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Abstract

Background

Multi-drug resistant typhoid fever remains an enormous public health threat in low and mid-

dle-income countries. However, we still lack a detailed understanding of the epidemiology

and genomics of S. Typhi in many regions. Here we have undertaken a detailed genomic

analysis of typhoid in urban Dhaka, Bangladesh to unravel the population structure and anti-

microbial resistance patterns in S. Typhi isolated between 2004–2016.

Principal findings

Whole genome sequencing of 202 S. Typhi isolates obtained from three study locations in

urban Dhaka revealed a diverse range of S. Typhi genotypes and AMR profiles. The bacte-

rial population within Dhaka were relatively homogenous with little stratification between dif-

ferent healthcare facilities or age groups. We also observed evidence of exchange of

Bangladeshi genotypes with neighboring South Asian countries (India, Pakistan and Nepal)

suggesting these are circulating throughout the region. This analysis revealed a decline in

H58 (genotype 4.3.1) isolates from 2011 onwards, coinciding with a rise in a diverse range

of non-H58 genotypes and a simultaneous rise in isolates with reduced susceptibility to fluo-

roquinolones, potentially reflecting a change in treatment practices. We identified a novel S.

Typhi genotype, subclade 3.3.2 (previously defined only to clade level, 3.3), which formed

two localized clusters (3.3.2.Bd1 and 3.3.2.Bd2) associated with different mutations in the

Quinolone Resistance Determining Region (QRDR) of gene gyrA.
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Significance

Our analysis of S. Typhi isolates from urban Dhaka, Bangladesh isolated over a twelve year

period identified a diverse range of AMR profiles and genotypes. The observed increase in

non-H58 genotypes associated with reduced fluoroquinolone susceptibility may reflect a

change in treatment practice in this region and highlights the importance of continued molec-

ular surveillance to monitor the ongoing evolution of AMR in Dhaka. We have defined new

genotypes and lineages of Bangladeshi S. Typhi which will facilitate the identification of

these emerging AMR clones in future surveillance efforts.

Author summary

Typhoid fever, caused by Salmonella enterica serovar Typhi, is an acute and often life-

threatening febrile illness in developing countries. Until recently, there have been limited

studies focusing on the epidemiology and disease burden of typhoid in poor resource set-

tings including Bangladesh. This study highlights the urgent need for sustained genomics

based surveillance studies to monitor the population structure and ongoing evolution of

AMR. Our data revealed a diverse range of S. Typhi genotypes and AMR patterns among

202 isolates collected from three urban areas in Dhaka, Bangladesh. Moreover, we defined

a novel genotype, subclade 3.3.2 (previously typed only to clade level, 3.3) with two Ban-

gladesh-localized clades 3.3.2.Bd1 and 3.3.2.Bd2 showing reduced susceptibility to fluoro-

quinolones. Our data shows a significant increase in non-H58 genotypes carrying QRDR

mutations from 2012 onwards, replacing MDR H58 genotypes. Our data suggest that a

shift in treatment practice towards third generation cephalosporins to control typhoid

may be beneficial, in addition to the introduction of vaccination programs and improve-

ments in water sanitation and hygiene (WASH) in urban Dhaka, Bangladesh.

Introduction

Salmonella enterica serovar Typhi (S. Typhi), the causative agent of typhoid fever, is a faculta-

tive intracellular and human restricted pathogen predominantly transmitted by the fecal-oral

route. Typhoid remains an enormous public health threat in many developing countries due

to inadequate access to safe water, poor sanitation systems and inappropriate use of antimicro-

bial drugs. It is estimated that typhoid fever affects 12–27 million people globally each year

whereas in Bangladesh the overall incidence is estimated at between 292–395 cases per 100,000

people per year [1–5]. Multi-drug resistant (MDR) S. Typhi, defined as resistance to the first-

line antibiotics ampicillin, chloramphenicol and trimethoprim-sulfamethoxazole, was first

observed in the 1970s [6–9]. The more recent emergence of MDR S. Typhi with nalidixic acid

resistance and reduced susceptibility to fluoroquinolones complicates treatment options.

However, third generation cephalosporins such as ceftriaxone and cefixime have proven to be

effective choices for treatment as resistance to cephalosporin in S. Typhi is still relatively rare.

The first major outbreak with ceftriaxone resistance (extensively drug resistant, defined as

resistant to three first-line drugs, fluoroquinolones and third-generation cephalosporin) was

observed in Pakistan from 2016 onwards [7, 10, 11].

The acquisition of antimicrobial resistance (AMR) genes by S. Typhi was historically associ-

ated with self-transmissible IncHI1 plasmids that harbor composite transposons [9, 12]. The

global burden of MDR typhoid is driven to a significant degree by the dissemination of the

highly clonal, expanding haplotype H58 (genotype 4.3.1), which is now dominant in many
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endemic settings throughout Africa and Asia [7, 9, 13, 14]. H58 S. Typhi encoding nonsynon-

ymous mutations in the quinolone resistance determining region (QRDR) of DNA gyrase

genes gyrA and gyrB and DNA topoisomerase IV genes parC and parE have shown reduced

susceptibility to fluoroquinolones [7, 15]. Studies on typhoid in Nepal have reported the evolu-

tion of fluoroquinolone resistant H58 lineage II isolates carrying three QRDR mutations (gyr-
A-S83F, gyrA-D87N, and parC-S80I) responsible for the failure of a gatifloxacin treatment trial

[6, 15]. More recently, in Bangladesh, a new H58 lineage I triple QRDR mutant carrying three

different mutations (gyrA-S83F, gyrA-D87G, and parC-E84K) has been observed [14]. This

study also defined a H58 “lineage Bd” containing the sublineage “Bdq” that is characterized by

a high median minimal inhibitory concentration (MIC) to ciprofloxacin (4 μg/mL) potentially

involving a qnrS gene in addition to a gyrA-S83Y mutation [14].

The lack of credible surveillance data representing the actual disease burden of typhoid

fever in Bangladesh presents a barrier to the implementation of control strategies. Thus, there

is an urgent need for sustained genomics-based surveillance studies in poor resource settings

like Bangladesh to monitor the pathogen population structure, transmission dynamics, AMR

patterns and the impacts of control strategies such as vaccination programs. Here, we have

used whole genome sequencing (WGS) to better understand the population structure of S.

Typhi isolated from three different urban areas of Dhaka, Bangladesh, between 2004 and 2016.

Methods

Ethics statement

Ethical approval was obtained from Research Review Committee (RRC) and the Ethical

Review Committee (ERC) of the International Centre for Diarrhoeal Disease Research, Ban-

gladesh (icddr,b). Informed written consent and clinical information were taken from legal

guardians of child participants and adult participants.

Study settings and blood sample collection

Dhaka is the capital city of Bangladesh and the most densely populated city with a population

of over 18 million [16]. icddr,b is an international health research organization located at the

Mohakhali area in Dhaka which runs two urban field sites at Kamalapur and Mirpur. Kamala-

pur is situated in the southeast part of Dhaka, whereas Mirpur is located in the northeast part

of Dhaka metropolitan area. Both of these field sites are frequented by typhoid fever patients

where sanitation systems are poor and access of safe drinking water is limited. This study was

designed with these three urban areas inside Dhaka city: icddr,b Kamalapur field site, icddr,b

Mirpur field site and icddr,b Dhaka hospital, Mohakhali. Suspected typhoid fever patients

were enrolled from the three sites based on the criteria of fever at least 38˚C with a minimum

duration of 3 days. Blood samples (3 mL for children <5 years of age and 5 mL for others)

from typhoid suspected patients were collected between 2004 to 2016 and were cultured using

the automated BacT/Alert method [17, 18] for confirmation of typhoid fever.

