase-IV parC/E genes, associated with reduced 
susceptibility to fluoroquinolones and quinolone 
resistance genes (qnrS), were also detected using ARIBA. 
Isolates were defined as multidrug-resistant if resistance 
genes were detected in the beta-lactam, trimethoprim–
sulphonamide, and chloramphenicol classes. Plasmid 
replicons were identified using ARIBA and PlasmidFinder 
database.30

Ethics statement
Ethical approvals were obtained from the Bangladesh 
Institute of Child Health Ethical Review Committee (01-
02-2019), Christian Medical College Institutional Review 
Board (10393), Nepal Health Research Council (391/2018), 
Aga Khan University Hospital Ethics Committee and 
Pakistan National Ethics Committee (2019-0410-4188), 
Stanford University Institutional Review Board (39557), 

For more on ARIBA see https://
github.com/suhrig/arriba 

For more on the Comprehensive 
Antibiotic Resistance Database 
database see https://card.
mcmaster.fca/home

For more on Phangorn R 
package see https://www.
rdocumentation.org/packages/
phangorn/versions/2.8.1

For more on the skygrowth 
package see https://github.com/
mrc-ide/skygrowth
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and US Centers for Disease Control and Prevention. 
Informed written consent was taken from adult 
participants and legal guardians of child participants. 

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report. 

Results
A total of 3489 S Typhi isolates collected between 2014 
and 2019 were sequenced. Genotype analysis identified 
29 distinct genotypes (appendix 1 p 5). Most isolates 
(2474 [70∙9%]) belonged to genotype 4.3.1 (haplotype 
H58). We identified multiple, phylogenetically linked 
H58 sub-lineages shared across south Asia (appendix 1 
p 6), most regularly between Bangladesh, Nepal, and 
India. Within the H58 isolates, 4.3.1.2 isolates formed 
distinct clades with intermingled isolates from India and 
Nepal, and 4.3.1.3 isolates, identified predominantly in 
Bangladesh, clustered with few isolates from India. By 
contrast, the H58 isolates from Pakistan largely clustered 
independently and was dominated by a monophyletic 
XDR clade (4.3.1.1.P1). Among non-H58 isolates, the 
most common subclades were 3.2.2 (190 [5∙5%]), 3.3.2 
(161 [4∙6%]), 2.3.3 (140 [4∙0%]), 2.5 (123 [3∙5%]), and 3.3.1 
(85 [2∙4%]).

To provide additional context for the 3489 new South 
Asian genomes, and better understand temporal and 
spatial distribution of lineages, we constructed a phylogeny 
incorporating an additional 4169 S Typhi sequences from 
organisms isolated from 1905 to 2018 from more than 
70 countries (figure 1). Overall, the new sequences 
clustered with previously sequenced south Asian isolates, 
generating a distinct geographical structure. Genotype 
4.3.1 formed a large subclade. Primary clades 2, 3, and 4 
were distributed across continents with few isolates 
outside these clades. Notably, four subclades (2.3.3, 2.5, 
3.2.2, and 3.3) were dominant in south Asia, accounting 
for 1239 (75∙7%) of the 1634 non-H58 organisms.

We classified isolates as multidrug-resistant if they 
simultaneously contained genes conferring resistance to 
ampicillin (blaTEM-1), chloramphenicol (catA1), and 
trimethoprim–sulfamethoxazole (dfrA7 plus sul1 or sul2, 
or both). From 2000 onwards, we observed a declining 
trend in multidrug-resistant isolates in Bangladesh and 
India, a stable low proportion (30 [2∙6%] of 1144) in 
Nepal, and an increasing proportion in Pakistan and 

Figure 1: Global phylogeny of Salmonella Typhi
(A) Maximum likelihood tree of 7658 S Typhi isolates from the global collection. 
Branch colours indicate the lineages 2.3.3 (blue), 2.5 (turquoise), 3.2.2 (yellow), 
3.3 (green), 4.3.1 (dark red), 4.3.1.1 (red), 4.3.1.1.P1 (orange), 4.3.1.2 (pink), 
4.3.1.3 (salmon), and other non-H58 (black). The inner ring indicates the source. 
The outer ring indicates the region of isolation. The scale bar indicates 
nucleotide substitutions per site. (B) Temporal distribution of sequenced S Typhi 
isolates by region. 
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Africa (appendix 1 p 7). Acquired resistance genes that 
contribute to the multidrug-resistant phenotype were 
identified in 2047 (26∙8%) of the 7657 isolates of the 
global collection (appendix 1 p 21); of these 2016 (98∙4%) 
were H58 isolates and 31 (1∙6%) were non-H58 isolates. 
Among these non-H58 multidrug-resistant isolates, 
resistance was almost entirely plasmid-mediated 
(30 [96∙8%] of 31). By contrast, for H58 isolates we 
observed that plasmid-mediated resistance was 
persistent in the H58 isolates in the 1990s, but from 
2000 onward was less frequent, with most multidrug-
resistant isolates containing chromo somal insertions of 
drug-resistance genes (1516 [75∙2%] of 2016).

By contrast to the temporal trends in multidrug 
resistance, there was a consistent rise in the proportion of 
global S Typhi that were fluoroquinolone non-susceptible, 
primarily associated with mutations in gryA, gyrB, parC, 
and parE (appendix 1 p 7). The largest increase occurred 
in Bangladesh, exceeding 77 (98∙7%) of 78 in 2008, 
followed by India in 2008 (32 [96∙9%] of 33), Nepal in 
2012 (35 [97∙2%] of 36), and Pakistan in 2016 (84 [96∙5%] 
of 87). Fluoroquinolone non-susceptible S Typhi increased 
from  two (22∙2%) of nine in 2006 to 52 (71∙2%) of 73 by 
2011 in southeast Asia. In Africa, this increase occurred 
more recently, starting around 2010. Overall, we found 
that QRDR mutations were significantly more common 
in the H58 isolates (4353 [77∙5%] 5613) compared with 
other lineages (1257 [22∙5%] of 5613; p<0∙0001). From 
2010 onwards, an increasing number of isolates had 
multiple QRDR mutations; more than 10% of all isolates 
had three mutations (appendix 1 p 8). Among the novel 
genomes, 437 were triple mutants (appendix 1 p 22), 
which are associated with high-level resistance to 
fluoroquinolones.20 Most (402 [92%] of 437) of these 
organisms occurred in H58 lineage II (4.3.1.2) in India 
and Nepal; the second most common (15 [3%] of 437) 
triple mutant genotype was 3.3, predominantly isolated in 
India. A comparison between genotypic and phenotypic 
resistance profile of all new isolates from south Asia are 
presented in appendix 1 (p 23).

Susceptibility to fluoroquinolones can be further 
reduced via plasmid-mediated acquisition of qnr genes. 
We identified qnrS in two non-H58 isolates and 686 H58 
isolates that included genotype 4.3.1 (n=3), 4.3.1.1 (n=5), 
4.3.1.P1 (n=550), and 4.3.1.3 (n=125). Most H58 isolates 
from Pakistan were XDR (4.3.1.P1) carrying the previously 
identified composite transposon containing blaTEM-1, catA1, 
dfrA7, sul1, sul2 inserted in the chromosome, and blaCTX-M-15 
and qnrS associated with an IncY plasmid.9 Azithromycin 
resistance, conferred by acrB mutations (Arg717Gln and 
Arg717Leu), was identified in 54 isolates across eight 
different genotypes including 4.3.1 (n=1), 4.3.1.1 (n=31), 
4.3.1.2 (n=5), 4.3.1.3 (n=2), and non-H58 isolates 
comprising, genotype 2.3.3 (n=2), 3.2.2 (n=9), 3.3.2 (n=3), 
and 3.5.4 (n=1).

