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ABSTRACT

Enteric fever, caused by Salmonella enterica serovar Typhi (S. Typhi), Salmonella
enterica Paratyphi serovars (S. Paratyphi A, B, and C), remains a major public health
concern in low and middle income countries (LMIC) with poor hygiene and sanitation
system. However, there is still limited understanding on the genomic epidemiology
and population structure of these pathogens in low endemic settings including
Bangladesh. The rapid emergence of multidrug resistance (MDR) and lack of credible
systemic surveillance data representing the true disease burden emphasize the
importance of genome based surveillance studies. In this thesis, a collection of whole
genome sequence (WGS) data of 202 S. Typhi, 67 S. Paratyphi A and 79 S. Paratyphi
B strain collected from different already existing enteric disease surveillance sites
across Bangladesh was utilized with the aim to study population structure,
antimicrobial resistance (AMR) dynamics and placing these sequence data in global

genome context to investigate both global and regional transmission patterns.

Phylogenetic analyses showed diverse S. Typhi population structure harboring nine
distinct genotypes compared to S. Paratyphi A comprising only three lineages with the
evidence of circulation of these Bangladeshi pathogens throughout neighboring South
Asian countries. In addition, WGS analysis further classified previously serotyped
Bangladeshi S. Paratyphi B strains as biotype Java, which were associated with
diarrheal symptoms. Moreover, genotypic distribution and AMR patterns were
observed among the S. Typhi Bangladeshi population during the study time period of
2004 to 2006. The high prevalence of reduced fluoroquinolone susceptibility with
absence of MDR genes was identified among S. Typhi non-H58 genotypes 2.3.3,
3.2.2, 3.3.2 (from median 22.2% per year in 2004-2010 to 65.2% per year in 2011-
2016) emphasizing the shift in treatment practice towards third generation
cephalosporin and azithromycin. With the rising trend of fluoroquinolone resistant S.
Typhi and S. Paratyphi A strain described in this dissertation, single azithromycin
resistant S. Paratyphi A strain isolated in 2018 due to acquisition of R717L mutation
in acrB gene has narrowed down the overall treatment option for enteric fever.
Despite of having increasing reports of antibiotic usage without prescription in
Bangladesh, there was limited evidence for widespread extrinsic resistance gene and
plasmid acquisition in Bangladeshi S. Java strains. Notably, a pHCM2-like cryptic
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plasmid carrying S. Paratyphi A strains in Bangladesh was reported first time here that
has not previously detected in other global regions. A comparative Basic Local
Alignment Search Tool (BLAST) analysis and pHCM2 phylogenetic analysis
including plasmid sequences from the 17 S. Paratyphi A, 334 S. Typhi, and one S.
Java straind from Bangladesh showed high similarity between typhoidal S. Typhi and
S. Paratyphi A that were different from nontyphoidal S. Paratyphi B biotype Java.
Comparative pan-genome analysis was also conducted to investigate genomic
composition of core and accessory genes which revealed closed pan-genome for S.
Paratyphi A but open pan-genome for S. Java. Lastly, the performance of a new WGS
based diagnostic approach was evaluated by targeting unique genes for S. Typhi
including globally dominant H58 lineage and S. Paratyphi A that has been considered
as rapid, reliable, cost-effective compared to other currently available diagnostic

methods for enteric fever detection.

The findings in this dissertation will improve the understanding of genomic diversity
of these pathogens to facilitate the identification of epidemiologically important new
genotypes and to monitor the ongoing evolution of AMR in Bangladesh. The
assimilation of WGS data will provide a framework for future genomic epidemiology
studies in low-middle income countries as well as inform public health information to
implement innovative diagnostic approaches, treatment regimens and enteric fever

control strategies.
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CHAPTER 1

INTRODUCTION

Salmonella enterica is a leading cause of bacterial foodborne illness in many low- and
middle-income countries (LMICs) [1]. Salmonella enterica serovars Typhi, Paratyphi
A, Paratyphi B (d-tartrate-negative) and Paratyphi C are referred to collectively as
typhoidal Salmonella, whereas other serovars are grouped as non-typhoidal
Salmonella (NTS). Typhoidal Salmonella strains are human host-restricted bacteria
that cause typhoid fever and paratyphoid fever, together referred to as enteric fever.
Enteric fever has a wide variety of presentations that may range from systemic, febrile
illness to relatively minor cases of diarrhea accompanied with low-grade fever [2].
The emergence of antibiotic resistance in S. Typhi and S. Paratyphi A has resulted in
loss of the value of traditional first-line drugs and fluoroquinolones over time which
poses a major problem for disease control [3]. Recent advances in genome sequencing
offer insights into the evolutionary mechanism of S. Typhi and S. Paratyphi A, B
which will be explored in this dissertation to reveal the population structure,

transmission dynamics and antimicrobial resistance (AMR) pattern in Bangladesh.
1.1 Classification of the genus Salmonella

Salmonella was first discovered in 1884 by the American pathologist Daniel Elmer
Salmon who isolated Salmonella choleraesuis from porcine intestine. Salmonella is a
Gram-negative, facultative, lactose non-fermenting and rod-shaped bacterium. The
genus Salmonella belongs to the family Enterobacteriaceae and is divided into two
species, Salmonella enterica and Salmonella bongori. Salmonella enterica is further
divided into six subspecies, which contains more than 2,500 serovars or serotypes [4].
Each Salmonella serovar has been classified and named according to the disease, the
geographical region, the animal from which the organism was isolated. Approximately
99% of Salmonella serovars belonging to Salmonella enterica subspecies enterica
cause human and animal infections which are then divided into typhoidal and non-
typhoidal serovars (Figure 1.1) [5].
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Figure 1.1  Classification of the genus Salmonella and its disease.

Numbers in the brackets indicate the total number of serovars in each subspecies. Blue
highlighted serovars/biotypes are described in this dissertation (Adapted from: Akyala
and Alsam. 2015 [6])

According to the White-Kauffmann-Le Minor scheme, the serovars are differentiated
by antigenic structure based on the O (somatic or lipopolysaccharide; LPS) antigen, H
(flagellar) antigens (phase 1, phase 2) and less frequently by the capsular antigens (Vi)
[4, 5]. Each Salmonella serovar is recognized by its unique combination of these

antigens which is known as its antigenic formula (Table 1.1).
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Table 1.1 Kaufmann-White antigenic classification of Salmonella serovars
(Adapted from Selander et al. 1990 [7])

Group Serovar Somatic Flagellar (H) Antigenic
“Q” antigens formula
antigen Phase 1 Phase 2
S. Paratyphi A 1,2,12 a - 1,2,12:a:-
B S. ParatyphiB | 1,4,5,12 b 1,2 1,4,[5],12:b:1,2
S. Typhimurium | 1,4,5,12 i 1,2 1,4,[5],12:i:1,2
S. Gloucester 1,4,12, 27 i i, W 1,4,[5],12:i:i,w
C1 S. Paratyphi C 6,7, Vi c 1,5 6,7,[Vi]:c:1,5
S. Cholerasuis 6, 7 C 1,5 6,7:c:1,5
C2 S. Newport 6, 8 e, h 1,2 6,8:e,h:1,2
D S. Typhi 9,12, Vi d - 9,12,[Vi]:d:-
S. Enteridis 1,912 g,m - 1,9,12:g,m:-
E S. Anatum 3,10 e, h 1,6 3,10:¢,h:1,6
S. Aberdeen 11 i 1,2 11:i:1,2
G S. Poona 13, 22 yA 1,6 13,22:2:1,6

1.2 General overview: S. Typhi and S. Paratyphi A, B

1.2.1 Antigenic and biochemical characteristics

Both S. Typhi and S. Paratyphi A cause enteric fever with similar clinical symptoms,
but they are variable on the basis of antigenic property. For example: serotyping
defines for S. Typhi strain by the presence of the somatic antigen 09, 12 (group D),
flagella antigen Hd and Vi polysaccharide capsular antigen with antigenic formula
written as: 9,12[Vi]. d: -, whereas the antigenic formula for S. Paratyphi A is 1,2,12: a:
- (Table 1.2).

Conversely, Salmonella enterica serotype Paratyphi B is differentiated into two
distinct biotypes based on dextrorotatory tartrate (dTa) fermentation and slime wall
formation: Salmonella enterica serotype Paratyphi B biotype sensu stricto (S.
Paratyphi B sensu stricto; dTa, slime wall positive) and Salmonella enterica serotype
Paratyphi B biotype Java (S. Java; dTa"; slime wall negative), although both typhoidal
and non-typhoidal biotypes share the antigenic formula 1,4,[5],12:b:1,2. Collectively,
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these two biotypes comprise the S. Paratyphi B complex. These biotypical differences
are still used to differentiate between invasive S. Paratyphi B sensu stricto and non-
invasive S. Java which are responsible for human-restricted paratyphoid fever and
gastroenteritis respectively, however this method may be unreliable for identifying
these two biotypes in terms of pathogenic mechanisms [8, 9]. Recently whole genome
sequencing (WGS) approach has resolved the confusion around the S. Paratyphi B
complex by defining detailed population structure and diversity of invasive and non-

invasive lineages of S. Paratyphi B biotypes [8].
1.2.2 Global epidemiology

Enteric fever remain a major public health concern in LMICs having low socio-
economic conditions with limited access of safe water supply and inadequate
sanitation system [10, 11]. Recent global estimates implicate that typhoid fever causes
around 12 million cases with 129,000 deaths whereas paratyphoid fever causes 3.4
million cases with 19,100 deaths each year globally [1, 12-15]. According to the
Global Burden of Disease study (GBD) in 2017, South Asia experienced the highest
incidence rate (549 episodes per 100,000 person-years, accounting for 71.8% of global
case) and mortality rate (94,700 deaths, accounting for 69.6% of global cases) of
enteric fever (Figure 1.2) [12].