Bacterial isolation from blood culture

Specimens from positive blood culture bottles were sub-cultured on MacConkey agar plate

and incubated at 37˚C for 18–24 hours. S. Typhi colonies were identified using standard bio-

chemical test and slide agglutination test with Salmonella-specific antisera (Denka Sieken

Tokyo, Japan) [17–19]. On the basis of blood culture confirmation result, we included all the

available stored 202 S. Typhi isolated from 2004 to 2016 in this study and subjected these to

whole genome sequencing analysis.
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DNA extraction and whole genome sequencing

Genomic DNA was extracted using the Wizard Genomic DNA Kit (Promega, Madison, WI,

USA) according to the manufacturer’s instructions. Index-tagged paired-end Illumina

sequencing libraries with an insert size of 500 bp were prepared as previously described [20]

and combined into pools each containing 96 uniquely tagged libraries. WGS was performed at

the Wellcome Trust Sanger Institute using the Illumina Hiseq2500 platform (Illumina, San

Diego, CA, USA) to generate 125 bp paired-end reads. Sequence data quality was checked

using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) to remove adapter

sequences and low quality reads. Illumina sequence data was submitted to the European

Nucleotide Archive and a full list of accession numbers for each isolate is summarized in S1

Table. Sequence data from 88 Bangladeshi S. Typhi from Wong et al. 2016 [21], and a further

528 from Tanmoy et al. 2018 [14], were also included for context in this study (raw sequence

data are available in European Nucleotide Archive under study accessions ERP001718 and

PRJEB27394, respectively).

Read alignment and SNP analysis

S. Typhi Illumina reads were mapped to the CT18 (accession no. AL513382) reference chro-

mosome sequence [22] using the RedDog mapping pipeline (v1beta.10.3; https://github.com/

katholt/reddog), specifying a ‘phylogeny’ run and 0% conservation, and extended run time &

memory for a ‘large’ run, with all other parameters set to default values as specified in the

python configuration script ‘RedDog_config_massive.py’. RedDog uses Bowtie (v2.2.9) [23] to

map reads to the reference genome, and SAMtools (v1.3.1) [24, 25] to identify SNPs that have

a phred quality score above 30, and to filter out those SNPs supported by less than five reads,

or with 2.5x the average read depth that represent putative repeated sequences, or those that

have ambiguous base calls. For each SNP that passes these criteria in any one isolate, consensus

base calls for the SNP locus were extracted from all genomes mapped, with those having phred

quality scores under 20 being treated as unknown alleles and represented with a gap character.

The isolates were assigned to previously defined genotypes according to an extended S. Typhi

genotyping framework [21] using the GenoTyphi python script (genotyphi.py) on bam files

output from the RedDog mapping pipeline with the—mode bam and—bam options specified

(all other parameters were set to the default settings). GenoTyphi is available at https://github.

com/katholt/genotyphi [6, 21]. Unique SNPs defining novel genotypes and lineages (but

absent from other genotypes of S. Typhi) detected in the present study were manually

extracted from allele tables output by RedDog (file alleles_var.csv) using R, with SNPs respon-

sible for non-synonymous mutations (defined by RedDog output file alleles_var_cons0.0_con-

sequences.txt) in highly conserved genes without deletions prioritized for lineage definitions.

Chromosomal SNPs with confident homozygous calls (phred score above 20) in >95% of

the genomes mapped (representing a ‘soft’ core genome) were concatenated to form an align-

ment of alleles at 6,089 variant sites using the RedDog python script parseSNPtable.py with

parameters -m cons,aln and -c 0.95 and SNPs called in prophage regions and repetitive

sequences (354 kb; ~7.4% of bases in the CT18 reference chromosome, as defined previously,

and provide in S2 Table) [21] were excluded using the -x and -m filter parameters. Further

SNPs occurring in recombinant regions as detected by Gubbins (v2.3.2) [26] specifying a max-

imum of 10 iterations (—iterations 10) and the recombination convergence mode (—conver-

ge_method recombination) were excluded resulting in a final alignment of 4,395

chromosomal SNPs out of a total alignment length of 4,462,203 bp for 818 Bangladeshi iso-

lates. SNP alleles from S. Paratyphi A AKU1_12601 (accession no: FM2000053) were included
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at the RedDog mapping stage for the purpose of outgroup rooting the phylogenetic tree using

FigTree (v1.4.3) (available at: http://tree.bio.ed.ac.uk/software/figtree/).

To provide global context, 1,560 additional S. Typhi genomes belonging to the genotypes

found in Bangladesh [6, 7, 9, 14, 15, 21, 27] were subjected to both SNP calling, recombination

filtering, and genotyping as described above, resulting in an alignment of 14,852 chromosomal

SNPs.

SNP distances were calculated using the dna.dist() function in the Analysis of Phylogenetics

and Evolution (ape) R package [28]. Shannon diversity was calculated using the diversity()

function in the R package vegan [29]. Base R function chisq.test() was used to conduct a Chi-

Squared test of age groups and S. Typhi genotypes [30].

Phylogenetic analysis

Maximum likelihood (ML) phylogenetic trees were inferred from the aforementioned chro-

mosomal SNP alignments using RAxML (v8.2.8) [31] (command raxmlHPC-P-

THREADS-SSE3). A generalized time-reversible model and a Gamma distribution was used

to model site-specific rate variation (GTR+ Γ substitution model; GTRGAMMA in RAxML)

with 100 bootstrap pseudoreplicates used to assess branch support for the ML phylogeny.

RAxML runs were repeated 10 times and likelihood scores were compared across runs to con-

firm that all runs had converged on a similar likelihood; we selected the single tree with the

highest likelihood score as the best tree. The resulting phylogenies were visualized and anno-

tated using Microreact [32] and the R package ggtree [33] using functions ggtree() and gheat-

map().

Antimicrobial resistance gene identification and plasmid replicon analysis

The mapping based allele typer SRST2 [34] was used in conjunction with the ARGannot [35]

and PlasmidFinder [36] databases supplied with SRST2 to detect acquired AMR genes and

plasmid replicons, respectively using the slurm_srst2.py python script with the—gene_db

parameter specified. Where detected, isolates possessing IncHI1 plasmids were subjected to

plasmid multilocus sequence typing (PMLST) [37] using SRST2 [34] (slurm_srst2.py python

script specifying the—mlst_db and—mlst_definitions parameters specified). Where AMR

genes were present without evidence of a known resistance plasmid replicon based on SRST2

output, raw sequence reads were assembled de novo using Unicycler (v0.3.0b) [38] with default

parameters and examined visually using the assembly graph viewer Bandage (0.8.1) [39] to

inspect the composition and insertion sites of resistance-associated composite transposons

using the create/view blast search option against the integrated MDR loci from previously

reported S. Typhi reference genomes ERL12960 (accession number ERR343327) and 12148

(accession number ERR343322) [9]. ISMapper (v2.0) [40] python script ismap.py was run

with default parameters to screen for insertion sites the transposases IS1 (accession number

J01730) and IS26 (accession number X00011), relative to the CT18 reference sequence in

order to identify the location of these in the chromosome of each Bangladeshi S. Typhi

genome. Point mutations in the QRDR of genes gyrA and parC associated with reduced sus-

ceptibility to fluoroquinolones [15] were determined using GenoTyphi [6, 21] from RedDog

output bam files as specified above (Read alignment and SNP analysis section).
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Results

Population structure of S. Typhi in Bangladesh

A total collection of 202 Bangladeshi S. Typhi isolated from three different urban areas of