To investigate how antimicrobial resistance has shaped 
the effective population size of S Typhi, we generated 

timed phylogenies and modelled the effective population 
size of antimicrobial susceptible and resistant organisms 
over time. To minimise the effect of location and lineage, 
we focused on the largest haplotype (ie, H58) and 
performed analyses within countries, evaluating key 
antimicrobial resistance determinants. In Nepal, we 
found that the effective population size (Ne) of S Typhi 
containing one or two QRDR mutations rose steadily 
from 2000, beginning to decline from 2017, and triple 
mutants have steadily increased from 2010 (figure 2). In 
Pakistan, the Ne of non-XDR H58 S Typhi increased from 
2000 until around 2015 and began to fall; XDR organisms 
emerged and have been rapidly growing in frequency 
since 2016, eclipsing the effective population of non-
XDR organisms by 2018. In Bangladesh, the Ne of H58 
had slowly declined from around 2010; however, 
azithromycin-resistant organisms emerged in 2013 with 
a corresponding increase in Ne. In all three settings, 
organisms with key antimicrobial resistance conferring 
mutations or genes appear to be replacing their 
susceptible (or, in the case of fluoroquinolones, 

Figure 2: The effective population size of H58 lineages strains according to 
antimicrobial resistance genotype in Nepal, Pakistan, and Bangladesh.
In Nepal, strains containing 1–2 mutations in the QRDR were compared with 
those containing three mutations. In Pakistan, XDR strains were compared with 
non-XDR strains. In Bangladesh, strains containing acrB mutations conferring 
azithromycin-resistance were compared with those not containing the 
mutations. Increased values indicate expanding effective population size. Light 
shading represents the 95% high probability density intervals of the estimates. 
QRDR=quinolone-resistance determining region. XDR=extensively drug-
resistant.
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less-resistant) counterparts. Additionally, we measured 
the epidemic success of antimicrobial resistant 
populations by comparing THD. We found that the THD 
success index was higher in QRDR triple mutant isolates 
than those containing 1–2 mutations (p<0∙0001) or none 

(p<0∙0001; appendix 1 p 9). We also found a significant 
positive association between THD and XDR strains 
(p<0∙0001; appendix 1 p 10).

Using country of sampling as a discrete trait, we 
generated dated phylogenies to reconstruct the 
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Figure 3: Phylogeography and global expansion of genotype 4.3.1 (H58) Salmonella Typhi isolates
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evolutionary history and geographical spread of H58 
lineage and the four common non-H58 genotypes. 
Phylogeographical reconstruction of H58 isolates 
estimated that the time of most recent common ancestor 
of all contemporary H58 strains existed around 37 years 
ago (1984). The distribution of isolates and tree topology 
are consistent with at least 138 international transfer 
events, including multiple introductions within south 
Asia and dissemination from south Asia into southeast 
Asia and Africa, as well as many travel-related cases 
identified in the UK and USA (figure 3; figure 4). We also 
predicted that ciprofloxacin-resistant triple mutant 
isolates most probably originated in India around 1996 
and were introduced into Pakistan between 2005 and 
2013 and into Nepal on at least three occasions (2003–15). 
We identified frequent transmissions of international 
transfer of multidrug-resistant isolates (n=33), with 
multiple introductions from south Asia to southeast Asia 
and Africa followed by local expansion.

Our models assessing pairwise diversity in H58 isolates 
and geographical distance identified India as the most 
probable origin, in both the model including Asian and 
African isolates and the model restricted to Asian 
isolates. We found moderate support for a log-linear 
relationship between pairwise diversity and distance in 

the model including Asian and African isolates (R²=0∙72) 
but strong correlation (R²=0∙90) in the model of diffusion 
within Asia (appendix 1 pp 11–12).

The major non-H58 clades also acquired antimicrobial 
resistance loci and spread within and from south Asia. 
Genotype 2.3.3 circulated predominantly in Bangladesh 
but spread to Pakistan and India within the past 30 years 
(appendix 1 pp 13–14). Genotype 2.5, which might have 
circulated in India for more than 100 years (appendix 1 
pp 15–16), has been transferred to sub-Saharan Africa and 
Nepal multiple times, including two instances with strains 
containing QRDR mutations since 2015. Genotype 3.2.2 
organisms originating from Bangladesh were observed in 
south Asia only. We observed a single instance of transfer 
from Bangladesh to Nepal and ongoing local expansion. By 
contrast, we found that these organisms have been 
regularly transferred from Bangladesh to India (appendix 1 
pp 17–18). Transfer events included at least four recent 
introductions of fluoroquinolone non-susceptible 
organisms between 2006 and 2017. The most recent 
common ancestor of genotype 3.3 was estimated to have 
been from India more than 200 years ago (appendix 1 
pp 19–20), but moved extensively across south Asia, 
establishing large subclades in Bangladesh and Nepal, 
before progressing to sub-Saharan Africa, the Middle East, 

Figure 4: Geographical transfers within lineage 4.3.1 (H58) inferred from ancestral state reconstruction of the timed phylogenetic tree
The size of each arrow is scaled to the estimated number of transfers between the countries. Dates indicate the estimated first transfer between each pair of countries. 
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and southeast Asia. Genotype 3.3 organisms with QRDR 
mutations have moved from India to Nepal on multiple 
occasions.

Overall, our analysis identified evidence for at least 
197 introduction events between countries, of which 138 
were intracontinental and 59 were intercontinental 
(figure 5). The most common international transmission 
events were within south Asia and from south Asia to 
southeast Asia, east Africa, and southern Africa. We 
estimated that resistance-conferring mutations to 
fluoroquinolones (n=94) or azithromycin (n=7) have 
independently emerged on at least 101 separate occasions 
within the past 30 years, mostly in south Asia (n=94), 
and occasionally arising in southeast Asia, Africa, and 
South America. Additionally, isolates carrying QRDR 
mutations were transferred between countries on at 
least 119 independent occasions.

Discussion
This analysis of S Typhi genome sequences reveals that 
acquisition of antimicrobial resistance through 
plasmids or homoplastic mutations has occurred 
frequently across multiple lineages and been 
accompanied by expansion and international spread of 

antimicrobial-resistant S Typhi clones. We identified 
numerous international and intercontinental transfers 
of S Typhi over the past 30 years, with the majority 
associated with anti microbial resistance. Once 
introduced to a new setting, antimicrobial-resistant 
S Typhi became quickly fixed, as broadly exemplified 
with fluoroquinolone non-susceptible clades in multiple 
countries and XDR S Typhi in Pakistan. This rapid 
emergence, spread, and fixation of antimicrobial 
resistance suggests that making decisions regarding 
typhoid conjugate vaccine introduction based on current 
antimicrobial resistance data might miss a crucial 
window for prevention. Specifically, we found that south 
Asia continues to be an important hub for the generation 
of antimicrobial resistance and that the clones emerging 
here regularly move internationally, underscoring the 
need for resources to support typhoid control in this 
region.