The Dhaka Hospital of the International Centre for Diarrhoeal Disease Research,
Bangladesh (icddr,b), the world’s largest diarrheal disease hospital, was reported
previously the longer prodrome of illness including diarrhoeal symptoms among the
majority of the hospitalized enteric fever patients [16]. Moreover, mostly communities
living close to the rivers Buriganga, Turag, and Balu have an elevated risk of enteric
fever infection compared to communities in other locations [17]. Recently, the enteric
fever burden has assessed in a multicenter population based study as a part of
Strategic Typhoid Alliance across Africa and Asia (STRAATA). The overall
incidence of blood culture confirmed S. Typhi and S. Paratyphi A was high in Dhaka,
Bangladesh (161 cases and 42 cases per 100,000 person-years, respectively), followed
by Kathmandu, Nepal (74 cases and 6 cases per 100,000 person-years, respectively)
and Blantyre, Africa (58 cases and 0 cases per 100,000 person-years, respectively)
[18]. However, the incidence of typhoid fever has decreased dramatically in the high

income developed countries due to improvement of hygiene and introduction of an
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effective nationwide vaccination program. But still the developed countries are facing
high transmission of enteric fever cases because of frequent travelling across the
countries where enteric fever is endemic. In the United States, 74% of typhoid fever
cases reported to the United States Centers for Disease Control and Prevention each

year due to travel to Mexico, Philippines, Haiti and the Indian subcontinent [19].

Recently, S. Paratyphi A has accounted for a growing proportion of paratyphoid cases
in Asia, causing up to 35% of all enteric fever episodes in India and Nepal and more
than 60% in China [20]. However, substantial numbers of invasive paratyphoid fever
cases caused by S. Paratyphi B biotype sensu stricto were reported in Chile in the
1980s [9, 21]. Of note, an increasing incidence of non-typhoidal S. Paratyphi B
biotype Java infection, especially from poultry sources have been observed in
Germany, Netherlands, Belgium since 1990 [22], in the United Kingdom since 2010
[23] and also reported in other countries such as Saudi Arabia [24] and, Bangladesh
[25].
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Figure 1.2  Estimated incidence rates of enteric fever per 100,000 populations
by country, according to GBD study in 2017 (Source: Stanaway. et al. 2019 [12])
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1.2.3 Pathogenesis and clinical features

Salmonella infection in human occur through the ingestion of contaminated food and
water containing the infectious dose of this organism. Following ingestion, NTS
invades the intestinal epithelial cells by delivering effector proteins through
Salmonella Pathogenicity Island-1 (SPI-1) encoded type three secretion system
(T3SS) to cause gastroenteritis [26]. In case of systemic infection, typhoidal S. Typhi
and S. Paratyphi A colonizes the small intestine through M cells of the Peyer’s patches
to invade the mucosal surface, subsequently migrating into the mesenteric lymph
nodes where multiplication occurs. The bacteria then reaches to the circulation via
thoracic duct resulting in primary bacteremia [27, 28]. Afterwards, the bacterial load
is removed from blood by macrophages which spread throughout the body via the
reticuloendothelial system including the liver, spleen and bone marrow. Following the
incubation period of 7 to 14 days, there is onset of clinical symptoms such as fever
and malaise accompanied by chills, headache, anorexia, nausea, abdominal
discomfort, dry cough, myalgia, coated tongue, tender abdomen, hepatomegaly, and

splenomegaly [27, 29].

Approximately 2-5% patients fail to recover from the acute infection due to
colonization of S. Typhi in the gallbladder and shed high numbers of S. Typhi in stool
for more than one year after acute infection, leading to long term chronic fecal
shedding [30-32]. Most of the severe complications such as: intestinal hemorrhage and
perforation, gastrointestinal bleeding, toxic myocarditis, bronchitis, encephalopathy,
pneumonia develop in the third and fourth weeks of the infection in untreated patients
[33]. However, the complications and occurrence of stool shedding in convalescent

stage may be lower due to early antibiotic usage [31]
1.2.4 Diagnostic approaches

The diagnosis of enteric fever has become difficult due to the fact that typhoid and
paratyphoid infection present as nonspecific clinical syndromes which can be difficult
to differentiate from other febrile illnesses caused by pathogenic organisms.
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1.2.4.1 Microbiological culture based diagnosis

A confirmed diagnosis of enteric fever requires culturing of the organism either from
blood, stool or bone marrow which are not only considered as gold standards for
detection of the bacteria but also offer antimicrobial susceptibility profile to prescribe
appropriate antibiotics for early patient management [34]. Both S. Typhi and S.
Paratyphi can be detected from the bloodstream in around 90% of untreated patients in
the first week of illness but the isolation rate decreases to 50% at the third week of
illness [35-37]. Stool culture can give positive result only after the first week of
infection and is useful for chronic carrier detection because of bacterial shedding
through the gallbladder even after acute illness [38]. However, bone marrow culture is
more accurate (80-95% sensitive) compared to blood and stool culture [39]. The major
drawback of these bacterial isolation methods is that these are time consuming and are
not feasible for routine use in many endemic settings where proper microbiology
laboratory facilities are inadequate.

1.2.4.2 Serological diagnosis

Various serological tests such as Widal test [40], Tubex [41], Typhidot [42] are
widely used in low resource settings which detect serum antibodies against the
somatic O and flagellar H antigens. These serological tests are rapid, cheap and simple
to perform, but it may give false positive result because of cross reactivity of antigens

with other Salmonella serovars [43].
1.2.4.3 Molecular diagnosis

Molecular diagnostic methods such as polymerase chain reaction (PCR), nested PCR,
microarray, next generation sequencing (NGS) have considered to be highly sensitive,
specific and rapid compared to conventional culture-based and serological methods.
PCR based approach can amplify Salmonella serovar specific target genes even when
very low numbers of bacteria are present in blood or stool specimen [44-46]. Several
target genes such as O somatic antigen gene, H flagellar antigen gene, Vi capsular
antigen gene, 16s rRNA genes have previously used for both S. Typhi and S.
Paratyphi detection which are also found in other Salmonella serovars [45, 47].
Recently, computational approaches such as nucleic acid sequence alignment tools,

primer designing tools have used to identify unique, serovar specific target genes
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which can be used as primer to design novel multiplex PCR at wet lab for detection
[45, 48] .

1.2.5 Antibiotic treatment and resistance

Over the past 70 vyears, traditional first line antimicrobials (chloramphenicol,
ampicillin and trimethoprim-sulfamethoxazole) have been used to treat enteric fever
and reduced the overall mortality rate to less than 1% [37]. However, resistance to
chloramphenicol was reported in 1972 and subsequently resistance to all first line
antibiotics, known as multidrug resistance (MDR), have emerged by the end of 1980
(Figure 1.3) [49]. Over the past two decades, a high burden of MDR typhoid has been
previously reported in many endemic settings throughout Asia [50-53], Africa [54-
58] and the Middle East [59] which led to changes in empirical treatment regimens.
The emergence of MDR exacerbates the widespread use of second generation
fluoroquinolones (ciprofloxacin, ofloxacin) [60, 61]. However, fluoroquinolone was
not commonly used in children due to reported side effects associated with joint or
cartilage damage. Different studies conducted in Vietnam and Nepal have reported
full nalidixic acid and intermediate levels of ciprofloxacin resistant S. Typhi that
emerged within a couple of years of ciprofloxacin introduction [61, 62]. Moreover, S.
Paratyphi A became dominant in recent years because of high frequency of
fluoroquinolone non-susceptibility, particularly in Asia. A recent study in Nepal
reported decreased fluoroquinolone susceptibility with no evidence of MDR among S.
Paratyphi A strain [53]. Due to indiscriminate and increasing over-the-counter sale of
fluoroquinolone over the last decade, World Health Organization (WHO)
recommended third generation cephalosporin  (ceftriaxone, cefixime) and
azithromycin for treatment [63]. However, sporadic reports of ceftriaxone resistant S.
Typhi and azithromycin resistant S. Typhi, S. Paratyphi A in Bangladesh are of great
concern as only these antibiotics are currently available for treatment [64, 65]. In
addition, the first major outbreak of extensively drug resistant (XDR) S. Typhi (i.e.
defined as resistant to first-line antibiotics, fluoroquinolones and third-generation

cephalosporin) was observed in Pakistan from 2016 onwards [66].
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Figure 1.3  Timeline of the use of antibiotic and development of resistance in

enteric fever from 1950 to 2018 (Adapted from Akram et al. 2020 [67], Andrews et
al. 2018 [68])

1.2.6 Vaccination

Water sanitation and hygiene (WASH) interventions are generally considered as major
preventive measures for enteric fever. However, a significant proportion of individuals
from LMICs are living under inadequate infrastructure with limited access to clean
water and sanitation facilities [39]. The introduction of nationwide vaccination
program against S. Typhi targeting the high risk populations in endemic countries
could be a beneficial control strategy for enteric fever. Currently two licensed typhoid
vaccines have been used: live attenuated oral vaccine Ty21a (chemically mutated Ty2
S. Typhi parental strain) and intramuscular injectable Vi polysaccharide vaccine
(purified Vi capsular polysaccharide of Ty2 strain). But these vaccines are not widely
implemented due to moderate effectiveness among young children (efficacy of 58%
and 59%, respectively) [37, 69]. As Vi polysaccharide vaccine alone could not
stimulate T cell mediated immune response, the strategy of conjugating
polysaccharide to a carrier protein have considered to overcome the limitation. In
January 2018, WHO prequalified a single dose of Vi-TT typhoid conjugate vaccine
(Vi polysaccharide conjugated to tetanus toxoid protein) manufactured by Bharat
Biotech International, Hyderabad, India as safe, immunogenic in all age groups.