Dhaka between 2004 and 2016 (S1 Table) were subjected to Illumina whole genome sequenc-

ing, and were analyzed together with 616 additional Bangladeshi S. Typhi whole genome

sequences from previous studies (isolated between 1998 and 2016, see S3 Table) to provide a

robust genomic context. The S. Typhi genomes were subjected to phylogenetic and GenoTyphi

analysis, revealing that the pathogen population structure in Bangladesh is diverse with 17 dis-

tinct genotypes as summarized in S4 Table and Fig 1. Eight S. Typhi subclades (genotypes

2.0.1, 2.1.7, 2.3.3, 3.0.1, 3.1.2, 3.2.2, 3.3.0, 4.3.1) and two undifferentiated isolates of major line-

age 2 (genotype 2.0.0) were observed among our 202 samples collected in urban Dhaka

between 2004 and 2016 (Table 1). The majority of our isolates (n = 83, 41.1%) belonged to

genotype 4.3.1 (haplotype H58), which has rapidly expanded in South Asia from the early

1990s. Previously defined major sublineages of H58 (lineage I and lineage II) [9] were present

among our 202 isolates, with H58 lineage I (genotype 4.3.1.1) isolates appearing dominant

(n = 63, 31.2%). Only a single H58 lineage II (genotype 4.3.1.2) isolate (n = 1, 0.50%) was pres-

ent; this is somewhat surprising as this lineage is common in neighboring countries Nepal and

India [6, 15]. In addition to H58 lineage I and II isolates, 19 genetically undifferentiated H58

isolates (genotype 4.3.1 according to the framework of Wong et al 2016) were also observed.

Further analysis of these revealed close clustering with 119 “H58 lineage Bd” isolates reported

by Tanmoy et al. 2018 [14], forming a monophyletic sister clade to H58 lineages I and II that

we herein define as 4.3.1.3 (see Fig 1). The 19 4.3.1.3 isolates from our collection possess the

characteristic SNPs STY0054-C711A (position 561056 in CT18) and STY2973-A1421C (posi-

tion 2849843 in CT18) that Tanmoy et al used to define this lineage [14]. We have therefore

added the SNP STY0054-C711A to the GenoTyphi script (available at: http://github.com/

katholt/genotyphi), to facilitate the detection of this lineage (genotype 4.3.1.3) in future WGS

surveillance studies.

Genotypes 2.3.3 (n = 30, 14.85%), 3.2.2 (n = 44, 21.80%), 3.3.0 (n = 28, 13.86%) were also

relatively common in urban Dhaka. Of the 818 Bangladeshi S. Typhi analysed, 119 (14.5%)

formed a monophyletic sublineage within clade 3.3 that did not belong to any of the previously

defined subclades (i.e. assigned genotype 3.3.0 in the existing scheme) and were closely related

to other clade 3.3 isolates found in Nepal (median distance of ~70 SNPs) [6, 15] (see S1 Fig

and interactive phylogeny available at http://microreact.org/project/5GzJ7Umoz). We herein

assign these Bangladesh and Nepal S. Typhi to a novel genotype, subclade 3.3.2 (labeled in Fig

1), which can be identified by the presence of a marker SNP STY3641-A224G (position

3498544 in CT18) that confers an amino acid mutation (Q75G) within the ST3641 encoded

protein. This genotype has also been added to the GenoTyphi script to facilitate detection of

subclade 3.2.2 from WGS data in future studies.

Intra-country transmission dynamics within Bangladesh

Geographical location data were available for the 202 novel S. Typhi, which were collected

from three different sites inside urban Dhaka (icddr,b Kamalapur field site, icddr,b Mirpur

field site and icddr,b Dhaka hospital Mohakhali). Detailed genotypic distribution of 202 iso-

lates from these three study sites are shown in Fig 2, and an interactive version of the phylog-

eny and map are available online at https://microreact.org/project/sP2Uwk_DI). Our data

showed that genotypes 2.3.3, 3.3.2, 3.2.2, 4.3.1.1 and 4.3.1.3 were present in all three study sites

(Fig 2A) and were intermingled in the phylogeny (Fig 2B) suggesting circulation across the
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Fig 1. Urban Dhaka S. Typhi population structure with antimicrobial resistance. Maximum likelihood outgroup-rooted tree of 816 Bangladeshi S. Typhi isolates.

Branch colors indicate the genotype (as labelled). Inner ring indicates the position of the 202 S. Typhi from this study, the second and third rings indicate the presence of

QRDR mutations, fourth ring indicates plasmids and the outer fifth ring indicates AMR genes colored as per the inset legend.

https://doi.org/10.1371/journal.pntd.0008036.g001

Table 1. Genotypes present among 202 novel S. Typhi isolates from Dhaka, Bangladesh.

Genotype No. of isolates (%)

2.0.0 2 (0.99%)

2.0.1 10 (4.95%)

2.1.7 2 (0.99%)

2.3.3 30 (14.85%)

3.0.1 1 (0.50%)

3.1.2 2 (0.99%)

3.2.2 44 (21.80%)

3.3.2� 28 (13.86%)

4.3.1.3� 19 (9.41%)

4.3.1.1 63 (31.19%)

4.3.1.2 1 (0.50%)

�Novel genotypes described in this manuscript.

https://doi.org/10.1371/journal.pntd.0008036.t001
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city. Two genotypes, 2.0.1 and 2.1.7, were restricted to two of the three study locations (Kama-

lapur and icddr,b hospital, and Mirpur and icddr,b hospital, respectively); genotype 2.0.0, 3.1.2

and genotype 3.0.1, 4.3.1.2 were found only in Kamalapur and icddr,b hospital, respectively.

Information on patient ages were available for 185 (91.6%) of the 202 S. Typhi, facilitating

stratification by age groups (young children under 5 years of age, older children from 5 to 15

years of age, and adults above 15 years of age). This stratification did not reveal any significant

differences (p = 0.344 using Chi-squared test) as all age groups appeared to be infected with a

diverse range of S. Typhi genotypes (Fig 3).

Inter-country transmission patterns and population structure of urban

Dhaka S. Typhi isolates

To provide a global context for the 818 Bangladeshi S. Typhi and to better understand inter-

country transmission patterns, we constructed a global phylogeny including an additional

1,560 S. Typhi from over 30 countries [6, 7, 14, 15, 21, 27] from the global WGS collection,

Fig 2. Spatial analysis of 202 S. Typhi from this study. (A) Map of Dhaka indicating the prevalence of S. Typhi genotypes present at each of the three study

sites of icddr,b. Map sourced from LandsatLook Viewer: https://landsatlook.usgs.gov/ [41]. Online interactive phylogeny available via Microreact [32] at:

https://microreact.org/project/sP2Uwk_DI. (B) Maximum likelihood tree of 202 urban Dhaka S. Typhi isolates from the three study sites. Branch colors

indicate the genotype (as labelled) and the colored heatmap (on the right) shows, for each isolate, its genotype, and source of the isolates colored as per the inset

legend.

https://doi.org/10.1371/journal.pntd.0008036.g002
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belonging to the 17 genotypes that were detected in Bangladesh (Fig 4, interactive phylogeny

available at https://microreact.org/project/5GzJ7Umoz). A single South African S. Typhi iso-

lated in 2010 was intermingled among the genotype 4.3.1.3 isolates, ~2 SNPs away from its

closest Bangladesh relative, suggesting that the H58 lineage Bd has been transferred from

South Asia to Africa on at least one occasion. Predominantly, the Bangladeshi H58 and non-

H58 S. Typhi were related to isolates from India, Pakistan, and Nepal (see Fig 4 and interactive

phylogeny at https://microreact.org/project/5GzJ7Umoz), suggesting regional circulation of

these genotypes throughout South Asia. Notably, we found that Bangladesh isolates formed

several unique monophyletic lineages within this tree, consistent with local establishment and

Fig 3. Urban Dhaka genotypes observed in pediatric and adult patients. Individual S. Typhi genotypes are colored as described in

the inset legend.

https://doi.org/10.1371/journal.pntd.0008036.g003
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ongoing clonal transmission within Bangladesh; e.g. 2.3.3, 3.2.2, 3.3.2 (Fig 4A) and 4.3.1.1,

4.3.1.3 (Fig 4B).