Our ancestral state reconstruction and analysis of 
diversity loss over distance both identified the Indian 
subcontinent as an origin for most S Typhi lineages. 
Our analysis of diversity and distance from the 
hypothetical geographical origin (in India) found 
support for a log-linear relationship between diversity 

Figure 5: Major geographical transfers from 1990 onwards within the non-H58 and H58 lineages, inferred from the phylogenetic trees
The size of each arrow indicates the relative number of probable transfers between the countries. Arrow colours indicate antimicrobial resistance pattern. FQ-NS=Fluoroquinolone non-susceptible. 
MDR=multidrug resistant. XDR=extensively drug resistant. 
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and distance within Asia, although model fit declined 
when incorporating samples from Africa, probably due 
to the role of air travel in the spread of S Typhi from 
south Asia to east Africa. The spread of S Typhi within 
and from south Asia might be linked to migration 
patterns, both between countries in south Asia and to 
other regions such as east Africa and southeast Asia, 
where S Typhi was able to spread due to poor water and 
sanitation infrastructure. The relationship between the 
Indian diaspora and spread of H58 strains has been 
previously recognised.31

A 2015 study investigated the emergence and global 
spread of the dominant H58 lineage in S Typhi, 
and a subsequent analysis examined the spread of 
H58 and 3.1.1 in sub-Saharan Africa.5,24 Our findings 
affirm and extend these findings with a much 
larger set of sequences, characterising the evolution-
ary history and phylogeography of H58 and four 
major non-H58 sublineages. Leveraging advances in 
maximum likelihood-based timed phylo genetic recon-
struction enabled us to incorporate far more sequences in 
the temporal and phylogeographical analysis (eg, 
4761 strains compared with 114 strains in the study by 
Wong and colleagues5). This analysis in turn provided 
a higher resolution window into timing and 
location of antimicrobial resistance emergence, as well 
as the geographical spread of S Typhi. Furthermore, 
the application of phylodynamic methods enabled 
quantification of the effects of antimicrobial resistance 
emergence on the population size of the dominant 
S Typhi lineage, providing new evidence that antimicrobial 
resistance facilitates its spread and, in some contexts, 
reversed trends of declining S Typhi populations.

Our data are consistent with studies suggesting that 
multidrug-resistant S Typhi (strains resistant to the 
classical first line drugs) is now generally on the decline 
in south Asia.32–34 The decline of multidrug-resistant 
S Typhi in Asia has been accompanied by a decrease in 
the proportion of isolates carrying IncHI1 plasmids 
(except for Pakistan, where the multidrug-resistant 
decline reversed amid the emergence of the XDR 
lineage). In our study, multidrug resistance was 
principally associated with H58 carrying chromosomally 
integrated antimicrobial resis tance genes. The 
integration of antimicrobial resistance genes into the 
S Typhi chromosome remains a concern, as it provides 
a mechanism for stable vertical transmission of 
multidrug-resistant phenotypes.5,35 By contrast to south 
Asia, multidrug-resistant typhoid associated with H58 
and non-H58 isolates appears to be increasing in parts 
of Africa, with outbreaks being reported in the past 
decade.24,36 QRDR mutations have independently arisen 
frequently in all S Typhi lineages. Nearly all sustained 
clones containing QRDR mutations appear to have 
arisen in south Asia, and many have spread regionally 
and globally. Notably, our analysis revealed that highly 
fluoroquinolone-resistant S Typhi triple mutants have 

recently emerged in six different genotypes. Our 
phylogeographical analysis suggests that these clones 
most probably originated in India and disseminated to 
neighbouring countries including Nepal and Pakistan.

The emergence and spread of resistance to third-
generation cephalosporins and azithromycin in the past 
decade further complicates typhoid fever treatment.8,9 
By 2019, within 3 years of its first recognition, the XDR 
genotype (4.3.1.1.P1) became the dominant genotype in 
Pakistan. At present, all XDR S Typhi strains identified 
have been susceptible to azithromycin and carba-
penems.37 Concerningly, azithromycin-resistant S Typhi 
have recently been reported in Bangladesh, India, 
Pakistan, Nepal, and Singapore,10,38,39 arising from 
mutations in acrB. These mutations have arisen 
independently multiple times in distinct lineages.10 To 
date, XDR S Typhi isolates containing mutations in acrB 
have not yet been identified. Such organisms would 
preclude effective treatment with established oral 
antimicrobials, which could lead to increased hospitali-
sation rates and potentially greater morbidity and 
mortality.

Our findings should be interpreted within the context 
of the limitations of the available data. Although this 
analysis included the largest collection of novel S Typhi 
genomes to date, there remains underrepresentation of 
sequences from several regions, including dispropor-
tionately small numbers from many countries in sub-
Saharan Africa and Oceania where typhoid is endemic. 
This underrepresentation constrains the inference of 
timed phylogenies and ancestral state reconstruction; 
more sequences from these regions are needed to 
improve our understanding of timing and patterns of 
spread. Even in countries with more dense sampling, 
most isolates were derived from a small number of 
surveillance sites and might not be representative of the 
distribution of circulating strains. Because S Typhi 
genomes only cover a fraction of all typhoid fever cases, 
phylogenies are highly incomplete; our estimates 
for antimicrobial resistance-conferring homoplastic 
mutations and international transfers represent lower 
bounds might substantially underestimate their true 
frequency. These circumstances highlight the need for 
expanding genomic surveillance to provide a more 
comprehensive window into the emergence, expansion, 
and spread of antimicrobial-resistant organisms.

This study highlights the emergence and geographical 
spread of antimicrobial-resistant S Typhi, with evidence of 
frequent international exportation. This observation 
underscores the importance of approaching typhoid fever 
control and antimicrobial resistance as a global rather than 
local problem. The recent emergence of XDR and 
azithromycin-resistant S Typhi creates greater urgency for 
rapidly expanding prevention measures, including use of 
typhoid conjugate vaccines in typhoid-endemic countries. 
Such measures are needed in countries where 
antimicrobial resistance prevalence among S Typhi isolates 
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is currently high, but given the propensity for international 
spread, should not be restricted to such settings.
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Abstract

Despite recent advances in typhoid fever control, asymptomatic carriage of Salmonella

Typhi in the gallbladder remains poorly understood. Aiming to understand if S. Typhi

becomes genetically adapted for long-term colonisation in the gallbladder, we performed

whole genome sequencing on a collection of S. Typhi isolated from the gallbladders of

typhoid carriers. These sequences were compared to contemporaneously sampled

sequences from organisms isolated from the blood of acute patients within the same popula-

tion. We found that S. Typhi carriage was not restricted to any particular genotype or confor-

mation of antimicrobial resistance genes, but was largely reflective of S. Typhi circulating in

the general population. However, gallbladder isolates showed a higher genetic variability

than acute isolates, with median pairwise SNP distances of 21 and 13 SNPs (p = 2.8x10-9),

respectively. Within gallbladder isolates of the predominant H58 genotype, variation was

associated with a higher prevalence of nonsense mutations. Notably, gallbladder isolates

displayed a higher frequency of non-synonymous mutations in genes encoding hypothetical

proteins, membrane lipoproteins, transport/binding proteins, surface antigens, and carbohy-

drate degradation. Specifically, we identified several gallbladder-specific non-synonymous

mutations involved in LPS synthesis and modification, with some isolates lacking the Vi cap-

sular polysaccharide vaccine target due to the 134Kb deletion of SPI-7. S. Typhi is under

strong selective pressure in the human gallbladder, which may be reflected phylogenetically

by long terminal branches that may distinguish organisms from chronic and acute infections.