Recently, the Typhoid Vaccine Acceleration Consortium (TyVAC) has carried out a

Page | 9



large scale, cluster randomized, controlled, clinical Vi-TT vaccine trial in Bangladesh,
Nepal and Malawi which proven to be safe, immunogenic and showed 81% efficacy
among Bangladeshi children at ages under two years [70, 71]. Vi-polysaccharide
conjugate vaccine confers no protection against S. Paratyphi A, B, as they lack the Vi
polysaccharide antigen. However, Ty2la vaccine reportedly provides some cross-
protection against infection with S. Paratyphi A and B, which share the O12 antigen
with S. Typhi [9, 72]. With the rapid advances in NGS technology, a number of
promising O-antigen specific live attenuated and conjugate S. Paratyphi A vaccines

are in the early phases of clinical development [72, 73].
1.3 Next generation sequencing (NGS) approaches

The advancement of NGS technology allows the possibility to capture information of
whole genome at once, whereas earlier only a few genes could be studied at a time
through targeted approaches. In 1975, Frederick Sanger initiated the path to WGS
technology with Sanger sequencing which dominated for about 25 years. As it was
expensive and time consuming for routine use, second generation sequencing has
taken the place of first generation Sanger sequencing method. Later on in between
2005-2007, the second generation sequencing technologies: Roche-454 (array-based
pyrosequencing approach), lllumina/Solexa (sequencing-by-synthesis method) and
Applied biosystem SOIiD (Sequencing by Oligonucleotide Ligation and Detection)
has been widely used (Figure 1.4) [74]. The basic concept of all these platforms
involves random fragmentation of genomic DNA, adapter ligation to both fragment
ends, amplification on the surface (bead/chip) and record incorporation of each
nucleotide thorough camera optics. From costs per run and costs per gigabyte of data
perspective, Illumina Mi-Seq and Hi-Seq platforms are currently dominating the
sequencing platform [75] that enable to generate up to 15 gigabyte of output with 25
million of sequencing reads [76]. Moreover, third generation of long-read sequencing
platforms including Pacific Biosciences (PacBio) and Oxford Nanopore Technologies
(ONT) enable to produce 10-100 kilo base read lengths although these methods have
relatively high error rate (approximately 10% compared with 0.1% for Illumina) [77,
78].
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In this dissertation, all the S. Typhi and S. Paratyphi A, B strains were sequenced
using the Illumina HiSeq2500 platform. This technology works on a sequencing by
synthesis approach which involves binding of the four differently fluorescent labeled
reversible terminator di-deoxynucleotides (dNTPs) with the DNA templates. The
cluster of DNA fragments is clonally amplified to generate millions of copies of single
stranded DNA in a process called cluster generation. After each cycle, the Illumina
software performs base calling and assigns A, C, T or G to each cluster based on the

fluorescent signals [79].
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Figure 1.4  Three different generations of whole genome sequencing platforms
First generation (Whole shotgun sequencing, Sanger sequencing), Second generation
(454 pyrosequencing, lllumina platform), Third generation (Pac-Bio Bioscience,
Oxford Nanopore sequencing). Adapted from Loman et al. 2015 [80]
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1.3.1 An introduction to the bioinformatics approaches

High-throughput sequencer platforms sequence each base multiple times to minimize
the false positive base calls. Dealing with a bulk amount of sequence data is
challenging to perform meaningful downstream analysis and also for answering
biological relevant questions. Different bioinformatics pipelines together with
computational algorithms are needed to process, analyze, compare, interpret, identify
and visualize the complex sequence data along with structural variants which are

explained in the following steps (Figure 1.4):
Step I: Quality Control (QC) of raw reads

Raw sequence data in fastq format often contain low-quality, contaminant sequence
reads with adapter sequences due to improper trimming which affect assembly
procedure and might lead to false conclusions. FastQC, Trimmomatic tools are used to
filter out low quality reads or N bases and trim adapters by observing Phred or Q
score, GC content distribution, per base sequence content, read length distribution,

and sequence duplication level [81, 82].
Step I1: Genome assembly/alignment

De novo assembly of short reads is performed by identifying overlaps in short reads
and joining them to form a contig without using reference genome, whereas reference
assembly maps short sequence reads against reference genome to produce whole
assembled genome in Sequence Alignment Map (SAM) format [83, 84]. Sometimes,
alignment tools mis-assemble low coverage or repetitive regions that can be resolved
by re-aligning the original reads. Moreover, read duplication error may occur due to
PCR step in sequencing library preparation process that cause uneven amplification of
DNA fragments. To reduce these harmful effects prior to variant calling, Genome
Analysis Tool Kit (GATK) that realigns small insertions, deletions regions against a
reference genome [85] and Picard Mark Duplicates tool

(http://broadinstitute.qgithub.io/picard/) that removes duplicated mapped reads are

used. Additionally, assembly algorithms in different alignment tools calculate the
probability for the correctness of the alignment for the whole read and also validate
the performance of the assembly program optimally with a given distribution of
library sizes [84]. For example, Burrows-Wheeler Alignment tool (BWA) utilizes
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three algorithms: BWA backtrack, BWA-SW and BWA-MEM from which BWA
backtrack is designed for Illumina sequence reads up to 100bp, while the rest of the

two are designed for longer sequence reads ranged from 70bp to 1Mbp [86, 87].
Step I11: Variant/Single nucleotide polymorphism (SNP) calling

Variant calling is important for comparative genomics to identify nucleotide-level
differences by looking up every position in the genome with polymorphism relative to
a reference genome. SAMtools [88], in combination of BCFtools [89] are commonly
used to identify sequence variants such as: SNP, insertions and deletions (InDel),
structural variants in coding, non-coding or intragenic regions. SNP calling is
important to understand structural, functional and evolutionary changes as well as

species diversification.
Step 1V: Visualization

Large-scale sequencing datasets produced by NGS platform are visualized in an
interactive, intuitive and graphical format to understand the features, functions,
structure and evolutions of DNA and protein. Different gene visualization and
annotation tools are able to display a range of sequence features in the context of

genome annotation [90].
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Figure 1.5  Basic workflow for WGS data analysis.
After generation of the raw sequence data from sequencer, the analysis of sequence
data has undergone through multiple steps (Step | to step IV highlighted in blue circle)

1.3.2 Archiving WGS data

To manage a bulk number of sequence data under large scale genome sequencing
projects, a data repository system is required which can archive, share and disseminate
raw sequence reads. Genome sequence archive platforms such as National Center for
Biotechnology Information (NCBI), the European Bioinformatics Institute (EBI)
provide comprehensively record of sequence assembly information, metadata of the
released sequences and also allow free access to publicly available sequence data by
browsing, downloading, sharing sequence data files with worldwide scientific

communities [91].
1.3.3 S. Typhi and S. Paratyphi reference genome sequences

WGS era of S. Typhi initiated in 2001 with the release of the first complete genome of
MDR S. Typhi CT18 (clinical strain isolated from typhoid patient in Vietnam)
followed by the publication of P-stx-12 (clinical strain obtained from a typhoid carrier
in India), Ty2 (laboratory pathogenic strain) and Ty2la (attenuated vaccine strain
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from parental Ty2 strain) complete genome [92-96]. The genome size of the S. Typhi
CT18 is 4,809,037 bp and harbours 106,516-bp cryptic plasmid (pHCM2), which
shows recent common ancestry with a virulence plasmid of Yersinia pestis and
218,150 bp MDR associated IncH1 plasmid (pHCM1) [94].

The first S. Paratyphi A genome ATCC 9150 (4,585,229 bp genome in size) was
sequenced in 2004, [97]. It was followed by publication of second complete genome
S. Paratyphi A strain AKU_12601 which facilitated genome comparison between S.
Typhi and S. Paratyphi A [97, 98]. S. Paratyphi A AKU_12601 genome consists of a
4,581,797 bp circular chromosome, encoding 4,285 coding sequence (CDS), and a
212,711 bp MDR IncHI1 like pAKU_1 plasmid [98, 99].

S. Paratyphi B complete genome SPB7 (NCBI Taxonomy ID: 1016998) was isolated
from the stool of a female patient in Penang Malaysia and was annotated in 2017. The
genome size is 4,858,887 bp and contains 4,718 genes of which 4,596 genes are CDS.
Later in 2015, the complete genome sequence of S. Paratyphi B biotype Java strain
harboring the mobilized colistin resistance gene (mcr-1) was published from the

collection of the German National Reference Laboratory [100].
1.4  WGS application for S. Typhi and S. Paratyphi genomics

The wide advent of low cost, high-throughput NGS technologies and progressive
increase in the number of genome sequence data have made a vast transformation in
the field of bacterial genomics that offer new approaches in molecular microbiology,
epidemiology, diagnostics, novel treatment strategy and new vaccine development.
With the release of publicly available complete annotated S. Typhi and S. Paratyphi
reference genomes, WGS successfully captured the fine genomic variations,
evolutionary changes, population structure which play a vital role to identify genomic
markers of AMR, resistance mechanism, virulence factors, emerging dominant
variants during outbreak investigation [93]. To understand the disease dynamics and
implement control strategies in poor endemic regions, WGS based enteric fever
surveillance approach could contribute by collaborating and sharing genome
surveillance data within countries. Recently, STRATAA consortium has combined

traditional epidemiological approach with WGS approach for assessing disease burden
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and investigating pathogen population structure, host genetics, AMR determinants,
transmission dynamics [11, 18].

1.4.1 Phylogeography and population genomics

Both S. Typhi and S. Paratyphi A are slowly evolving monomorphic pathogens that
undergo limited genetic variation due to accumulation of small numbers of SNP over
time (approximately 1 substitution/year/genome) [101, 102]. Thus, it is often difficult
to discriminate individual sequence variation of these highly clonal pathogens by
phage typing [103], pulse-field gel electrophoresis (PFGE) [104] and, multi locus
sequence typing (MLST) [105]. The advent of high-throughput WGS approach has
overcome the limitations of these traditional typing approaches and provide greater

discriminatory power with improved phylogenetically informative markers [101].

Roumagnac haplotyping scheme provided the first phylogenetic framework for
epidemiological studies by classifying the S. Typhi population into 85 haplotypes
based on 88 biallelic polymorphisms (BiPs) within 200 gene fragments (500 base
pairs each) of a mixture of housekeeping, cell surface, regulatory, pathogenicity-

associated genes, pseudogenes [106].