Antimicrobial resistance and plasmid replicons in S. Typhi in urban Dhaka

To better understand the AMR burden among S. Typhi in urban Dhaka, we subjected our 202

isolates (Table 2) and the additional 616 S. Typhi from previous studies [9, 14, 21] (S5 Table)

to screening for both genes and mutations associated with AMR. Only 17 of our 202 S. Typhi

(9.42%) lacked any known molecular determinants of AMR and were thus predicted to be

fully susceptible to antibiotics (Fig 1 and Table 2).

Fig 4. Global population structure of Bangladesh S. Typhi. (A) Global population structure of Non-H58 (4.3.1) Bangladesh genotypes. (B) Global population

structure of H58. Branch colors indicate country/region of origin, as do the inner two rings. The third ring indicates mutations in codon 83 of gene gyrA,

fourth ring indicate the number of additional QRDR mutations. The fourth ring indicates the presence of any plasmids and the sixth ring indicates the

presence of AMR genes. All branches and rings are colored as per the inset legend. Arrows indicate localized lineages of Bangladeshi isolates.

https://doi.org/10.1371/journal.pntd.0008036.g004

Table 2. Genetic determinants of antimicrobial resistance in 202 S. Typhi isolates from urban Dhaka, Bangladesh.

Resistance patterns H58 isolates (n = 83) Non H58 isolates (n = 119) Total isolates (n = 202)

Acquired AMR genes / QRDR mutations 74 (89.16%) 0 (0.0%) 74 (36.63%)

blaTEM-1, catA1, dfrA7, sul1, sul2, strAB / gyrA-S83F 47 (56.63%) 0 (0.00%) 47 (23.27%)

blaTEM-1, catA1, dfrA7, sul1, sul2, strAB, tetB / gyrA-S83Y 8 (9.64%) 0 (0.00%) 8 (3.96%)

blaTEM-1, catA1, dfrA7, sul1, sul2, strAB / gyraccessA-S83F, parC-E84K 1 (1.20%) 0 (0.00%) 1 (0.50%)

blaTEM-1, catA1, dfrA7, sul1 / gyrA-S83F 1 (1.20%) 0 (0.00%) 1 (0.50%)

catA1, dfrA7, sul1 / gyrA-S83F 8 (9.64%) 0 (0.00%) 8 (3.96%)

blaTEM-1, sul2, qnrS, tetA / gyrA-S83Y 9 (10.84%) 0 (0.00%) 9 (4.46%)

QRDR mutations only 83 (100%) 102 (85.71%) 185 (91.6%)

gyrA-S83F 62 (74.70%) 85 (83.33%) 147 (72.77%)

gyrA-S83Y 19 (22.90%) 3 (2.94%) 22 (10.89%)

gyrA-D87G 1 (1.20%) 0 (0.00%) 1 (0.50%)

gyrA-D87N 0 (0.00%) 12 (11.76%) 12 (5.94%)

gyrA-D87Y 0 (0.00%) 2 (1.96%) 2 (0.99%)

gyrA-S83F, parC-E84K 1 (1.20%) 0 (0.00%) 1 (0.50%)

Susceptible to all antibiotics 0 (0.00%) 17 (16.67%) 17 (8.42%)

https://doi.org/10.1371/journal.pntd.0008036.t002
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Many of our H58 isolates (n = 57, 68.67%) were predicted to be MDR, carrying genes asso-

ciated with resistance to the first-line drugs chloramphenicol, trimethoprim-sulfomethoxazole

and ampicillin. The majority of these were H58 lineage I isolates (genotype 4.3.1.1, n = 48,

64.86%) carrying genes catA1, dfrA7, sul1, sul2, blaTEM-1 and strAB (S2 Fig) in a composite

transposon (Fig 5) conferring resistance to all three first-line drugs and also streptomycin.

These isolates lacked the IncHI1 plasmid, suggesting that the AMR genes have been integrated

into the chromosome. A small proportion of genotype 4.3.1.1 S. Typhi (n = 8, 10.8%) carried

an alternative form of the typical transposon encoding just three AMR genes (catA1, dfrA7,

sul1; see Fig 5). Examination of the assembly graphs and nucleotide sequence comparisons

[42] of the genomes carrying the 3-gene vs 7-gene locus revealed that integration of both trans-

posons were mediated by IS1 transposition associated with an 8 bp target site duplication

(TACGCTTT; see Fig 5). However as IS1 was present at multiple locations in the chromosome

sequences of these isolates, we were unable to resolve the precise location of the MDR integra-

tion site, and insertions at either of two previously reported chromosomal integration sites

(near cyaA or within yidA [9]) were equally possible in our isolates.

Of the 19 H58 lineage Bd isolates detected in our collection of 202 isolates, two different plas-

mid mediated AMR patterns emerged (S2 Fig). The first pattern (n = 8) was characterized by

the presence of the IncHI1 plasmid (plasmid sequence type, PST6) [9] carrying eight AMR

genes (blaTEM-1, catA1, dfrA7, sul1, sul2, strAB, and tetB) conferring resistance to the first line

drugs plus streptomycin and tetracyclines. The second pattern (n = 9) was characterized by the

presence of an IncFIB(K) plasmid carrying the AMR genes (blaTEM-1, sul2, tetA) conferring

resistance to ampicillin, sulfonamides, tetracyclines, and also qnrS together with the gyrA-S83Y

mutation confers resistance to fluoroquinolones. These isolates were intermingled with IncFIB

(K)-carrying isolates described by Tanmoy et al 2018 (which they termed “sublineage Bdq”).

This IncFIB(K)-carrying cluster appears to have emerged from the main 4.3.1.3 group that typi-

cally carries the IncHI1 plasmid (separated by a median of ~11 SNPs), but the IncHI1 MDR

plasmid has been replaced in this group by the IncFIB(K) fluoroquinolone resistance plasmid

(see S2 Fig). The IncFIB(K)-containing Bdq cluster appears to have undergone a clonal expan-

sion in Bangladesh, but has not replaced the IncHI1 form of 4.3.1.3 in urban Dhaka (see below).

Overall, non-synonymous mutations in the QRDR of genes gyrA and parC associated with

reduced susceptibility to fluoroquinolones (FQ) were common among our 202 S. Typhi iso-

lates (n = 185, 91.6%) harboring at least one QRDR mutation (Table 2). Unlike the acquisition

of MDR genes, the QRDR mutations (mainly in gene gyrA at codon 83) were common in both

non-H58 (n = 102, 85.71%) as well as H58 isolates (n = 83, 100%). Examination of genotype

3.3.2 revealed two distinct monophyletic lineages of Bangladeshi S. Typhi of this genotype

each with a different QRDR mutation. Here we defined these two Bangladeshi lineages as

3.3.2.Bd1 and 3.3.2.Bd2, carrying the gyrA-S83F and gyrA-D87N mutations, respectively (Fig

4A). Markers for these two lineages (SNPs STY2588-G378A, position 2424394 in CT18; and

STY2441-G439A, position 2272144 in CT18; respectively) have been added to the GenoTyphi

script to facilitate their detection. No QRDR triple mutants were observed among our collec-

tion; however, a single double mutant S. Typhi of genotype 4.3.1.1 was identified carrying both

gyrA-S83F and parC-E84K mutations. Hence, the only isolates we predict to be ciprofloxacin

resistant are the IncFIB(K) group carrying qnrS and gyrA-S83Y.