Our work shows that selective pressures asserted by the hostile environment of the human

gallbladder generate new antigenic variants and raises questions regarding the role of car-

riage in the epidemiology of typhoid fever.
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Author summary

Salmonella Typhi is the bacterium that causes typhoid. Salmonella Typhi is infamous for

being able to be carried in the gallbladder, with Typhoid Mary being the best-known exam-

ple of a typhoid carrier. Despite having new tools for typhoid control, we have made little

progress in understanding this disease process. Aiming to understand if Salmonella Typhi

is adapted for long-term survival in the gallbladder, we sequenced the genomes of 24 Sal-
monella Typhi isolated from the gallbladders of typhoid carriers. We compared these

genomes to Salmonella Typhi from acute typhoid patients within the same population. The

carriage of Salmonella Typhi was not restricted to any specific genotype or resistance to

antibiotics, but reflective of the organisms causing acute disease. However, gallbladder iso-

lates had higher genetic variability than acute isolates, with a higher frequency of mutations

changing the amino acid sequences of hypothetical proteins, membrane lipoproteins, trans-

port/binding proteins, surface antigens, and carbohydrate degradation. We identified sev-

eral gallbladder-specific mutations involved in polysaccharide synthesis on the bacterial

surface. Our work shows that selective pressures asserted by the hostile environment of the

human gallbladder generates genetic variation, which is not observed in acute isolates, rais-

ing questions regarding the role of carriage in the epidemiology of typhoid.

Introduction

Typhoid fever, a life-threatening systemic infection caused predominantly by the bacterium

Salmonella enterica serovar Typhi (S. Typhi), remains a significant public health problem in

resource-poor settings including parts of Asia and Africa [1]. The disease is contracted via

ingestion of contaminated food or water or through contact with individuals excreting the

organism [2]. The majority of typhoid patients fully recover with appropriate treatment; how-

ever, some individuals can become asymptomatic carriers and shed infectious bacteria in their

faeces for an ill-defined period of time. Asymptomatic carriage of S. Typhi has been recognized

as a public health threat for more than a century, with infamous typhoid carriers like Mary

Mallon, a cook in New York, and Mr N, a milker in England, identified in the early part of the

20th century [3,4].

Typhoid carriage can be differentiated into three categories depending on the duration of

shedding: convalescent (three weeks to three months), temporary (three to twelve months),

and chronic (more than one year) [5]. In endemic regions, an estimated 2–5 percent of acute

typhoid patients become chronic carriers, meaning that they continue to intermittently shed

the bacteria indefinitely after apparent clinical resolution [3,5]. Consequently, chronic carriers

are widely believed to be an ecological niche that facilitates the transmission and persistence of

typhoid in human populations [6]. S. Typhi is a human-restricted pathogen, meaning that the

disease may be theoretically eliminated locally by reducing transmission through targeted

treatment, improved sanitation, and mass vaccination. Consequently, understanding the role

of chronic carriers in disease transmission, and detecting them prospectively, may accelerate

disease elimination.

Despite substantive gains in understanding the biology of typhoid, we have generated lim-

ited new insights into typhoid carriage in recent decades. Data from murine models of Salmo-
nella carriage and human clinical investigations have determined that the gallbladder is a key

permissive niche for long-term bacterial persistence [7–13]. Various epidemiological investiga-

tions have shown that gallstones and gallbladder damage may facilitate typhoid carriage [9,13–

17], and that Salmonella preferentially attach to and form biofilms on cholesterol-rich
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gallstones [7,11,13,18,19]. S. Typhi carriage isolates have been previously genetically compared

to isolates from acute infections, with the aim of identifying signatures associated with carriage

[20–23]. However, these studies were unable to infer how carriage isolates directly relate to

those causing acute disease.

It is apparent we need a better understanding of the role of the typhoid carrier and associ-

ated organisms to generate new approaches to the management of such individuals in endemic

locations. Although it is widely accepted that that S. Typhi carriage plays a key role in the

transmission of typhoid in endemic settings, it is unknown if carriage organisms are somehow

adapted for long-term colonisation. Aiming to address this question, we performed whole

genome sequencing and detailed genetic analyses of S. Typhi isolated from the gallbladders of

typhoid carriers in Kathmandu. We compared these data to the sequences of contemporane-

ous organisms isolated from the blood of acutely infected patients in the same community

over the same time period. Our data show that whilst carriage isolates are reflective of the gen-

eral S. Typhi population circulating in the community, selective pressures during gallbladder

carriage induce increased genetic variation and genomic degradation.

Results

The phylogenetic relationships between acute and gallbladder S. Typhi

isolates

Between June 2007 and October 2010, we conducted a Salmonella carriage study in Kath-

mandu[13]. Patients undergoing cholecystectomy for acute or chronic cholecystitis were

enrolled; bile and stool samples from 1,377 individuals were collected and subjected to micro-

biological examination. Twenty-four S. Typhi were isolated from bile samples taken from

these patients and designated as gallbladder isolates. Ninety-six S. Typhi isolates recovered

from patients with acute typhoid fever living in the same population over the same time period

were used for comparison [24] (denoted as acute isolates) (S1 Table). A phylogenetic analysis

of these 120 S. Typhi isolates demonstrated that subclade 4.3.1 (H58) was the dominant geno-

type, constituting 62.5% (15/24) of all gallbladder isolates and 65.6% (63/96) of all acute iso-

lates. The second most common genotype was 3.3.0 (H1), accounting for 12.5% (3/24) and

14.6% (14/96) of all gallbladder and acute isolates, respectively.

We identified a significant degree of genetic diversity within this collection of acute and

carriage organisms, with multiple less-common genotypes co-circulating, included various

clades (4.1, 3.1 and 2.2), subclades (3.2.2, 3.0.1, 2.2.2 and 2.2.1), and organisms within primary

cluster 2 (Fig 1). The less common genotypes from the gallbladder fell within subclade 3.2.2

(8.3%; 2/24), 2.2.2 (4.2%; 1/24), clade 2.2 (8.3%; 2/24) and primary cluster 2 (4.2%; 1/24). Over-

all, gallbladder isolates were not significantly associated with subclade 4.3.1 in comparison

with other genotypes (15/24 versus 9/24, p = 0.083; Chi-squared test). These initial observa-

tions indicate that S. Typhi carriage was not restricted to any particular S. Typhi genotype;

instead, the genotype distribution among gallbladder isolates generally reflected a phylogenetic

structure similar to that of the acute S. Typhi infections circulating in the community.

Antimicrobial susceptibility

We speculated resistance to key antimicrobials may facilitate the development of carriage. How-

ever, we found that the S. Typhi gallbladder isolates did not carry any acquired AMR genes.