In 2016, a comprehensive robust SNP based genotyping scheme named “GenoTyphi”
was developed to define phylogenetically informative lineages for S. Typhi by
utilizing a set of 68 phylogenetic informative SNPs based on Bayesian Analysis of
Population Structure (BAPS) which has recently updated with additional
epidemiologically important and geographically clustered S. Typhi subpopulation
[101, 107] (Figure 1.5). Under this GenoTyphi nomenclature, the globally
disseminated MDR clone haplotype H58 named as genotype 4.3.1 which was further
subdivided into 4.3.1.1 (lineage 1), 4.3.1.2 (lineage 1) [51, 52] and 4.3.1.3 (formerly
named “lineage bd”) [108, 109]. Genotype 4.3.1 was initially emerged in South Asia,
then subsequently entered into several countries of East Africa but completely absent
in West Africa where genotype 3.1.1 (haplotype H56) found to be the dominating
lineage [58, 110, 111]. During WGS study conducted in the Dhaka Shishu (Children)
hospital, Dhaka, “Lineage bd” was originally reported which then formed a
Bangladesh specific monophyletic sublineage (named Bdq) containing with high level
ciprofloxacin resistance associated gnr genes [107, 108]. This scheme illustrates a
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framework to establish genome based surveillance studies in poor endemic settings to
track the spread of epidemiologically important genotypes to support public health
measures and also has the potential to accurately predict origins at the country level
[101]. However, the current genome based surveillance effort has added great value in
monitoring impact of large scale immunization programme on pathogen population.
The introduction of nationwide vaccination program in Thailand has successfully
eradicated the endemic S. Typhi population by limiting disease outbreak and

dissemination of lineages between different location [111] .
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Figure 1.6  Global population structure of S. Typhi based on genome-wide
SNP.

(a) Dominant and minor genotypes were shown for each country and coloured as per
the inset legends (b) Whole genome SNP based phylogenetic tree backbone showing
16 S. Typhi clades which further differentiated into 63 subclades/sublineages (Source:
Dyson et al. 2021 [107])

The population structure of S. Paratyphi A was first described by Bayesian
Evolutionary Analysis Sampling Tree (BEAST) and Maximum Clade Credibility
(MCC) phylogenetic tree approaches which identified seven lineages (designated as

lineage A to G) among 149 global S. Paratyphi A genomes on the basis of 4,584 SNPs
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in the non-repetitive, non-recombinant core genome (Figure 1.6A) [112]. Among the
seven lineages, lineage A and lineage C were reported as the most globally dominant
which further subdivided into sublineage A1-A2 and sublineage C1-C5, respectively
during the outbreak in Cambodia and China [112-114]. Recently, a SNP based
genotyping scheme named “Paratype” has developed using 1379 S. Paratyphi A global
genome data to divide the total population into three primary, seven secondary and 18
subclades/genotypes (Figure 1.6B) [115].
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Figure 1.7  Global population structure for S. Paratyphi A.

(A) MCC tree of 149 global S. Paratyphi A strain defining seven lineages (lineage A-
G) at the base (B) Whole genome SNP based phylogenetic tree of 1379 global S.
Paratyphi A strain showing primary, secondary clades and subclades/genotypes (in the
inner rings 1,2) and the previously proposed lineages in the outer ring 3. (Source: (A)
Zhou et al. 2014 [112] and (B) Tanmoy et al. 2021 [115])

The biotypes of S. Paratyphi B complex sharing same antigenic formula
1,4,[5],12:b:1,2 was previously distinguished by Phage typing [116], 1S200 profiling
[117], MLST) [118], clustered regularly interspaced short palindromic repeats

(CRISPR) typing [119]. Later, the WGS analysis utilized the BAPS approach to
subdivide the polyphyletic population structure of S. Paratyphi B complex into 10
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distinct phylogroups (PG1 to PG10) in which the invasive biotype S. Paratyphi B
sensu stricto (dTa") strain grouped into PG1, while the remaining PGs (PG2 to PG10)
comprised strain of biotype S. Java (dTa") [8].

Figure 1.8  Population structure of S. Paratyphi B complex.

Whole-genome maximum likelihood phylogeny tree is constructed based on
alignment of core genome SNPs. Coloured blocks indicate ten PGs (PG1-10) from
where PG1lbelonged to S. Paratyphi B biotype sensu stricto and the remaining PGs
were assigned to S. Paratyphi B biotype Java (Source: Connor et al. 2016 [8])

1.4.2 Understanding evolutionary changes using genomics

Salmonella primarily coevolved for millions of years since diverging from common
ancestor Escherichia. coli and then undergone either neutral or detrimental mutations
to facilitate host evolution of Salmonella serovars from broad host range to host
restricted during infection. The most recent common ancestor (MRCA) implied that
typhoidal Salmonella serovars Typhi and Paratyphi A had emerged from around

50,000 and 450 years ago, respectively, suggesting more recent evolutionary origin
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compared to S. enterica and E. coli (dated 120-160 million years ago) [112, 120-122].
Horizontal gene transfers (HGTSs) via exchange of plasmids, transposons, phages;
acquisition of several Salmonella pathogenicity islands (SPIs), various virulence genes
and extensive loss of gene function due to accumulation of pseudogenes are linked to
the degree of invasiveness of the bacteria and have role in host specificity[123-125].
S. Typhi and S. Paratyphi A are host-restricted pathogens and have the ability to cause
human specific systemic enteric fever by different paths. Both genome independently
accumulated 210 and 173 pseudogenes, respectively that is around 5% of total 4400
protein coding genes. On the other hand, host generalist non-typhoidal Salmonella
serovar such as Typhimurium accumulate only 0.9% pseudogene of total genome,
facilitating to grow in wide variety animals, human and cause gastroenteritis [97, 98].
Ancestral pseudogenes inherited from a common ancestor arose slowly in the initial
period of divergence prior to recombination. While majority of the shared
pseudogenes containing different inactivating mutations accumulated rapidly after the
recombination between a quarter of their genomes and became fixed as strain specific
pseudogenes in each population. This might result host adaptation by disseminating to
systemic niche to cause systemic invasive infection only in human and less capable of
surviving in other niches (Figure 1.7) [98, 123, 125-127].
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Figure 1.9  Pseudogene formation during the evolution of S. Paratyphi A and
S. Typhi.

Phylogenetic tree was constructed based on multiple alignments of all non-
recombined genes and rooted using S. bongori and E. coli as outgroups. Scale bar
represents nucleotide divergence (Source: Holt et al. 2009 [98])

Page | 20



1.4.3 Comparative genomics and transmission dynamics

Genomic comparison between S. Typhi and S. Paratyphi A show low nucleotide
divergence (mean 0.8%) and share similar gene content across 23% of their genomes
via recombination indicating that they are more closely related each other at DNA
level compared to multiple lineages of clinically important Salmonella serovars such
as S. Paratyphi B complex. The remaining 77% genome were more nucleotide
divergent (mean 1.2% ) like other Salmonella serovars [98]. The S. Paratyphi A
genome size is smaller than S. Typhi mainly due to the lack of SP17 which is involved
in Vi polysaccharide synthesis in S. Typhi [97]. On the other hand, the genetic
variability in the polyphyletic S. Paratyphi B complex have occurred due to
recombination at the flagellum loci that confer a wide range of host adaptation
mechanisms and ability to colonize multiple hosts [8]. Host adaptation is accompanied
by loss of bacterial fitness for inter-host transmission and apparent convergence in
pathogenesis [128, 129]. Pseudogenes, fimbrial operons, virulence plasmids,
lysogenic phages and genes belonging to SPI are involved in conferring host
specificity and restricting the host range [130]. For example: sopE phage encoding an
invasion associated secreted protein is present in invasive typhoidal S. Typhi, S.
Paratyphi A, S. Paratyphi B biotype sensu stricto genome but absent in non-invasive,
non-typhoidal S. Paratyphi B biotype Java which might confer a broad host range

from human to animal [8].

Comparative genomic analysis has revealed vast differences in gene content between
members of a single bacterial species, leading to the definition of the pan-genome.
The pan-genome is the total number of genes including the core genome (genes
present in > 95% of total strains) and accessory genome (set of genes share by some
but not all strains i.e < 95% of total strains) [131]. Pan-genome can be classified as
open or close pan-genome. The size of pan-genome increases with addition of new
genomes and thus additional strains yield novel genes. On the other hand, close pan-
genomes are characterized by large core genome and small accessory genome
indicating that addition of new sequenced genomes will not lead to acquire new genes.
The higher functional pan-genome size in S. Java concluded open pan-genome due to
importation of new functional genes while S. Typhi and S. Paratyphi A pan-genome

are closed indicating limited potential for horizontal gene acquisition [8, 124, 132].
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An open pan-genome of S. Java means it can colonize within multiple environments
and exchange genetic material in multiple ways such as duplication of existing
sequences, diversification, importation of new genetic material from other species
[131, 133].

1.4.4 Molecular basis of AMR

Antimicrobials mainly have four mechanisms to inhibit the growth and even cause
bacterial cell death: (1) inhibition of double DNA formation by inhibiting the DNA
gyrase (eg. fluoroquinolones); (2) inhibition of RNA synthesis (eg. rifamycins); (3)
inhibition of protein synthesis by inhibiting the 50S or 30S ribosome (eg. macrolides,
aminoglycosides, tetracyclines); (4) inhibition of cell wall synthesis (eg. beta-lactams,

glycopeptides, lipopeptides)[134] .
1.4.4.1 Genomic architecture of MDR S. Typhi

Emergence of MDR has become a major threat for typhoid treatment that may
influenced reshaping of current S. Typhi population. The acquisition of MDR genes
blaTEM-1, catAl, sull, sul2, dfrA, strA, strB, tetA which confer resistance to
ampicillin,  chloramphenicol, sulfamethoxazole, trimethoprim, streptomycin,
tetracycline by S. Typhi was historically associated with self-transmissible IncHI1
plasmids [51, 135, 136] . The global burden of MDR is largely driven by the
dissemination of highly clonal, expanding haplotype H58 (genotype 4.3.1) [137].
These genes are encoded within a Tn2670-like complex transposable element
comprising transposon Tn6029, which carries blaTEM-1, strAB and sul2, inserted into
transposon Tn2670 and itself comprises Tn21 carrying a class | integron (including
sull, with dfrA7 in the gene cassette) inserted into Tn9 carrying catAl. Integration of
the MDR composite transposon between the chromosomal genes STY3618 and
STY3619, near cyaA gene may facilitate loss of the IncHI1 plasmid and thus reduce
the potential fitness cost associated with MDR phenotype maintenance [49, 52, 53,
109]. Interestingly in West Africa, the evolution of MDR in S. Typhi have become
established as IncHI1 plasmid associated H56 haplotype (genotype 3.1.1) instead of
globally dominant H58 haplotype [58].