Temporal trends in genotypic distribution and AMR pattern in urban

Dhaka

We examined the genotypic distribution and AMR patterns over time during our study period

of 2004 to 2016; note our sampling includes all available blood culture positive S. Typhi from
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the three sites in urban Dhaka. Prior to 2011, H58 lineages (4.3.1.1 and 4.3.1.3) dominated the

population across the three sites sampled (median 66.67% per year; see Fig 6A). During this

time most isolates were MDR (median 55.56% per year, see Fig 6B). After this period, there

appears to be a relative decrease in the frequency of H58 genotypes (4.3.1.1, 4.3.1.2, 4.3.1.3;

median 28.03% per year in 2011–2016) and an increase in non-H58 genotypes 2.3.3, 3.2.2,

Fig 5. Insertion sites of transposons observed in S. Typhi from urban Dhaka, Bangladesh. Genes and transposons are indicated

according to the inset legend. TSD indicates target site duplication, and Tn indicates transposons.

https://doi.org/10.1371/journal.pntd.0008036.g005

Fig 6. Timeline of urban Dhaka S. Typhi genotypes and AMR profiles from 2004–2016. (A) Genotypes observed per annum.

Overlaid line indicates the percentage of H58 isolates per year. (B) AMR profiles observed per annum. Overlaid line indicates the

percentage of MDR isolates per year. Genotypes and AMR profiles colored as per inset legend.

https://doi.org/10.1371/journal.pntd.0008036.g006
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3.3.2 (from median 22.2% per year in 2004–2010 to 65.2% per year in 2011–2016; overall diver-

sity increasing from 1.34 Shannon diversity in 2004–2010 to 1.83 in 2011–2016). The decline

in H58 S. Typhi coincided with a decline in MDR (median 11.88% per year in 2011–2016),

with the most common profile being non-MDR with a single QRDR mutation (gyrA-S83F

being the most prevalent). Notably, the IncFIB(K)/qnrS lineage Bdq remained at low frequency

throughout the study period (detected from 2007 to 2014, median 4.78% per year).

Discussion

We show here that the population structure of S. Typhi in Bangladesh is diverse, harboring 17

distinct genotypes, with 9 genotypes circulating within urban Dhaka between 2004–2016 (Fig

1). There was little evidence of any local geographic restriction of S. Typhi genotypes within

the city of Dhaka (Fig 2) and no obvious stratification of S. Typhi genotypes by patient age

(Fig 3), consistent with what has been observed in other South Asian settings [6, 15, 43].

S. Typhi circulating in Bangladesh are closely related to isolates from neighboring India,

Pakistan and Nepal suggesting circulation throughout South Asia. However, the formation of

multiple localized lineages indicates establishment and ongoing local transmission of multiple

genotypes in parallel within Bangladesh; and warranted definition of novel Bangladesh-specific

subclades for future tracking via WGS surveillance. Firstly, the most common genotype in our

collection was H58 lineage I (31.2%) and H58 lineage II was rare (0.5%), in contrast to neigh-

boring India and Nepal where lineage II are highly prevalent and lineage I is rarely reported [6,

9, 15]. Secondly, this distinction between Bangladeshi and Indian/Nepali pathogen popula-

tions was also evident for the newly defined H58 lineage Bd (4.3.1.3) [14], which so far has

been almost exclusively found in Bangladesh (the exceptions being singleton isolates reported

in Nepal and South Africa). Thirdly, we identified a novel subclade of S. Typhi, genotype 3.3.2,

which included a Bangladesh-specific monophyletic group with relatives in Nepal, that we fur-

ther divided into 3.3.2.Bd1 and 3.3.2.Bd2 based on distinct QRDR mutations conferring

reduced susceptibility to fluoroquinolones (Fig 4A). These novel Bangladesh-associated line-

ages (4.3.1.3, 3.3.2.Bd1, 3.3.2.Bd2) have been added to the GenoTyphi genotyping scheme,

which will facilitate their detection and tracking in future surveillance efforts, and over time

will reveal whether they remain localized to Bangladesh or being to disseminate through Asia

and Africa as has been observed for H58 lineages I and II [6, 13, 27, 44].

The sustained, very high frequency of S. Typhi carrying mutations associated with reduced

susceptibility to fluoroquinolones that we detected in this study (>66% per year; see Fig 6B) is

likely the result of an increase in over-the-counter sale (without prescription) of this antibiotic

class over the last decade [45]. This, along with a decrease in MDR is similar to reports from

both India and Nepal [6, 9]. However, while the prevalence of reduced susceptibility was very

high, we found limited evidence of evolution towards full resistance, with the qnrS-positive

clade (associated with ciprofloxacin MIC of 4 μg/mL, [14]) remaining at low frequency

throughout the study period. A H58 lineage I (4.3.1.1) QRDR triple mutant has been previ-

ously reported in Bangladesh [14], however, this was not observed among our collection from

urban Dhaka; we only detected a single QRDR double mutant in H58 lineage I in 2008 (see

Table 2 and Fig 6).

Notably, the reduced prevalence of MDR coincided with a reduction in H58 (4.3.1) isolates

across our 3 study sites in urban Dhaka and a significant diversification in the pathogen popu-

lation, particularly driven by increased prevalence of QRDR single-mutant S. Typhi genotypes

2.3.3, 3.2.2 and 3.3.2. This unexpected change in population structure that cannot be explained

by selection for AMR suggests unknown selective pressures may be influencing the pathogen

population in urban Dhaka, and highlights the need for ongoing genomic surveillance.
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Further, while MDR was less frequent after 2010, the presence of multiple forms of the MDR

chromosomal insertion is highly concerning, as such insertions may facilitate more stable

transmission of the MDR phenotype [6, 9]. Similarly, the persistent presence of plasmid-medi-

ated quinolone resistance (PMQR) via an IncFIB(K) plasmid carrying a qnrS1 gene is concern-

ing, despite the relatively low frequency (4.5%) at which it is observed currently. Fortunately,

we did not detect any ceftriaxone resistant isolates in this study which is now one of the drugs

of choice for typhoid treatment in this region. The first case of carbapenem resistance was

reported in a Salmonella enterica serovar Typhimurium isolate which was also a co-producer

of extended-spectrum beta-lactamase (SHV-12), suggesting the occurrence of extended-spec-

trum beta-lactamase (ESBL) resistance is very rare among typhoidal Salmonellae [46]. More-

over, only a single Bangladesh S. Typhi isolate of genotype 3.3.2 from 2000 has been reported

to have acquired the extended-spectrum beta-lactamases ESBL resistance gene blaCTX-M-15 (S2

Fig) [14]. We detected no evidence of the ceftriaxone resistant H58 Pakistan Extensively Drug

Resistant (XDR; genotype 4.3.1.1.P1) isolates [7], perhaps suggesting that ESBL resistance is

not widespread in S. Typhi isolated from Bangladesh at the time of this study.

Our study has some limitations as all of our 202 isolates analysed here were from study sites

in urban Dhaka, and subsequently may not be representative of the overall the population

structure and antimicrobial resistance patterns of typhoid in Bangladesh. However, our 202

strains are intermingled with those collected from previous studies of typhoid in both urban

Dhaka, and Bangladesh (Fig 1) [14, 21, 47] suggesting that our opportunistic sampling is rea-

sonably representative of the population structure in this region.