However, chromosomal mutations associated with reduced susceptibility to fluoroquinolones

were common. These fluoroquinolone resistance-associated mutations within the gallbladder

organisms were more commonly observed in subclade 4.3.1 than in non-subclade 4.3.1 (73%

PLOS PATHOGENS Salmonella Typhi in the human gallbladder

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008998 October 21, 2020 3 / 17

https://doi.org/10.1371/journal.ppat.1008998


(11/15) versus 11% (1/9), p = 0.01; Chi-squared test). We compared gyrA mutation profiles

between acute and gallbladder isolates within subclade 4.3.1; 76.2% (48/63) of acute isolates and

60% (9/15) of gallbladder isolates carried the S83F mutation, 7.9% (5/63) of acute isolates and

13.3% (2/15) of gallbladder isolates carried the S83Y mutation, and 15.9% (10/63) of acute iso-

lates and 26.7% (4/15) of gallbladder isolates had no gyrA mutation. Consequently, there was no

significant difference (p = 0.327; Chi-squared test) in the presence of fluoroquinolone resis-

tance-associated mutations between acute and gallbladder isolates within subclade 4.3.1.

Phylogenetic signatures of long-term Salmonella Typhi carriage

Despite the acute and gallbladder S. Typhi isolates generally clustering within the same geno-

types across the phylogeny, we observed that a substantial proportion of the gallbladder iso-

lates had higher genetic variability, as illustrated by their placement at the tips of long terminal

branches within the phylogeny (Fig 1). The median pairwise SNP distance of gallbladder iso-

lates within subclade 4.3.1 was 21 SNPs (IQR: 12–24), which was significantly greater than that

of the corresponding acute isolates (13 SNPs (IQR: 8–19 SNPs) (p = 2.8x10-9, Wilcoxon rank-

sum test) (S2 Fig). Similarly, the median pairwise SNP distance of gallbladder isolates within

subclade 3.3.0 (20 SNPs, IQR: 13–22 SNPs) was higher than that of acute isolates (13 SNPs,

IQR: 4–15 SNPs) (p = 0.26, Wilcoxon rank-sum test).

We mapped the contemporary acute and gallbladder S. Typhi sequences onto the global S.

Typhi phylogeny, which indicated that the majority of these Nepalese acute and gallbladder S.

Typhi isolates fell within known domestic genotypes, with limited evidence of importation

from other countries (S1 Fig). This observation suggests that the long terminal branches asso-

ciated with gallbladder isolates were unlikely to be driven by the importation of these organ-

isms from alternative countries.

We next estimated and plotted the nearest phylogenetic distances (NPDs) between each

taxon and its nearest neighbour on the subclade 4.3.1 tree versus the year of isolation, the age

Fig 1. The phylogenetic structure of gallbladder and acute S. Typhi isolates collected between 2007 and 2010.

Rooted maximum likelihood tree (S. Paratyphi A used as an outgroup to root the tree and pruned for visualization)

based on core-genome SNPs of 120 S. Typhi isolates with the corresponding metadata: genotype, gyrA mutation.

Gallbladder and acute isolates are shown as red and dark circles at the terminal nodes, respectively. Acute isolates

originating from importation are also highlighted by turquoise circles at the terminal nodes. Terminal branches

leading to gallbladder isolates are highlighted in red. Red triangles show gallbladder isolates associated with unusually

long terminal branches.

https://doi.org/10.1371/journal.ppat.1008998.g001
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of the individual from whom the organism was isolated, and the gyrA mutation profile. We

hypothesized that the annual distribution of NPDs of S. Typhi acute isolates would represent

the phylogenetic diversity (mutation accumulation) occurring annually via acute disease trans-

mission and would be comparable over multiple years. Alternatively, we considered that S.

Typhi in the gallbladder may develop characteristic adaptive mutations facilitating long-term

persistence, causing them to gradually become increasingly distinct from contemporaneous

acute isolates, leading to greater phylogenetic distances relative to their neighbours. In addi-

tion, given that all acute subclade 4.3.1 isolates here exhibited a gyrA mutation, the gallbladder

subclade 4.3.1 isolates without a gyrA mutation were more likely to have colonized the gall-

bladder prior to nalidixic acid resistance becoming commonplace.

Our analyses showed that the average (±SD) NPD per year of acute subclade 4.3.1 isolates

was comparable; specifically, 0.00163 (± 0.00202) substitutions/site (~3.6 (± 4.4) SNPs) in 2008;

0.00110 (± 0.00229) substitutions/site (~2.4 (± 5) SNPs) in 2009, and 0.00144 (± 0.00238) substi-

tutions/site (~3.2 (± 5.2) SNPs) in 2010. The majority of the subclade 4.3.1 gallbladder isolates

(8/10) for which NPDs fell within the annual NPD distribution of acute subclade 4.3.1 isolates

were associated with comparable terminal branch lengths and had a gyrA S83F mutation. Based

on these findings, we surmised that gallbladder colonization with these isolates was likely to

have occurred relatively recently in these individuals. Notable exceptions were two gallbladder

isolates (GB266 and GB387) that did not possess a gyrA mutation and were associated with long

terminal branches but had low NPDs as they clustered closely within the main phylogeny (Figs

1 and 2). Further, our data showed that all subclade 4.3.1 gallbladder isolates exhibiting abnor-

mally high NPDs were associated with long terminal branches, suggestive of chronic carriage

(Fig 2). In particular, two subclade 4.3.1 gallbladder isolates (GB76 and GB441) lacked gyrA
mutations, two others (GB003 and GB044) had gyrA S83Y mutations, and the remaining one

(GB169) exhibited gyrA mutation S83F. With respect to the age distribution, typhoid carriers

were significantly older (median age 36 years, range: 20–67) than patients with acute illness

(median age 16 years, range: 0–31) (p = 3.8x10-8, Wilcoxon rank-sum test). The gallbladder

Fig 2. The Distribution of nearest phylogenetic distances of gallbladder and acute H58 isolates over the study

period. Each circle represents the phylogenetic distance from each isolate to its nearest neighbour on the phylogenetic

tree. The error bar represents the average phylogenetic distance to the nearest neighbour (± standard deviation) for

acute H58 isolates. Gallbladder and acute isolates estimated to have originated from chronic carriers are labelled with

their corresponding strain names.

https://doi.org/10.1371/journal.ppat.1008998.g002
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isolates thought to have originated from chronic carriers (based on above data) were obtained

from individuals between aged between 27 and 40 years, which was older than the majority of

the sampled acute typhoid patients; however, there was no significant difference in age distribu-

tion between those estimated to be recent and chronic carriers (Fig 2).

The genetic traits of Salmonella Typhi gallbladder isolates

To identify potentially adaptive mutations associated with typhoid carriage, all nonsynon-

ymous SNPs (NSs) occurring exclusively within the S. Typhi gallbladder genome sequences

were identified and grouped by their predicted or known function. A corresponding analysis

was performed for all NSs in the acute S. Typhi isolates. A total of 228 gallbladder-specific NSs

(212 missense and 16 nonsense mutations) and 469 acute-specific NSs (437 missense and 32

nonsense mutations) were identified. In general, there was no significant difference (p = 0.924;

Chi-square test) in the proportion of nonsense mutations out of total specific NSs in the gall-

bladder versus the acute isolates across all genotypes. However, among subclade 4.3.1 isolates,

the proportion of nonsense mutations out of total specific NSs was significantly higher for gall-

bladder isolates than for acute isolates (10/60 compared to 2/67, Fisher exact test, p = 0.01).