The high frequency of reduced fluoroquinolone susceptibility has occurred due to the

accumulation of chromosomal mutations in the quinolone resistance determining
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region (QRDR) of DNA gyrase genes gyrA, gyrB and DNA topoisomerase IV genes
parC and parE. [50, 60, 110]. The S. Typhi H58 triple mutant clade carrying three
QRDR mutations (gyrA-S83F, gyrA-D87N, parC-S80I) have been observed in Nepal,
India and also in Bangladesh acquiring a different sets of QRDR triple mutant (gyrA-
S83F, gyrA-D87G, parC-E84K) associated with reduced fluoroquinolone efficacy [53,
108, 138]. Moreover, sporadic case of H58 sublineage bdq reported in Bangladesh
which carried gnrS gene, gyrA-S83Y mutation associated with high median

ciprofloxacin minimal inhibitory concentration (MIC 4 pug/mL) [108].

Recently, MDR H58 lineage | S. Typhi populations have evolved into an XDR clone
by acquiring an additional novel IncY plasmid encoding a blaCTX-M-15 extended-
spectrum P-lactamase gene potentially from an E. coli strain or another enteric
bacterial donor which then underwent a clonal expansion in Pakistan (genotype
4.3.1.1.P1) [49, 66]. Due to rising trends of fluoroquinolone resistance and ongoing
sporadic outbreak of XDR S. Typhi, azithromycin has become the last orally
administered drug for typhoid treatment across South Asia. However, the increasing
use of azithromycin places selective pressure for the emergence of azithromycin-
resistant S. Typhi via the acquisition of non-synonymous point mutation in acrB gene
at codon 717 which has been sporadically reported in Bangladesh, Nepal, India and

Pakistan [64, 139-141].
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Figure 1.10 The genetic structure of MDR and XDR S. Typhi.

Oval outlines represent individual bacteria harboring chromosome (green) and
plasmid (red and blue circles) elements. Red and blue triangles represent acquired
resistance loci. Small purple triangles represent SNPs in the chromosome associated
with resistance (Source: Dyson et al. 2019 [49])
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1.4.4.2 AMR profile of S. Paratyphi A, B

The genetic basis of MDR in S. Paratyphi A was revealed by the sequencing of
plasmid pAKU 1 which shared a common IncHI1 sequence backbone with the S.
Typhi plasmid pHCM1 and an S. enterica serovar Typhimurium plasmid pR27. Thus,
these plasmids appear to have acquired similar antibiotic resistance genes
independently via the horizontal transfer of mobile DNA elements [99]. Apart from
MDR prevalence, intermediate susceptibility to ciprofloxacin and full resistance to
fluoroquinolones are very common in S. Paratyphi A [3, 53, 142, 143]. Furthermore,
introduction of sporadic cases of cephalosporin and azithromycin resistance due to
acquisition of extended-spectrum beta-lactamase (ESBL) genes and mutations in
acrB gene, respectively are of great concern [144, 145]. However, MDR S. Paratyphi
B biotype Java strains associated with poultry, poultry products have been observed
since the late 1990s, [146]. Recently, WGS based study has reported a
chromosomally located class 2 integron carrying aadA24, dfrA, sull, sul2, gyrA genes
that confer aminoglycoside, trimethoprim-sulphamethoxazole, fluoroquinolone
resistance, respectively among poultry source associated PG10 lineage of S. Paratyphi

B complex [8].
1.4.5 Implementation of WGS data to design PCR for diagnosis

Recent advances in WGS analysis of S. Typhi CT18, S. Paratyphi A AKU 12607
reference genome have contributed to identify serovar specific unique conserved
regions for S. Paratyphi A and S. Typhi. In addition to detection of these serovars, the
SNP based genotyping approach has added a new dimension to identify lineage
specific unique SNP against the reference genome S. Typhi CT18 for the detection of
MDR associated H58 Typhi lineages and emerging AMR clones [48]. A rapid, cost-
effective and highly sensitive single-plex or multi-plex PCR can be designed utilizing
serovar specific unique markers as primer sets for typhoidal pathogen diagnosis
directly from either blood or stool samples. Coupling of in silico computational
genome analysis with wet lab based PCR approach may contribute to implement
innovative genome based surveillance for routine enteric fever diagnosis and also has
the potential to inform disease control measures for implementing treatment strategies
in LMICs [45, 147].
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1.5 Thesis outline

In this dissertation, the population structure, transmission patterns and evolutionary
dynamics of S. Typhi, S. Paratyphi A and S. Paratyphi B in Bangladesh were
investigated using whole genome sequence analysis. In ‘Study I’, a total of 202
Bangladeshi blood culture positive S. Typhi strains were assigned according to the
extended S. Typhi SNP based genotyping framework to investigate genotypic
distribution. Moreover, temporal trends in AMR genes and genotypes over time
period between 2004-2016 were examined. In ‘Study II’, WGS-based approach was
employed to assess genomic variation, AMR determinants and auxiliary plasmid
profiles of 67 Bangladeshi S. Paratyphi A strains isolated from enteric fever patients in
the last 10 years until 2018. The evolutionary history of the cryptic pHCM2-like
plasmid identified in Bangladeshi S. Typhi, S. Paratyphi A, S. Paratyphi B populations
were also investigated to reveal important aspects of the evolution of the plasmids and
their movement between pathogen populations. In addition, comparative genomic
analysis was carried out between Bangladeshi and globally circulating S. Typhi and S.
Paratyphi A strains to better understand their transmission dynamics in ‘Study I and
I’. A detailed genomic variation of S. Paratyphi B complex causing wide range of
diseases, from gastroenteritis to paratyphoid fever, depending on the biotypes Java
and sensu stricto, was examined in ‘Study IlI°. This is the first WGS study on
Bangladeshi S. Paratyphi B in which Paratyphi B serotyped strains were taken from a
large, longitudinal, nationwide multi-pathogen, enteric disease surveillance study
where patients infected with a variety of enteric pathogens such as Vibrio cholerae,
Shigella spp, enterotoxigenic E. coli (ETEC), typhoidal and non-typhoidal
Salmonella. WGS analysis classified all these serotyped Paratyphi B strains as biotype
Java associated with diarrhoeal symptoms which concluded the dominance of
gastroenteritis caused by S. Paratyphi B biotype Java with no presence of paratyphoid
causing S. Paratyphi B biotype sensu stricto in Bangladesh. Furthermore, comparative
pan-genomic analysis was also conducted to investigate the composition of core and
accessory genes among Bangladeshi S. Paratyphi A and S. Paratyphi B strains.
Finally, ‘Study IV’ describes the potential implementation of genomic data to
evaluate an in-house built genome based diagnostic assay at icddr,b in collaboration
with the University of Cambridge to improve better diagnostic accuracy which was

validated by comparing the sensitivity with standard blood culture method. This assay
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has been originally developed at the University of Cambridge by utilizing their in
silico designed primer sets targeting unique genes for S. Typhi, H58 Typhi and S.
Paratyphi A detection.

1.6 Hypothesis

The hypotheses of this research that population genomics and phylogeny clustering
will define typhoidal S. Typhi, S. Paratyphi A and non-typhoidal S. Paratyphi B
lineages in context of disease phenotype. Further, the study of these genomes will
reveal genetic determinants and mechanisms (either chromosomal or plasmid
mediated) of antimicrobial resistance which may play a vital role in implementation of
serovar or biotype specific control and treatment strategies in endemic settings like

Bangladesh.
1.7 Aims and objectives of the dissertation

The aim of this PhD dissertation was to explore genomic variation, evolutionary
changes, and transmission dynamics of S. Typhi and S. Paratyphi A, B pathogen
populations in Bangladesh utilizing high resolution whole genome sequence data in

order to:

I.  Understand the genotype distribution, AMR patterns and transmission
dynamics of S. Typhi strains in urban Dhaka — Study | (Paper I)

Il.  Comprehensively assess the population structure, pan-genomic variation,
AMR determinants and pHCM2 plasmid evolutionary history among S.
Paratyphi A strains — Study 11 (Paper II)

I1l.  Characterize the genetic diversity of diarrhoeal disease causing S.
Paratyphi B biotype Java (initially serotyped as Paratyphi B), pan-genomic
variation and AMR determinants of S. Paratyphi B complex — Study 111
(Paper I11)

IV. Evaluate WGS based novel diagnostic assay as simple, rapid, cost effective
and highly sensitive for S. Typhi including globally dominant H58 lineage
and S. Paratyphi A detection— Study IV
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CHAPTER 2

METHODS AND MATERIALS

2.1  Study settings and sample collection

International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) is an
international health research organization located at the Mohakhali area in Dhaka
which conducted various enteric disease surveillance studies in all over eight divisions
across Bangladesh. All the genomic studies of this dissertation were carried out by the
stored collection of S. Typhi and S. Paratyphi A, B strains from the previously

established enteric disease surveillance studies of icddr,b.

‘Study I’ was conducted in three study sites of Typhoid Immunization Surveillance
study (TIS study) [35, 36, 148] inside Dhaka city: icddr,b Dhaka hospital, Mohakhali;
icddr,b Kamalapur field site and icddr,b Mirpur field site, in between 2004 and 2016.
Kamalapur is situated in the southeast part of Dhaka, whereas Mirpur is located in the
northeast part of Dhaka metropolitan area. Blood samples of suspected typhoid fever
patients were enrolled from these three study sites based on the criteria of fever at

least 38°C with a minimum duration of 3 days.