Conclusion

This study demonstrates the importance of molecular based surveillance studies in endemic

regions, especially in urban Dhaka in Bangladesh, where the disease burden is high and many

different AMR phenotypes were observed. The change in both population structure and AMR

patterns over twelve years (2004 to 2012) in urban Dhaka shows increased prevalence of popu-

lations with reduced susceptibility fluoroquinolones, emphasizing the ongoing evolution of

AMR in this setting as well as the urgent need for WGS based surveillance in Bangladesh to

inform both treatment guidelines and control strategies.

Supporting information

S1 Fig. Population structure and country of origin of genotype 3.3.2 isolates. Maximum

likelihood phylogeny of genotype 3.3.2 isolates. Colored bar indicates country of origin as per

the inset legend.

(TIF)

S2 Fig. Bangladesh S. Typhi population structure showing acquired AMR genes, and plas-

mids. Branches are colored by genotype as labelled, the heatmap the molecular determinants

of antimicrobial resistance and the presence of plasmids colored as per the inset legend.

(TIF)

S1 Table. Data of 202 S. Typhi isolates from 3 different study sites in Dhaka, Bangladesh

between 2004–2016.

(XLSX)

S2 Table. Excluded repetitive and phage regions in CT18 (AL513382) reference genome.

(XLSX)

PLOS NEGLECTED TROPICAL DISEASES Typhoid in urban Dhaka, Bangladesh 2004-2016

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008036 February 27, 2020 14 / 18

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s004
https://doi.org/10.1371/journal.pntd.0008036


S3 Table. Data of 818 S. Typhi isolates from Bangladesh including previous studies

between 1998–2016.

(XLSX)

S4 Table. Genotyping results for the 818 S. Typhi isolates from Bangladesh.

(DOCX)

S5 Table. Genetic determinants of antimicrobial resistance in S. Typhi isolates from Ban-

gladesh.

(DOCX)

Acknowledgments

We acknowledge the support of dedicated field and laboratory workers at the icddr,b involved

in this study. We would like to thank Doli Goswami, Md. Lokman Hossain and Abdullah

Brooks for their contribution in Kamalapur field study. We would also like to thank the mem-

bers of Pathogen Informatics Team and core sequencing teams at the Wellcome Trust Sanger

Institute.

Author Contributions

Conceptualization: Sadia Isfat Ara Rahman, Zoe A. Dyson, Gordon Dougan, Firdausi Qadri.

Data curation: Farhana Khanam.

Formal analysis: Sadia Isfat Ara Rahman, Zoe A. Dyson, Elizabeth J. Klemm, Kathryn E. Holt.

Funding acquisition: Farhana Khanam, Gordon Dougan, Firdausi Qadri.

Methodology: Sadia Isfat Ara Rahman.

Resources: Farhana Khanam.

Supervision: Emran Kabir Chowdhury, Gordon Dougan, Firdausi Qadri.

Visualization: Sadia Isfat Ara Rahman, Zoe A. Dyson, Elizabeth J. Klemm.

Writing – original draft: Sadia Isfat Ara Rahman, Zoe A. Dyson, Gordon Dougan, Firdausi

Qadri.

Writing – review & editing: Sadia Isfat Ara Rahman, Zoe A. Dyson, Elizabeth J. Klemm, Far-

hana Khanam, Kathryn E. Holt, Emran Kabir Chowdhury, Gordon Dougan, Firdausi

Qadri.

References
1. Mogasale V, Maskery B, Ochiai RL, Lee JS, Mogasale VV, Ramani E, et al. Burden of typhoid fever in

low-income and middle-income countries: a systematic, literature-based update with risk-factor adjust-

ment. Lancet Glob Health. 2014; 2(10):e570–e80. https://doi.org/10.1016/S2214-109X(14)70301-8

PMID: 25304633

2. Crump JA, Mintz ED. Global trends in typhoid and paratyphoid fever. Clin Infect Dis. 2010; 50(2):241–6.

https://doi.org/10.1086/649541 PMID: 20014951

3. Naheed A, Ram PK, Brooks WA, Hossain MA, Parsons MB, Talukder KA, et al. Burden of typhoid and

paratyphoid fever in a densely populated urban community, Dhaka, Bangladesh. Int J Infect Dis. 2010;

14:e93–e9. https://doi.org/10.1016/j.ijid.2009.11.023 PMID: 20236850

4. Theiss-Nyland K, Qadri F, Colin-Jones R, Zaman K, Khanam F, Liu X, et al. Assessing the Impact of a

Vi-polysaccharide Conjugate Vaccine in Preventing Typhoid Infection Among Bangladeshi Children: A

Protocol for a Phase IIIb Trial. Clin Infect Dis. 2019; 68(Supplement_2):S74–S82.

PLOS NEGLECTED TROPICAL DISEASES Typhoid in urban Dhaka, Bangladesh 2004-2016

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008036 February 27, 2020 15 / 18

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008036.s007
https://doi.org/10.1016/S2214-109X(14)70301-8
http://www.ncbi.nlm.nih.gov/pubmed/25304633
https://doi.org/10.1086/649541
http://www.ncbi.nlm.nih.gov/pubmed/20014951
https://doi.org/10.1016/j.ijid.2009.11.023
http://www.ncbi.nlm.nih.gov/pubmed/20236850
https://doi.org/10.1371/journal.pntd.0008036


5. Stanaway JD, Reiner RC, Blacker BF, Goldberg EM, Khalil IA, Troeger CE, et al. The global burden of

typhoid and paratyphoid fevers: a systematic analysis for the Global Burden of Disease Study 2017.

Lancet Infect Dis. 2019; 19(4):369–81. https://doi.org/10.1016/S1473-3099(18)30685-6 PMID:

30792131

6. Britto CD, Dyson ZA, Duchene S, Carter MJ, Gurung M, Kelly DF, et al. Laboratory and molecular sur-

veillance of paediatric typhoidal Salmonella in Nepal: Antimicrobial resistance and implications for vac-

cine policy. PLoS Negl Trop Dis. 2018; 12(4):e0006408. https://doi.org/10.1371/journal.pntd.0006408

7. Klemm EJ, Shakoor S, Page AJ, Qamar FN, Judge K, Saeed DK, et al. Emergence of an extensively

drug-resistant Salmonella enterica serovar Typhi clone harboring a promiscuous plasmid encoding

resistance to fluoroquinolones and third-generation cephalosporins. mBio. 2018; 9(1):e00105–18.

https://doi.org/10.1128/mBio.00105-18

8. Parry CM, Hien TT, Dougan G, White NJ, Farrar JJ. Typhoid Fever. N Engl J Med. 2002; 347

(22):1770–82. https://doi.org/10.1056/NEJMra020201 PMID: 12456854.

9. Wong VK, Baker S, Pickard DJ, Parkhill J, Page AJ, Feasey NA, et al. Phylogeographical analysis of

the dominant multidrug-resistant H58 clade of Salmonella Typhi identifies inter-and intracontinental

transmission events. Nat Genet. 2015; 47(6):632. https://doi.org/10.1038/ng.3281 PMID: 25961941

10. Levine MM, Simon R. The Gathering Storm: Is Untreatable Typhoid Fever on the Way? mBio. 2018; 9

(2). Epub 2018/03/22. https://doi.org/10.1128/mBio.00482-18 PMID: 29559573; PubMed Central

PMCID: PMC5874914.

11. Godbole GS, Day MR, Murthy S, Chattaway MA, Nair S. First Report of CTX-M-15 Salmonella Typhi

From England. Clin Infect Dis. 2018; 66(12):1976–7. Epub 2018/02/23. https://doi.org/10.1093/cid/

ciy032 PMID: 29471386.