These data suggest that gene degradation resulting from nonsense mutations was more com-

mon in the subclade 4.3.1 gallbladder isolates compared to the subclade 4.3.1 acute isolates.

Inactivated genes in the gallbladder isolates included genes involved in the synthesis of pep-

tidoglycan (pbpC), vitamin B12 receptor (btuB), general stress response regulator (rpoS), a lat-

erally acquired protein in SPI-7 (STY4562), membrane transport protein (STY3932), central

metabolism (STY0230, ggt), hypothetical proteins (STY0929 and STY4178), and osmotically

inducible lipoprotein E precursor (osmE) (Table 1).

Overall, the gallbladder- and acute-specific NSs across all genotypes could be grouped into

78 functional categories. The highest prevalence of these NSs was found in genes encoding

hypothetical proteins, membrane lipoproteins, unknown functions, transport/binding pro-

teins, SPI-7, general regulatory functions, surface polysaccharides and antigens, carbohydrate

degradation, and DNA replication/modification. The proportions of NSs in SPI-7, surface

polysaccharides and antigens, pathogenicity, cell envelope, anaerobic respiration, fatty acid

biosynthesis and transport/binding proteins were all higher in gallbladder than acute isolates

(Fig 3). Notably, the data showed that the proportion of NSs in the viaB operon (encoding the

Vi antigen, target of the typhoid conjugate vaccine (TCV)) was significantly higher in gallblad-

der isolates compared to the acute isolates across all genotypes (9/228 compared to 7/469, Chi-

squared test, p = 0.04). Similar results were obtained when considering only S. Typhi isolates

belonging to subclade 4.3.1, with gallbladder isolates having more specific NSs in the viaB
operon than the acute isolates (5/60 compared to 1/67, Fisher’s exact test, p = 0.09). Addition-

ally, we identified two gallbladder isolates (GB428 and GB003) that had lost the Vi capsular

polysaccharide due to the deletion of the entire 134kb SPI-7 region.

Positive selection associated with typhoid carriage

Finally, we investigated signatures of positive selection by identifying analogous genetic varia-

tion detected in different gallbladder isolates. Among the gallbladder specific NSs, a number of

different mutations were present in the same gene or the same biological pathway in at least

two phylogenetically unlinked gallbladder isolates. For example, within the viaB operon, there

were two NSs at codon 137 and 462 in the tviE gene (isolates GB580 and GB026) and six NSs

in codons 166, 504, 506, 508, 665 and 752 in the tviD gene (isolates GB005, GB026, GB076,

GB125 and GB281, respectively). Both genes facilitate the polymerization and translocation of

the Vi capsule [25]. Convergent NSs were also observed in the rpoS gene (sigma factor sigma-
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38) of isolates GB125 (nonsense mutation at codon 247) and GB705 (NSs at codon 94 and

250), which may impact general stress response and nutrient starvation. A further example

was NSs at codon 59 and 230 in the degS gene (serine protease) (isolates GB005 and GB169).

DegS is a component of the DegS-DegU two-component regulation system involved in expres-

sion of several degradative enzymes for salt stress responses and growth-limiting conditions.

Additionally, three isolates (GB005, GB026 and GB705) each possessed an NS (codons 335,

406 and 946, respectively) in STY1242 (ptsG—glucose-specific PTS system IIBC component).

PtsG enzyme is a component of the glucose-specific phosphotransferase system and plays a

role in phosphorylation and translocation of glucose across the bacterial membrane, and is

induced in carbon-limited conditions [26]. NSs in several other genes were observed in >2

carriage isolates, including STY0429 (SbcC—exonuclease), STY0661 (dmsC—molybdopterin

containing oxidoreductase membrane anchor subunit), STY1447 (putative ribulose-5-phos-

phate 3-epimerase) and STY2760 (ratA—putative exported protein) (Table 2).

Evidence of selective pressure on lipopolysaccharide

With respect to convergent mutations within the same biological pathways, there were a num-

ber of gallbladder-specific NSs involved in LPS O-antigen synthesis and modification; for

example, an NS in the rfc gene (regulator of O-antigen polymerization) in isolate GB441, an

NS in STY2629 (LPS modification acyltransferase) in isolate GB335, two NSs in rfbE (CDP-

tyvelose-2-epimerase) and rfaG genes (LPS core biosynthesis protein) in isolate GB281, and

three NSs in the rfbK (phosphomannomutase), manB (phosphomannomutase), and rfaD
genes (ADP-L-Glycero-D-mannoheptose-6-epimease) in isolate GB026. RfbK and manB are

both related to GDP-mannose synthesis for the LPS, and rfaD is an enzyme that catalyzes the

Fig 3. Functional classes of Salmonella Typhi genes associated with the highest prevalence of gallbladder-specific

nonsynonymous SNPs versus acute-specific nonsynonymous SNPs. Functional classes are shown on the outermost

circle. Four circles from the middle represent 5–10–15–20 percent of the cumulative percentage of functional classes.

Red and blue blocks are representatives of gallbladder and acute isolates, respectively.

https://doi.org/10.1371/journal.ppat.1008998.g003
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conversion of ADP-D-glycerol-D-mannoheptose to ADP-L-glycerol-D-mannoheptose, a pre-

cursor for the synthesis of inner-core LPS.

Discussion

As stakeholders consider introduction of TCV into their national immunization programmes,

research into the role of chronic carriers in bacterial persistence and disease transmission is

needed to forecast the feasibility of typhoid elimination and to inform appropriate public

health measures. However, epidemiological investigations of typhoid carriage are challenging,

given that this population is difficult to identify and follow. Currently, the environmental fac-

tors driving the evolution of S. Typhi within the gallbladder are poorly understood and little is

known about the adaptive mechanisms that may promote long-term survival. Our relatively

small study is the largest genomic investigation of S. Typhi gallbladder carriage in a typhoid

endemic setting and allowed us to provide unprecedented insight into the genetic and phylo-

genetic signatures associated with typhoid carriage.

Our data demonstrated, contrary to previous suggestions [27], that carriage of typhoid in

the gallbladder was not restricted to any particular genotype and was associated a diverse

range of bacterial genotypes, which largely mirrored the genetic structure of the bacterial pop-

ulation causing acute disease in Nepal. Further, typhoid carriage was not confined to specific

AMR phenotypes, signifying that carriage is not associated with treatment failure with specific

antimicrobials interacting with corresponding AMR profiles. However, by comparing the pair-

wise SNP distances between gallbladder and acute isolates within the same genotype, we found

that gallbladder isolates displayed significantly greater genetic diversity compared to acute iso-

lates, which suggests that long-term exposure to the gallbladder environment results in differ-

ent accumulated adaptive mutations over time than would be generated in acute isolates. Our

phylogenetic reconstruction of S. Typhi revealed that a number of gallbladder isolates were

located at the tips of atypically long terminal branches, signifying that chronic carriage isolates

develop distinct phylogenetic signatures which could be potentially utilized for the identifica-

tion of organisms arising from chronic carriers. Further investigating this phenomenon, we

found that the annual distribution of NPDs of acute isolates, which likely reflects mutation

accumulation in the natural environment, was highly comparable across years and could be

exploited to disaggregate recent carriers from longer-term carriers. If carriers are relevant for

sustaining transmission in endemic area, then we predict that they would play an increasingly

important role as acute transmission declines. For example, if environmental transmission

decreases through chlorination or acute transmission is controlled through immunisation,

transmission via person-to-person transmission via chronic carriers would become propor-

tionally more prevalent. Therefore, the annual NPD distribution could be used to measure the

impact of typhoid vaccination on disease transmission dynamics in locations introducing new

disease control measures.