‘Study II’ was carried out in eight different study sites across Bangladesh from two
already established enteric disease surveillance studies. Nationwide enteric disease
surveillance study conducted in collaboration with the Institute of Epidemiology,
Disease Control and Research (IEDCR) and icddr,b at 22 sentinel surveillance sites
located in 21 different districts across seven divisions of Bangladesh [149]. Among
them, S. Paratyphi A strains were taken from five hospitals (Site 1: Naogaon Sadar
Hospital, Site 2: Potuakhali General Hospital, Site 3: Bangladesh Institute of Tropical
and Infectious Diseases (BITID), Chittagong, Site 4: Uttara Adhunik Hospital, Site 7:
Dhaka Medical College), in between 2014 and 2018. TIS study conducted within
three urban areas in Dhaka city from which S. Paratyphi A strains were taken from all
of these three sites (Site 5: icddr,o Mirpur field site, Site 6: icddr,o Mohakhali
Hospital and Site 8: icddr,b Kamalapur field site) in between 2008 and 2016 [35, 36,
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148]. Blood samples were collected from enteric fever suspected patients based on

enrollment criteria as described above.

‘Study III’ was conducted in ten hospital sites of nationwide enteric disease
surveillance study [149]. The surveillance sites were selected based on reports of
acute watery diarrhoea according to the national District Health Information Software
v2 Database from Directorate General of Health Services (DGHS) [150]. It is a large,
longitudinal, multi-pathogen surveillance study which included patients infected with
a variety of enteric pathogens: Vibrio cholerae, ETEC, Shigella spp, typhoidal and
non-typhoidal Salmonella. Patients were enrolled into the nationwide enteric disease
surveillance study if they were over two months old, and attended hospital with either
a) three times or more loose or liquid stools; b) less than three times loose or liquid
stools causing dehydration; or c) at least one bloody loose stool in the previous 24
hours [149]. As stool was the main sample source collected from the enrolled patients
in the nationwide surveillance study, stool samples were included based on the above

enrollment criteria in ‘Study III.

Lastly, ‘Study IV’ was designed to evaluate WGS based novel diagnostic approach
by utilizing a subset of strain collection of study I and Il (detail mentioned above)[35,
36, 148, 149].

2.2 Bacterial isolation

For ‘Studies I, Il and 1VV?, blood samples (3mL for children <5 years of age and 5mL
for others) were inoculated into blood culture bottle and were cultured using
BacT/Alert automated system [151, 152]. All blood culture positive bottles were sub-
cultured onto MacConkey agar plates. For ‘Study 111, stool samples were cultured by
streaking on MacConkey agar and Salmonella-Shigella (SS) agar plates. After
overnight incubation at 37°C, suspected non-lactose fermenting colonies from agar
plates were inoculated into Kligler’s Iron Agar (KIA), Motile Indole Urea (MIU) and
citrate tubes and kept for overnight at 37°C. Following growth on enriched medium,
S. Typhi, S. Paratyphi A and S. Paratyphi B were identified based on standard
biochemical reactions which were further confirmed by slide agglutination test with
Salmonella-specific O and flagellar H antiserum (Table 2.1) and stored with 20%
glycerol at -70°C for further use [35, 36, 148]. On the basis of blood and stool culture
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confirmation result, all the available stored 202 S. Typhi strains for ‘Study I’, 67 S.
Paratyphi A strains for ‘Study II’, 79 S. Paratyphi B strains for ‘Study III’ were
included. For ‘Study I'V’, total 62 strains (20 S. Typhi, 20 H58 S. Typhi and 22 S.

Paratyphi A) were selected from the collection of study I and study 1.

Table 2.1 Biochemical tests and serotyping for identification of S. Typhi and
S. Paratyphi A, B

Biochemical test Serotyping
KIA test MIU test Citrate | Somatic | Flagellar| Organism
test “O’? Ag ‘(.H” Ag

Glucose | H,S | Motile | Indole | Urea | Citrate
Acid | +ve | +ve -ve | -ve -ve 09, vi Hq S. Typhi
Acid+ | -ve | +ve -ve | -ve | -ve 02 Ha S. Paratyphi
Gas A
Acid+ | +ve | +ve -ve | -ve | -ve 04 Hp S. Paratyphi
Gas B

2.3  Genomic DNA extraction

A loop of bacterial colony from MacConkey agar plate was inoculated into brain heart
infusion (BHI) broth and was grown in shaker with vigorous shaking (250 rpm) for
overnight at 37°C. Bacterial cells were pelleted by centrifuging the overnight bacterial
culture. Genomic DNA extraction from the bacterial cells was performed by myself
with the support of Mucosal Immunology and Vaccinology Team (MIVU) at icddr,b
using commercially available the Wizard Genomic DNA Kit [153]. Briefly, cells were
lysed by nuclei lysis solution, incubated for 5 minutes at 80°C and then cool to room
temperature. RNase solution mix was then added to the cell lysate, incubated for 15-
60 minutes at 37°C and then cool to room temperature. After RNase treatment, protein
precipitation solution was mixed properly with the cell lysate by vortexing vigorously
and proteins were then removed by centrifugation. Supernatant containing the DNA
was transferred to new 1.5 mL microcentrifuge tube which was purified by washing
with isopropanol and then with 70% ethanol. Purified DNA pellet was resuspended in
rehydration solution and stored at 2-4°C for further use. DNA purity and
concentration of genomic DNA was estimated by measuring absorbance of ultraviolet
light at 260 nm and 280 nm wavelength using Nanodrop spectrophotometer.
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The ratio of the absorbance at 260 and 280 nm (Azso280) 1.8 is generally accepted as
pure DNA [154].

2.4  Whole genome sequencing by Illumina platform

All the extracted genomic DNA from S. Typhi, S. Paratyphi A, S. Paratyphi B strains
used in ‘Studies I, II and IV’ were shipped to the Wellcome Sanger Institute (WSI).
Core sequencing team at WSI was performed WGS using lllumina Hiseq 2500
platform (Illumina, San Diego, CA, USA) [155]. Briefly, DNA was fragmented and
tagged for multiplexing with NexteraXT DNA Sample Preparation Kit. Index-tagged
paired end Illumina sequencing libraries with an insert size of 500 bp were prepared
for each sample to generate 150 bp paired end reads. Sequence quality was assessed
on the basis of adapter contamination, average base read quality and any unusual GC
bias using FastQC tool. Sequence data having median Phred score greater than 30
(99.9% accuracy) was considered for downstream genomic analysis.

Raw sequence data in fastq format for 202 S. Typhi, 67 S. Paratyphi A, 79 S.
Paratyphi B generated in this thesis work was submitted to the European Nucleotide
Archive (ENA) with accession numbers for each strain. Additionally, previously
published sequence data of 88 Bangladeshi S. Typhi from Wong et al. 2016, and 528
from Tanmoy et al. 2018 were also included to provide detailed genomic context (raw
sequence data are available in ENA under study accessions ERP001718 and
PRJEB27394, respectively) in Study I’. To provide global context, previously
published 1,560 S. Typhi genomes in ‘Study I’; 242 S. Paratyphi A genome in ‘Study
IT’; 180 S. Paratyphi B genomes sharing the antigenic formula 1,4,[5],12:b:[1,2] and
12 S. Paratyphi B biotype sensu stricto genomes from patients presenting with enteric
fever symptoms in ‘Study III’ were included and subjected to further mapping, SNP
calling and phylogenetic analysis [8, 9, 52, 53, 66, 101].

2.5 WGS data analysis

All of the genomic data analysis using different bioinformatics tools for this thesis
work was performed by using access of Sanger computing cluster and done by myself
with the support of pathogen informatics team and Nick Thomoson’s team at WSI;

Gordon Dougan and Steve Baker’s team at University of Cambridge.
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2.5.1 Mapping and SNP calling

Sequence reads produced by the Illumina sequencing platform were mapped against
the indexed reference genome [88]. PCR duplicate reads were identified using Picard
(http://broadinstitute.github.io/picard/) and flagged as duplicates in binary alignment
map (BAM) file. In ‘Study I’, S. Typhi paired-end reads were mapped to the
reference genome CT18 (accession no. AL513382) by RedDog mapping pipeline
which used Bowtie alignment tool [156]. In ‘Study II’ and ‘Study III’, S. Paratyphi
A and S. Paratyphi B sequence reads were mapped against the reference genome of S.
Paratyphi A AKU_12607 (accession number FM200053) and S. Paratyphi B SPB7
(accession number CP000886) respectively using mapping tool SMALT [98, 157].

SNP calling was performed using samtools mpileup with parameters “-d 1000 -
DSugBf” to identify SNPs having a phred quality score above 30 and removed low
confidence alleles with consensus base quality <20 (represented with a gap character),
read depth <5 (represent putative repeated sequences) or heterozygous base calls [88].
SNPs located in prophage regions, repetitive sequences or recombinant regions as
detected by Gubbins [158] were also excluded. SNPs that passes these criteria were
extracted from the multi-FASTA alignment using SNP-sites [159] and resulted 14852,
5419 and 132593 chromosomal SNPs for 2378 S. Typhi, (study 1), 309 S. Paratyphi A
(study II) and 271 S. Paratyphi B strains (study Ill), respectively. Pairwise SNP
distances between strains (number of core genome SNP loci at which pairs of strain
had discordant alleles) were calculated from each alignment using the dna.dist()
function in the Analysis of Phylogenetics and Evolution (ape) R package (study I, 11,
111) [160].

2.5.2 SNP based genotyping analysis

In study I, short read alignment BAM files output from the RedDog mapping pipeline
were used to assign genotypes for each read set according to an extended S. Typhi
genotyping framework [101] using a custom Python script genotyphi.py (available at
https://github.com/katholt/genotyphi). The resulting variant call format (VCF) file is
then processed to identify the presence of cluster-, clade and/or subclade-defining
SNP alleles that pass a minimum quality threshold (default consensus base phred

score > 20) and assigned the read set to a cluster, clade and subclade. To define novel
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genotype 3.3.2 including 3.3.2.Bd1 and 3.3.2.Bd2 sublineage, unique SNPs which
were absent in other S. Typhi genotypes were detected by extracting non-synonymous
SNPs from SNP allele table [109].