12. Holt KE, Phan MD, Baker S, Duy PT, Nga TVT, Nair S, et al. Emergence of a globally dominant IncHI1

plasmid type associated with multiple drug resistant typhoid. PLoS Negl Trop Dis. 2011; 5(7):e1245.

https://doi.org/10.1371/journal.pntd.0001245 PMID: 21811646

13. Park SE, Pham DT, Boinett C, Wong VK, Pak GD, Panzner U, et al. The phylogeography and incidence

of multi-drug resistant typhoid fever in sub-Saharan Africa. Nat Commun. 2018; 9(1):5094. https://doi.

org/10.1038/s41467-018-07370-z PMID: 30504848

14. Tanmoy AM, Westeel E, De Bruyne K, Goris J, Rajoharison A, Sajib MS, et al. Salmonella enterica Ser-

ovar Typhi in Bangladesh: Exploration of Genomic Diversity and Antimicrobial Resistance. mBio. 2018;

9(6):e02112–18. https://doi.org/10.1128/mBio.02112-18 PMID: 30425150

15. Thanh DP, Karkey A, Dongol S, Thi NH, Thompson CN, Rabaa MA, et al. A novel ciprofloxacin-resistant

subclade of H58 Salmonella Typhi is associated with fluoroquinolone treatment failure. eLife. 2016; 5:

e14003. https://doi.org/10.7554/eLife.14003 PMID: 26974227

16. World Population Review 2019 [cited 2019 15th April]. Available from: http://worldpopulationreview.

com/world-cities/dhaka-population/

17. Khanam F, Sheikh A, Sayeed MA, Bhuiyan MS, Choudhury FK, Salma U, et al. Evaluation of a typhoid/

paratyphoid diagnostic assay (TPTest) detecting anti-Salmonella IgA in secretions of peripheral blood

lymphocytes in patients in Dhaka, Bangladesh. PLoS Negl Trop Dis. 2013; 7(7):e2316. https://doi.org/

10.1371/journal.pntd.0002316 PMID: 23951368

18. Sheikh A, Bhuiyan MS, Khanam F, Chowdhury F, Saha A, Ahmed D, et al. Salmonella enterica serovar

Typhi-specific immunoglobulin A antibody responses in plasma and antibody in lymphocyte supernatant

specimens in Bangladeshi patients with suspected typhoid fever. Clin Vaccine Immunol. 2009; 16

(11):1587–94. https://doi.org/10.1128/CVI.00311-09 PMID: 19741090

19. Talawadekar N, Vadher P, Antani D, Kale V, Kamat S. Chloramphenicol resistant Salmonella species

isolated between 1978 and 1987. J Postgrad Med. 1989; 35(2):79. PMID: 2621666

20. Croucher NJ, Harris SR, Fraser C, Quail MA, Burton J, van der Linden M, et al. Rapid pneumococcal

evolution in response to clinical interventions. Science. 2011; 331(6016):430–4. https://doi.org/10.

1126/science.1198545 PMID: 21273480

21. Wong VK, Baker S, Connor TR, Pickard D, Page AJ, Dave J, et al. An extended genotyping framework

for Salmonella enterica serovar Typhi, the cause of human typhoid. Nat Commun. 2016; 7:

ncomms12827.

22. Parkhill J, Dougan G, James K, Thomson N, Pickard D, Wain J, et al. Complete genome sequence of a

multiple drug resistant Salmonella enterica serovar Typhi CT18. Nature. 2001; 413(6858):848. https://

doi.org/10.1038/35101607 PMID: 11677608

23. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357.

https://doi.org/10.1038/nmeth.1923 PMID: 22388286

PLOS NEGLECTED TROPICAL DISEASES Typhoid in urban Dhaka, Bangladesh 2004-2016

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008036 February 27, 2020 16 / 18

https://doi.org/10.1016/S1473-3099(18)30685-6
http://www.ncbi.nlm.nih.gov/pubmed/30792131
https://doi.org/10.1371/journal.pntd.0006408
https://doi.org/10.1128/mBio.00105-18
https://doi.org/10.1056/NEJMra020201
http://www.ncbi.nlm.nih.gov/pubmed/12456854
https://doi.org/10.1038/ng.3281
http://www.ncbi.nlm.nih.gov/pubmed/25961941
https://doi.org/10.1128/mBio.00482-18
http://www.ncbi.nlm.nih.gov/pubmed/29559573
https://doi.org/10.1093/cid/ciy032
https://doi.org/10.1093/cid/ciy032
http://www.ncbi.nlm.nih.gov/pubmed/29471386
https://doi.org/10.1371/journal.pntd.0001245
http://www.ncbi.nlm.nih.gov/pubmed/21811646
https://doi.org/10.1038/s41467-018-07370-z
https://doi.org/10.1038/s41467-018-07370-z
http://www.ncbi.nlm.nih.gov/pubmed/30504848
https://doi.org/10.1128/mBio.02112-18
http://www.ncbi.nlm.nih.gov/pubmed/30425150
https://doi.org/10.7554/eLife.14003
http://www.ncbi.nlm.nih.gov/pubmed/26974227
http://worldpopulationreview.com/world-cities/dhaka-population/
http://worldpopulationreview.com/world-cities/dhaka-population/
https://doi.org/10.1371/journal.pntd.0002316
https://doi.org/10.1371/journal.pntd.0002316
http://www.ncbi.nlm.nih.gov/pubmed/23951368
https://doi.org/10.1128/CVI.00311-09
http://www.ncbi.nlm.nih.gov/pubmed/19741090
http://www.ncbi.nlm.nih.gov/pubmed/2621666
https://doi.org/10.1126/science.1198545
https://doi.org/10.1126/science.1198545
http://www.ncbi.nlm.nih.gov/pubmed/21273480
https://doi.org/10.1038/35101607
https://doi.org/10.1038/35101607
http://www.ncbi.nlm.nih.gov/pubmed/11677608
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1371/journal.pntd.0008036


24. Li H. A statistical framework for SNP calling, mutation discovery, association mapping and population

genetical parameter estimation from sequencing data. Bioinformatics. 2011; 27(21):2987–93. https://

doi.org/10.1093/bioinformatics/btr509 PMID: 21903627

25. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The sequence alignment/map format

and SAMtools. Bioinformatics. 2009; 25(16):2078–9. https://doi.org/10.1093/bioinformatics/btp352

PMID: 19505943

26. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA, Bentley SD, et al. Rapid phylogenetic analy-

sis of large samples of recombinant bacterial whole genome sequences using Gubbins. Nucleic Acids

Res. 2014; 43(3):e15-e.

27. Wong VK, Holt KE, Okoro C, Baker S, Pickard DJ, Marks F, et al. Molecular surveillance identifies multi-

ple transmissions of typhoid in West Africa. PLoS Negl Trop Dis. 2016; 10(9):e0004781. https://doi.org/

10.1371/journal.pntd.0004781 PMID: 27657909

28. Paradis E, Claude J, Strimmer K. APE: Analyses of Phylogenetics and Evolution in R language. Bioin-

formatics. 2004; 20(2):289–90. Epub 2004/01/22. https://doi.org/10.1093/bioinformatics/btg412 PMID:

14734327.

29. Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci. 2003; 14(6):927–30.

30. Core Team R. A language and environment for statistical computing. R Found Stat Comput Vienna,

Austria.

31. Stamatakis A. RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of

taxa and mixed models. Bioinformatics. 2006; 22(21):2688–90. https://doi.org/10.1093/bioinformatics/

btl446 PMID: 16928733

32. Argimón S, Abudahab K, Goater RJ, Fedosejev A, Bhai J, Glasner C, et al. Microreact: visualizing and

sharing data for genomic epidemiology and phylogeography. Microb Genom. 2016; 2(11).

33. Yu G, Smith DK, Zhu H, Guan Y, Lam TTY. ggtree: an R package for visualization and annotation of

phylogenetic trees with their covariates and other associated data. Methods Ecol Evol. 2017; 8(1):28–

36.