The role of chronic carriage in disease transmission represents one of the most long-standing

questions in typhoid fever. Though typhoid carriers have been widely considered as an impor-

tant source of infection, their exact contribution to transmission in endemic areas is not well

understood. Previous molecular epidemiological studies in endemic regions highlighted an

abundance of long-cycle environmental transmission in these settings, with a wide diversity of

co-circulating bacterial genotypes isolated from acute typhoid patients [28–31], suggesting that

person-to-person transmission makes a minimal contribution to new typhoid cases in an

endemic area. Here, few gallbladder isolates clustered in close proximity or were directly linked

with acute isolates and could generally be identified by their placement on long terminal

branches. This increase in genetic diversity and the lack of known S. Typhi virulence factors
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(SPI-7) in some carriage isolates, which was not reciprocated in the acute isolates, call into ques-

tion the role of carriers in disease transmission. Notably, none of the pre-surgical stool cultures

from these patients undergoing cholecystectomy were positive for S. Typhi. However, the infec-

tivity and transmission fitness of gallbladder isolates must be investigated further, as we cannot

rule out the possibility that gallbladder carriage of S. Typhi can become a more important reser-

voir of infection when environmental transmission is successfully reduced. Further, the fact that

gallbladder isolates display greater genetic variation than acute isolates implies that the gallblad-

der may act as an important ecological niche for generating novel genotypes.

By identifying NS mutations occurring specifically in gallbladder isolates and classifying

them into predicted functional classes for comparison with those of acute isolates, we found

that gene degradation by nonsense mutations was significantly higher in gallbladder isolates

compared to acute isolates within subclade 4.3.1. The effects of gene inactivation on pheno-

type, fitness and adaptation of carriage isolates inside the gallbladder are currently unknown.

Further investigation of this phenomenon is necessary, as gene inactivation has been shown to

be an important molecular mechanism in human adaptation in the evolutionary history of S.

Typhi [32,33].

We additionally found evidence for the enrichment of NSs in genes encoding the Vi poly-

saccharide capsule in gallbladder isolates. The Vi antigen is immunogenic and anti-Vi anti-

body gradually wanes in acute typhoid patients after recovery, but can be detected in plasma

from chronic carriers [34,35]. Data from sero-surveillance studies for chronic carriage have

commonly reported elevated anti-Vi antibodies in healthy individuals, which could be associ-

ated with carriage or repeated infection [36,37]. Immunofluorescent staining of biofilms pro-

duced by S. Typhi on the surface of human gallstones demonstrated an abundance of Vi

capsule on the surface of the colonising bacteria, suggesting that S. Typhi expresses Vi during

colonisation of the apical surface of the gallbladder [19]. The increased frequency of nonsy-

nonymous mutations in the viaB operon (tviB, tviD and tviE) of gallbladder isolates, combined

with high anti-Vi antibody titres in plasma [38] suggest that S. Typhi residing in the gallblad-

der are under sustained immune pressure. The observation that two gallbladder isolates lacked

genes encoding proteins for Vi capsule biosynthesis again suggests that these were subject to

selective pressure and that the loss of Vi may be an adaptive mechanism for long-term survival.

The generation of Vi-negative S. Typhi may also call into question the possibility of their pro-

liferation following mass immunization with TCV.

Identifying genes under selection among gallbladder isolates is crucial for understanding

the evolutionary forces and bacterial adaptation to the gallbladder environment during car-

riage. Signatures of positive selection were detected in a number of genes containing differing

gallbladder-specific NS mutations in at least two phylogenetically unlinked gallbladder isolates.

Many of these genes are associated with gene regulation under stress and virulence gene

expression. For example, the global regulatory gene rpoS is responsible for general stress

responses and nutrient starvation, and regulates biofilm formation, colonization of Peyer’s

patches, persistence in the spleen and the synthesis of Vi [39–41]. The degS gene is involved in

salt stress responses and growth-limiting conditions; STY1242 (ptsG—glucose-specific PTS

system IIBC component) is activated during carbon starvation. These observations suggest

that S. Typhi is exposed to a range of stressors within the gallbladder. Furthermore, genes

responsible for LPS biosynthesis were also enriched for NS mutations. LPS is the major com-

ponent of the outer membrane of Gram-negative bacteria and represents one of the main fac-

tors contributing to bile salt resistance [42,43]. LPS is also a key structural component of the

biofilm extracellular matrix forming on human gallstones [19,44]. The enrichment of NS

mutations in genes involved in LPS biosynthesis and modification leads to structural changes

in LPS, which we predict will enhance bile resistance and biofilm formation.
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This study has its limitations. The number of gallbladder and acute isolates was relatively

small and thus impacts interpretation of the mechanisms underlying the phylogenetic dis-

tances between some of the gallbladder isolates and their nearest neighbours. Specifically,

our ability to infer associations within uncommon genotypes was limited. Additionally, the

identified phylogenetic signature inferred to be associated with carriage was not observed

for all gallbladder isolates, due to an underrepresentation in the acutely infected population.

Additionally, it was impossible to determine the duration of carriage to confirm our find-

ings, as most typhoid carriers from our study did not recall a history of typhoid [13]. How-

ever, our data suggest that the potential duration of carriage within our gallbladder isolates

was variable, thus leading to variable terminal branch lengths. Despite these limitations, our

study is unique and opens up new possibilities for evaluating associations between gallblad-

der-specific genetic variation and phenotypic differences to better understand the biology

of this infectious disease paradox.

Conclusions

We conclude that typhoid carriage is not associated with any specific genotype nor driven by

AMR phenotypes. However, we show that long-term gallbladder carriage generates genetic

variation and results in atypically long phylogenetic branch lengths that could be used to dis-

tinguish carriage from acute infection. Further, gene degradation via nonsense mutation is

enriched in gallbladder isolates in subclade 4.3.1, potentially reflecting selection for survival in

the hostile gallbladder environment. The genetic diversity identified here calls into question

the role of typhoid carriers in transmission and suggests that carriage may generate novel

genotypes. It remains important that we further investigate the epidemiology, genomics, biol-

ogy and public health impacts of carriage in parallel to the deployment of disease control and

elimination efforts. The role of carriers may become increasingly important as we move

toward eradication.

Methods

Ethics approval and consent to participate

This study was conducted according to the principles expressed in the Declaration of Helsinki

and was approved by the institutional ethical review boards of Patan Hospital, The Nepal

Health Research Council and The Oxford University Tropical Research Ethics Committee

(OXTREC, Reference number: 2108). All enrollees were required to provide written informed

consent for the collection and storage of all samples and subsequent data analysis. In the case

of those under 18 years of age, a parent or guardian was asked to provide written informed

consent. Consent for publication was incorporated as a component of entrance into the study.