2.5.3 Phylogenetic and population genetic analysis

Maximum likelihood (ML) phylogenetic trees were constructed from the
aforementioned chromosomal SNP alignments using RAXML (study I, 11, 111) [161]. A
generalized time-reversible model and a gamma distribution was used to model site-
specific rate variation (GTR+ I" substitution model; GTRGAMMA in RAXxML) with
100 bootstrap pseudoreplicates to assess branch support for the ML phylogeny. SNP
alleles from S. Paratyphi A AKU1 12601 in study I, S. Paratyphi A lineage G in study
Il and poultry originated S. Java PG10 in study Il were included as outgroup to root
the phylogenetic tree. In study Ill, hierarchical BAPS implemented in RhierBAPS R
package was performed to re-define the S. Paratyphi B subpopulation structure [162].
A mid-point rooted phylogeny was constructed with all the S. Java strains belonging
to BAPS cluster 1.1 (PGs 3, 4). All the resulting phylogenies were visualized and
annotated using FigTree (available at http://tree.bio.ed.ac.uk/software/figtree),
Microreact [163], R package ggtree [164], phandango [165] and iTOL [166].

2.5.4 Insilico AMR gene, plasmid, virulence factor and S. Paratyphi
B biotype identification

In ‘Study I’, the mapping based allele typer SRST2 [167] was used in conjunction
with the ARG-Annot [168] and PlasmidFinder [169] database to detect acquired AMR
genes and plasmids, respectively. Plasmid multi-locus sequence typing (pMLST)
scheme was used to detect IncHI1 plasmid sequence type (PST) by using
slurm_srst2.py python script and specifying the MLST definitions parameters [135].
ISMapper was performed was used to screen for both IS1 and 1S26 insertion sites
using CT18 reference genome to identify the location of these insertions into the
chromosome of each Bangladesh S. Typhi strain [170]. Genomes with less common
AMR profiles and without evidence of known resistance plasmid were assembled
using Unicycler [171] and examined visually using the assembly graph viewer tool
Bandage to inspect the composition and insertion sites of resistance-associated

composite transposons [172]. QRDR mutations in gyrA and parC genes associated
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with reduced susceptibility to fluoroquinolones were determined using GenoTyphi
from RedDog output binary alignment map (BAM) files.

In S. Paratyphi A and S. Paratyphi B genomic studies (‘Study II, 111’), ARIBA
(Antimicrobial Resistance Identification By Assembly) [173] in conjunction with the
comprehensive antibiotic resistance database (CARD) [174] and PlasmidFinder
database [169] were used to detect AMR genes and plasmid replicons, respectively.
The same approach was used to detect virulence factors using the virulence factor
database (VFDB) [175] among S. Paratyphi B genomes (‘Study 111°). In addition,
AMR mutations in S. Paratyphi A genomes (study Il), including point mutations in the
QRDR of gyrA, parC genes associated with reduced fluoroquinolone susceptibility
and mutation in acrB gene associated with azithromycin resistance were identified

using the genoparatyphi python script (https://github.com/zadyson/genoparatyphi/).

In ‘Study I11°, The Salmonella In Silico Typing Resource (SISTR) [176] implemented
in PathogenWatch [177] was used to classify the S. Paratyphi B biotype sensu stricto
and S. Paratyphi B biotype Java. Moreover, SRST2 was used to assign sequence types
(STs) to each S. Paratyphi B genome according to the S. enterica MLST database
[167].

2.5.5 Comparative pHCM2 plasmid analysis

To investigate the genetic diversity, evolution, and circulation of the pHCM2 plasmid
in Bangladesh, pHCM2 plasmid phylogeny was constructed with 334 S. Typhi, 17 S.
Paratyphi A, and single S. Paratyphi B variant Java genomes from collection of the
study I, 1l and 111 respectively. Briefly, all the raw pHCM2 plasmid sequencing reads
from these organisms were mapped against the reference S. Typhi CT18 pHCM2
plasmid (accession number: AL513384.1) using Bowtie2 [156]. Total 1788 core SNPs
were identified by SAMTools [88] which were then used to construct a ML plasmid
phylogeny using RAXML [161]. In addition, the comparison between annotated
pHCMZ2 plasmid sequence of S. Paratyphi A and S. Paratyphi B biotype Java with the
reference pHCM2 plasmid was performed by Basic Local Alignment Search Tool
(BLAST) [178], Artemis Comparison Tool (ACT) [179] and visualized these
comparisons using Easyfig [180].
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2.5.6 Denovo genome assembly and annotation

In ‘Study II, III’, raw sequence reads were assembled de novo using Unicycler [171]
and annotation was performed by prokka [181]. The quality of genome assemblies
with the assembly metrics i.e. number of contigs (=1,000bp), total assembly length
(contigs >1,000bp) were assessed using genome assembly quality assessment tool
QUAST [182]. Due to fragmentation of genome assemblies and low-quality of few
global S. Paratyphi A sequence reads, genome assemblies that meet the threshold less
than 100 contigs by using the formula (mean + 0.5 standard deviation) was considered
for comparative S. Paratyphi A pan-genome analysis (study II).

2.5.7 Comparative pan-genome analysis

In “Study Il and I11°, roary was performed on annotated assembled genomes to
identify the pan-genome by using a blastp percentage sequence identity of 95% and a
core definition 95% of the included strains [183]. The Heaps function within the
Micropan R package [184] was used to the curve fit constant according to Heaps
law[185]: n = k*N™, where n is pan-genome size, N is the number of genomes, k is
the curve-specific constant. The exponential term, o determines whether the pan-

genome of a bacterial variant is closed (a>1) or open (a<1) [124].

Comparative pan-genome S. Paratyphi B analysis was performed to identify biotype
specific genes (S. Paratyphi B biotypes sensu stricto and Java) and PG specific
(PG3/PG4 clades relative to rest of the PGs) defined as core genes present in more
than 95% of the specific biotype/clade and absent from more than 95% of the strain of
the other biotype/clade using custom R program and python scripts. To investigate
the synteny in the loci containing the biotype- or clade-specific genes, a synteny graph
was constructed in the regions of interest [186] and were visualized by Phandango
[187] and Cytoscape [188]. In addition, BLAST [178], InterProScan [189] and
EffectiveDB [190] were used to identify the distribution of group-specific genes
throughout the species, to predict the function of the group-specific hypothetical

proteins and to predict secreted proteins, respectively.
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2.6  Statistical analysis

In ‘Study I’, base R function chisg.test [191] was used to calculate p value of age
groups and S. Typhi genotypes using Chi-Squared test. Shannon diversity was
calculated using the diversity function in the R package vegan [192]. In ‘Study Il and
111, p value was calculated using fisher’s exact test implemented in an integrated
statistical software package STATA to determine statistical differences of lineage, ST

distribution among the study sites [193].
2.7 Novel WGS approach based diagnostic assay

2.7.1 Bacterial strains and DNA extraction

In ‘Study IV’, a total 62 blood culture positive bacterial strains of enteric fever
patients including 20 S. Typhi, 20 H58 S. Typhi and 22 S. Paratyphi A were used for
PCR assay from the strain collection of study I, 1l (detailed sample collection and
bacterial isolation specified above in method section 2.1 and 2.2). All of these 62
known blood culture positive bacterial strains were chosen to validate the accuracy of
the PCR assay with the blood culture result. For DNA extraction, one loop of bacteria
from MacConkey agar plate was suspended in 300 puL of nuclease free water (NFW).
The bacterial suspension was heated at 95°C on water bath for 10 minutes and
centrifuged at 14,000 rpm for 5 minutes. The supernatant was collected in a new 1.5

mL microcentrifuge tube which were used as DNA template for PCR reaction.
2.7.2 S. Typhi, H58 S. Typhi and S. Paratyphi A primer design

Whole genome comparison of S. Typhi CT18 and S. Paratyphi A AKU_ 12601
reference genome was performed to identify conserved unique regions to S. Typhi and
S. Paratyphi A serovars by using BLASTn [94, 98, 178]. In ‘Study 1V°, S. Typhi and
S. Paratyphi A specific primers targeting conserved region STY0307 and SSPA2308,
respectively were prioritized as these targets genes are not found in other Salmonella
serovars [45, 194] . On the other hand, H58 S. Typhi specific primer was designed
based on SNP based genotyping scheme (available at
https://github.com/katholt/genotyphi) [101]. H58 S. Typhi specific SNP was defined
by the synonymous mutation T349T in the STY2513 gene at nucleotide position
2348902 in S. Typhi CT18 encoding anaerobic glycerol-3-phosphate dehydrogenase A
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(9lpA) gene [48]. All these primers were designed and synthesized by Professor Ankur
Mutreja’s team at University of Cambridge using Primer-BLAST [195] and Integrated
DNA Technologies (IDT, USA), respectively which then shipped to MIVU laboratory

of icddr,b for setting up conventional single-plex, multi-plex PCR.

Table 2.2 List of primers targeting S. Typhi, S. Paratyphi A and H58 S.
Typhi genes
Target Primer . s o Amplicon
gene name Primer sequence (5’-3°) length (bp)
ST_227F GGCAGATATACTTTCGCAGGCA
STY0307 227
ST_227R CCCAGAACCAAATTTGCTTACA
SPA_305F AGGGATGAGAATTTTCAGACGT
SSPA2308 305
SPA_305R ACCCCAGCTCTGAGAGATATCT
H58_509F GGGCTTGATGGCTTCATTAGT
STY2513 509
H58_509R ACAGGTTGTACGCCTTTCCA

2.7.3 Optimization of conventional single-plex, multi-plex PCR

Firstly, conventional single-plex PCR assay was carried out in a total reaction volume
of 25 pL containing 2 pL template DNA, 12.5 uL 2x PCR master mix (Thermo
scientific), 0.5 pL of each set of primers (mentioned above) and 9.5 puL of NFW for
total 30 cycles as per suggested final version of standard operating procedure (SOP)
generated by Ankur Mutreja’s team at University of Cambridge. Finally, multi-plex
PCR has planned to optimize with the same thermal condition followed for single-plex

PCR except increasing the elongation time from 45 seconds to 60 seconds at 68°C.