34. Inouye M, Dashnow H, Raven L-A, Schultz MB, Pope BJ, Tomita T, et al. SRST2: Rapid genomic sur-

veillance for public health and hospital microbiology labs. Genome Med. 2014; 6(11):90. https://doi.org/

10.1186/s13073-014-0090-6 PMID: 25422674

35. Gupta SK, Padmanabhan BR, Diene SM, Lopez-Rojas R, Kempf M, Landraud L, et al. ARG-ANNOT, a

new bioinformatic tool to discover antibiotic resistance genes in bacterial genomes. Antimicrob Agents

Chemother. 2014; 58(1):212–20. https://doi.org/10.1128/AAC.01310-13 PMID: 24145532

36. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O, Villa L, et al. In silico detection

and typing of plasmids using PlasmidFinder and plasmid multilocus sequence typing. Antimicrob

Agents Chemother. 2014; 58(7):3895–903. Epub 2014/04/30. https://doi.org/10.1128/AAC.02412-14

PMID: 24777092; PubMed Central PMCID: PMC4068535.

37. Phan M-D, Kidgell C, Nair S, Holt KE, Turner AK, Hinds J, et al. Variation in Salmonella enterica serovar

typhi IncHI1 plasmids during the global spread of resistant typhoid fever. Antimicrob Agents Chemother.

2009; 53(2):716–27. https://doi.org/10.1128/AAC.00645-08 PMID: 19015365

38. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving bacterial genome assemblies from short

and long sequencing reads. PLoS Comput Biol. 2017; 13(6):e1005595. https://doi.org/10.1371/journal.

pcbi.1005595 PMID: 28594827

39. Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive visualization of de novo genome assem-

blies. Bioinformatics. 2015; 31(20):3350–2. https://doi.org/10.1093/bioinformatics/btv383 PMID:

26099265

40. Hawkey J, Hamidian M, Wick RR, Edwards DJ, Billman-Jacobe H, Hall RM, et al. ISMapper: identifying

transposase insertion sites in bacterial genomes from short read sequence data. BMC Genomics.

2015; 16(1):667.

41. U.S. Geological Survey. LandsatLook Viewer [cited 2019 Jul 3]. Available from: https://landsatlook.

usgs.gov/

42. Guy L, Kultima JR, Andersson SG. genoPlotR: comparative gene and genome visualization in R. Bioin-

formatics. 2010; 26(18):2334–5. Epub 2010/07/14. https://doi.org/10.1093/bioinformatics/btq413

PMID: 20624783; PubMed Central PMCID: PMC2935412.

43. Baker S, Holt KE, Clements AC, Karkey A, Arjyal A, Boni MF, et al. Combined high-resolution genotyp-

ing and geospatial analysis reveals modes of endemic urban typhoid fever transmission. Open Biol.

2011; 1(2):110008. Epub 2012/05/31. https://doi.org/10.1098/rsob.110008 PMID: 22645647; PubMed

Central PMCID: PMC3352080.

44. Feasey NA, Gaskell K, Wong V, Msefula C, Selemani G, Kumwenda S, et al. Rapid emergence of multi-

drug resistant, H58-lineage Salmonella typhi in Blantyre, Malawi. PLoS Negl Trop Dis. 2015; 9(4):

PLOS NEGLECTED TROPICAL DISEASES Typhoid in urban Dhaka, Bangladesh 2004-2016

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008036 February 27, 2020 17 / 18

https://doi.org/10.1093/bioinformatics/btr509
https://doi.org/10.1093/bioinformatics/btr509
http://www.ncbi.nlm.nih.gov/pubmed/21903627
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1371/journal.pntd.0004781
https://doi.org/10.1371/journal.pntd.0004781
http://www.ncbi.nlm.nih.gov/pubmed/27657909
https://doi.org/10.1093/bioinformatics/btg412
http://www.ncbi.nlm.nih.gov/pubmed/14734327
https://doi.org/10.1093/bioinformatics/btl446
https://doi.org/10.1093/bioinformatics/btl446
http://www.ncbi.nlm.nih.gov/pubmed/16928733
https://doi.org/10.1186/s13073-014-0090-6
https://doi.org/10.1186/s13073-014-0090-6
http://www.ncbi.nlm.nih.gov/pubmed/25422674
https://doi.org/10.1128/AAC.01310-13
http://www.ncbi.nlm.nih.gov/pubmed/24145532
https://doi.org/10.1128/AAC.02412-14
http://www.ncbi.nlm.nih.gov/pubmed/24777092
https://doi.org/10.1128/AAC.00645-08
http://www.ncbi.nlm.nih.gov/pubmed/19015365
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1371/journal.pcbi.1005595
http://www.ncbi.nlm.nih.gov/pubmed/28594827
https://doi.org/10.1093/bioinformatics/btv383
http://www.ncbi.nlm.nih.gov/pubmed/26099265
https://landsatlook.usgs.gov/
https://landsatlook.usgs.gov/
https://doi.org/10.1093/bioinformatics/btq413
http://www.ncbi.nlm.nih.gov/pubmed/20624783
https://doi.org/10.1098/rsob.110008
http://www.ncbi.nlm.nih.gov/pubmed/22645647
https://doi.org/10.1371/journal.pntd.0008036


e0003748. Epub 2015/04/25. https://doi.org/10.1371/journal.pntd.0003748 PMID: 25909750; PubMed

Central PMCID: PMC4409211.

45. Rahman M, Siddique AK, Shoma S, Rashid H, Salam MA, Ahmed QS, et al. Emergence of multidrug-

resistant Salmonella enterica serotype Typhi with decreased ciprofloxacin susceptibility in Bangladesh.

Epidemiol Infect. 2006; 134(2):433–8. Epub 2006/02/24. https://doi.org/10.1017/S0950268805004759

PMID: 16490150; PubMed Central PMCID: PMC2870378.

46. Banerjee K, Sekar P, Krishnan P, Wattam AR, Roy S, Hays JP, et al. Whole genome sequence analysis

of NDM-1, CMY-4, and SHV-12 coproducing Salmonella enterica serovar Typhimurium isolated from a

case of fatal burn wound infection. Infect Drug Resist. 2018; 11:2491–5. Epub 2018/12/18. https://doi.

org/10.2147/IDR.S167027 PMID: 30555248; PubMed Central PMCID: PMC6278884.

47. Ingle DJ, Nair S, Hartman H, Ashton PM, Dyson ZA, Day M, et al. Informal genomic surveillance of

regional distribution of Salmonella Typhi genotypes and antimicrobial resistance via returning travellers.

PLoS Negl Trop Dis. 2019; 13(9):e0007620. Epub 2019/09/13. https://doi.org/10.1371/journal.pntd.

0007620 PMID: 31513580; PubMed Central PMCID: PMC6741848.

PLOS NEGLECTED TROPICAL DISEASES Typhoid in urban Dhaka, Bangladesh 2004-2016

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008036 February 27, 2020 18 / 18

https://doi.org/10.1371/journal.pntd.0003748
http://www.ncbi.nlm.nih.gov/pubmed/25909750
https://doi.org/10.1017/S0950268805004759
http://www.ncbi.nlm.nih.gov/pubmed/16490150
https://doi.org/10.2147/IDR.S167027
https://doi.org/10.2147/IDR.S167027
http://www.ncbi.nlm.nih.gov/pubmed/30555248
https://doi.org/10.1371/journal.pntd.0007620
https://doi.org/10.1371/journal.pntd.0007620
http://www.ncbi.nlm.nih.gov/pubmed/31513580
https://doi.org/10.1371/journal.pntd.0008036