Sampling

Between June 2007 and October 2010, we conducted a Salmonella carriage study at Patan Hos-

pital in Kathmandu[13]. In brief, patients residing in the Kathmandu Valley undergoing chole-

cystectomy for acute or chronic cholecystitis were enrolled; bile and stool samples from these

patients were subjected to microbiological examination. S. Typhi were isolated from bile sam-

ples taken from these patients (referred to as gallbladder isolates). Additionally, 96 randomly

selected S. Typhi isolates recovered from the blood of patients with acute typhoid fever resid-

ing in the same catchment population within the Kathmandu valley were used for a compari-

son [24] (referred to as acute isolates) (S1 Table).
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Bacterial isolation and antimicrobial susceptibility testing

Bile and stool were collected from all cholecystectomy patients for culture. Bile was inoculated

into equal volumes of Selenite F broth and Peptone broth and incubated at 37˚C overnight.

Broth was subcultured onto MacConkey agar and Xylene Lysine Deoxycholate (XLD) agar.

After overnight incubation at 37˚C, the plates were examined for the growth of Gram-negative

bacteria and colonies were identified by API20E (bioMerieux, France). S. Typhi/S. Paratyphi A

were confirmed by slide agglutination using 02, 09, and Vi antisera (Murex Biotech, Biotech,

England).

For the acute isolates, 5–10 ml of blood was taken from all patients with a clinical suspicion

of typhoid fever and inoculated into media containing tryptone soya broth and sodium polya-

nethol sulphonate (up to 25mL). Blood culture bottles were incubated for up to seven days,

with blind sub-cultures at 24 hours, 48 hours, and 7 days, or when the broth became cloudy on

sheep blood, chocolate, and MacConkey agar. Presumptive Salmonella colonies were identified

as above.

Antimicrobial susceptibility testing was performed by the modified Bauer-Kirby disc diffu-

sion method with zone size interpretation based on CLSI guidelines [45]. Etests1 were used

to determine MICs following the manufacturer’s recommendations (bioMérieux, France).

Ciprofloxacin MICs were used to categorise S. Typhi isolates as susceptible (�0.06 μg/mL),

intermediate (0.12–0.5 μg/mL) and resistant (�1 μg/mL) following CLSI guidelines [45].

Vi agglutination assay

Two gallbladder isolates of S. Typhi (GB003 and GB428) that lacked the Vi polysaccharide bio-

synthesis (viaB) operon were grown on LB agar plates supplemented with increasing concen-

trations (1mM, 85mM and 170mM) of NaCl. Vi agglutinations were performed on

microscope slides by mixing 10μl of single colony suspensions with 50μl of Vi antisera (Murex

Biotech, Biotech, England). Agglutination was recorded after gently agitating the slide for 1

minute. Two gallbladder isolates of S. Typhi (GB125 and GB169) containing the viaB operon

were used as controls.

Whole genome sequencing and SNP analyses

Total genomic DNA from acute and gallbladder S. Typhi isolates was extracted using the Wiz-

ard Genomic DNA Extraction Kit (Promega, Wisconsin, USA) (S1 Table). 50ng of genomic

DNA was subjected to library preparation using the Nextera DNA library prep kit; whole

genome sequencing (WGS) was performed on an Illumina MiSeq platform following the man-

ufacturer’s recommendations to generate 250bp paired end reads.

Single nucleotide polymorphisms (SNPs) were called using previously described methods

[46]. Briefly, all reads were mapped to the reference sequence of S. Typhi strain CT18 (Acces-

sion no: AL513382), plasmid pHCM1 (AL513383) and pHCM2 (AL513384) using SMALT

(version 0.7.4). Candidate SNPs were called against the reference sequence using SAMtools and

filtered with a minimal mapping quality of 30 and a quality ratio cut-off of 0.75. The allele at

each locus in each isolate was determined by reference to the consensus base in that genome.

This process was performed using samtools mpileup and by removing low confidence alleles

with consensus base quality�20, read depth�5 or heterozygous base calls. SNPs in phage

regions, repetitive sequences or recombinant regions were excluded, [47,48] which resulted in a

final set of 2,186 chromosomal SNPs. SNPs were subsequently annotated using the parseSNP-

Table.py script in the RedDog pipeline (https://github.com/katholt/RedDog). From the identi-

fied SNPs in S. Typhi genomes, a subset of 68 were used to assign S. Typhi isolates to previously

defined lineages according to the existing extended S. Typhi genotyping framework [49].
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To identify the potential function of genes containing key SNPs, we investigated the known

or predicted functions of the identified genes. We identified SNPs occurring exclusively in

either acute or gallbladder isolates and genes containing these SNPs were grouped by their pre-

dicted or known function based on the S. Typhi functional classification scheme developed by

the Sanger Institute (www.sanger.ac.uk) using the genome annotation of S. Typhi CT18 [50].

The antimicrobial resistance (AMR) gene and plasmid contents of S. Typhi isolates were

determined using a local assembly approach with ARIBA (Antimicrobial Resistance Identifier

by Assembly) [51]. Resfinder [52] and Plasmidfinder [53] were used as reference databases of

antimicrobial resistance genes and plasmid replicons, respectively.

Phylogenetic analyses and pairwise SNP distance

A maximum likelihood phylogenetic tree was reconstructed from the SNP alignment of 120 S.

Typhi isolates (an S. Paratyphi A isolate was included as an outgroup) using RAxML (version

8.2.8) with the generalized time-reversible model and a Gamma distribution to model the site-

specific rate variation (GTR+Г). Support for the maximum likelihood (ML) tree was assessed

via bootstrap analysis with 1,000 pseudoreplicates. Pairwise phylogenetic distances depicting

the phylogenetic branch length separating each pair of taxa within subclade 4.3.1 (H58) were

estimated using the function cophenetic in the ape package (v4.1) in R (v3.3.2). Phylogenetic

distances between each taxon and its nearest neighbour on the phylogenetic tree of subclade

4.3.1 were plotted using ggplot2. To investigate the phylogenetic structure of acute and gall-

bladder S. Typhi isolates from Nepal in the global context, a second maximum likelihood tree

was inferred from a separate alignment of 23438 SNPs identified from 120 Nepali S. Typhi

along with 1820 globally representative S. Typhi described previously [54]. A S. Paratyphi A

isolate was included as an outgroup to root the tree. Support for this ML tree was assessed via

100 bootstrap replicates.

Pairwise genetic distances (the difference in the number of SNPs) within and between acute

and gallbladder S. Typhi isolates were estimated from the SNP alignment using the ape (v4.1)

and adegenet (v2.0.1) packages in R (v3.3.2). Pairwise SNP distances were extracted and plot-

ted using the function pairDistPlot in the adegenet package. The Wilcoxon rank-sum test was

used for testing the difference in the average pairwise SNP distances between groups.

The raw sequence data generated from this study are available in the European Nucleotide

Archive (ENA) under the accession numbers described in S1 Table.
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S1 Table. Gallbladder and acute Salmonella Typhi isolates and their associated metadata.

(XLS)

S1 Fig. Phylogenetic structure of acute and gallbladder Salmonella Typhi isolates from
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(TIF)

S2 Fig. Distribution of pairwise SNP distances within and between gallbladder (GB) and

acute isolates belonging to subclades 4.3.1 (H58) and 3.3.0 (H1).
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