Table 2.3 The thermal cycle of PCR reaction
Stage Temperature Time Cycles
Preheating step 95 °C 120 seconds 1
Denaturation 95 °C 30 seconds 30
Annealing 60°C 45 seconds 30
Elongation 68°C 45 seconds (60 seconds for 30
multi-plex PCR)
Final extension step 68°C 600 seconds 1
Final hold 4°C Indefinite 1
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The amplified PCR products were analyzed by agarose gel electrophoresis on 2.0%
(w/v) agarose gel containing 4 pL of fluorescent nucleic acid dye GelRed (Biotium).
4.5 pL of amplified PCR product was mixed with 3 pL loading dye to load into the
gel and run the electrophoresis at 150 volt for 30 minutes. The band was visible on an

automated gel documentation system (Gel Doc, Bio-Rad, USA) under ultraviolet
light.
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CHAPTER 3

RESULTS

3.1 Study I: S. Typhi genomics study

3.1.1 Genotypic diversity of S. Typhi in Bangladesh

The WGS of 202 S. Typhi strains isolated from three urban areas in Dhaka city
between 2004-2016 revealed the presence nine distinct S. Typhi genotypes 2.0.0 (n=2,
0.99%), 2.0.1 (n=10, 4.95%), 2.1.7 (n=2, 0.99%), 2.3.3 (n=30, 14.85%), 3.0.1 (n=1,
0.50%), 3.1.2 (n=2, 0.99%), 3.2.2 (n=44, 21.80%), 3.3.0 (n=28, 13.86%) and 4.3.1
(n=83, 41.1%). Our phylogenetic data revealed 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 (Figure 3.1A) and were
intermingled in the phylogeny (Figure 3.1B). In addition, there was no significant
difference in genotypes (p value 0.344 using Chi-squared test) among different age
groups (young children under 5 years of age, older children from 5-15 years of age
and adults above 15 years of age) studied in this collection.

The majority of the strains belonged to H58 (genotype 4.3.1) with H58 lineage |
(genotype 4.3.1.1) being dominant (n=63, 31.2%) followed by H58 lineage Il
(genotype 4.3.1.2) (n=1, 0.50%). Moreover, the remaining 19 undifferentiated H58
strains were matched with H58 lineage Bd (genotype 4.3.1.Bd) reported in earlier
study (Tanmoy et al. 2018) which was defined in this present study as genotype
4.3.1.3 by possessing characteristics SNPs STY0054-C711A (561056 nucleotide
position in CT18) [108]. Additionally, a novel genotype 3.3.2 (previously typed as
genotype 3.3.0) was identified on the basis of a SNP STY3641-A224G (3498544
nucleotide position in CT18). Further examination of this novel genotype revealed two
Bangladeshi specific sublineages 3.3.2.Bdl (SNPs STY2588-G378A, position
2424394 in CT18) and 3.3.2.Bd2 (STY2441-G439A, position 2272144 in CT18),
carrying the gyrA-S83F and gyrA-D87N mutations, respectively.

Page | 38



A B

%o

e
S

Q%o
2,

asternme—— X
ousifig M fpur Dehs &

105€ 2

4

\
sicddr, b
Mirpur Field Site
A
3

JEm

(1111

Genotype:

4314

i

4312

I

%
%
%
)
[0
)
)

m-Avenue

=
=

s
=

p .J'JFEIEEHWHEII,J i
-

“Utram-Rafiqual-\s'>

EaS Housin

icddr, b
Dhaka Hospital Mohakhali

lalmatia

"g), thm mdl - u

Purba Gorar

ﬁ 4312
= | 4313

:‘3‘ b0 ‘Basabuo
g
o
;‘? imtala |
: - Source:
‘o - [ onaa
233 -
) ioddr, b P TR § | Kamalapur
Snahd KamalapurFIeIdsne i ﬁ i lMIrpur

/)ﬁ\’ 0201

Figure 3.1 Spatial analysis of 202 Bangladeshi S. Typhi in Dhaka city with
detailed distribution of genotypes (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/ and (B) Maximum likelihood tree of 202 urban Dhaka S.
Typhi strains from the three study sites. Online interactive phylogeny available via
Microreact https://microreact.org/project/sP2Uwk_DI. Branch colors indicate the
genotype (as labelled) and the colored heatmap (on the right) shows for each strain,
genotype, and source of the strain as per the inset legend.
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3.1.2 Transmission pattern of global and regional S. Typhi strains

To better understand the global transmission patterns, a phylogeny including 1560 S.
Typhi strains from previously published global WGS collection was constructed
(interactive phylogeny available at https://microreact.org/project/5GzJ7Umoz) and
showed that our Bangladeshi S. Typhi strains were closely related to strains from
Nepal, India and Pakistan. Notably, a single introduction of South African S. Typhi
strain among genotype 4.3.1.3 strain (approximately 2 SNPs differences) were also
observed. In addition, multiple localized monophyletic lineages were observed within
genotype 2.3.3, 3.2.2, 3.3.2, 4.3.1.1 and 4.3.1.3 indicating ongoing clonal transmission
within Bangladesh (Figure 3.2).
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Figure 3.2  Global population structure of non-H58 and H58 Bangladeshi S.

Typhi genotypes.

Maximum likelihood phylogenies of non-H58 (A) and H58 (B) global S. Typhi strains
were outgroup rooted with S. Paratyphi A strain AKU_12601. All branches and rings
are colored as per the inset legend. Arrows indicate localized lineages of Bangladeshi
strains
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3.1.3 AMR and plasmid profile among S. Typhi population

The acquisition of five AMR genes blargy.1, catAl, dfrA7, sull, sul2 resistant to
ampicillin, chloramphenicol, cotrimoxazole (trimethoprim and sulphamethoxazole
collectively) respectively were detected in Bangladeshi S. Typhi strains (n=74,
36.63%) (Table 3.1, Figure 3.2). Among the 202 S. Typhi analyzed, H58 strains
(n=57, 28.22%) were strongly associated with MDR than non-H58 strain (n=0, 0.0%).
Moreover, H58 lineage | strains acquired AMR genes without evidence of the IncHI1
plasmid indicating that these have been acquired via chromosomal translocation of
MDR transposable element. Among the H58 lineage | population, there appear to be
two variants of this MDR loci; a composite transposon encoding seven AMR genes
(catAl, dfrA7, sull, blaTEM-1, strB, strA, sul2) and a typical transposon encoding
three AMR genes (catAl, dfrA7, sull). GenoplotR analysis revealed that the
integration of both transposons were mediated by IS1 transposition with both inverted
repeat and 8 bp target site duplication GGTTTAGA.

Moreover, the newly defined H58 genotype 4.3.1.3 strains revealed two different
plasmid mediated AMR patterns clustering within two distinct clades. The first cluster
(n=8) carried IncHI1 plasmids of plasmid sequence type 6 (IncHI1-PST6) encoding
eight AMR genes blargw.1, catAl, dfrA7, sull, sul2, strAB, and tetB (resistance to
ampicillin, chloramphenicol, trimethoprim, sulfonamides, streptomycin, tetracycline,
respectively) and the second cluster (n=9) (termed H58 sublineage Bdq previously in
Tanmoy et al.2018) carried a IncFIB(K) plasmid encoding the four AMR genes
blarem-1, sul2, gnrS1, tetA (resistance to ampicillin, sulfonamides, quinolone,

respectively).

An alarming acquisition rate of QRDR mutations associated with reduced
fluoroquinolone susceptibility observed in both H58 strains (n=83, 41.1%) and non-
H58 strains (n=102, 50.5%). QRDR double mutant (gyrA-S83F and parC-E84K) was
detected in only one H58 lineage | strain, but no QRDR triple mutant observed in our
collection. Only 17 strains of total 202 S. Typhi collection were susceptible to
antibiotics and did not carry any known genetic determinants of AMR. In addition, 14
strains belonging to genotype 3.2.2 carried IncX1 plasmid without any evidence of
AMR genes and 77 strains from the most prevalent genotypes 4.3.1.1, 2.3.3, 3.2.2,
3.3.2.Bd1, 3.3.2.Bd2 carried cryptic plasmid pHCM2.
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Table 3.1 List of genetic determinants of AMR in 202 S. Typhi strains

Resistance patterns H58 strain | Non-H58 Total strain
(n=83) strain(n=119) | (n=202)

Acquired AMR genes / QRDR | 74 (89.16%b) | 0 (0.0%0) 74 (36.63%)
mutations
blarem1 , catAl, dfrA7, sull, | 47 (56.63%) | 0 (0.00%) 47 (23.27%)
sul2, strAB / gyrA-S83F
blatgm1 , catAl, dfrA7, sull, | 8 (9.64%) 0 (0.00%) 8 (3.96%)
sul2, strAB, tetB / gyrA-S83Y
blarem1 , catAl, dfrA7, sull, | 1(1.20%) 0 (0.00%) 1 (0.50%)
sul2, strAB / gyrA-S83F, parC-
E84K
blargm1 , catAl, dfrA7, sull /|1 (1.20%) 0 (0.00%) 1 (0.50%)
gyrA-S83F
catAl, dfrA7, sull/ gyrA-S83F | 8 (9.64%) 0 (0.00%) 8 (3.96%)
blarem-1, sul2, gnrs, tetA / gyrA- | 9 (10.84%) | 0 (0.00%) 9 (4.46%)
S83Y
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%0) 17 (16.67%) 17 (8.42%)
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3.1.4 Correlation of genotypic distribution and AMR pattern over
time period between 2004-2016

The MDR associated H58 genotype 4.3.1.1 and 4.3.1.3 appeared to be dominant in
Bangladesh across the three sites sampled prior to 2011, but from 2011 onwards a
relative decrease in H58 strains (median 66.67% per year in 2004-2010 versus 28.03%
in 2011-2016) with increasing trends of non-H58 genotypes 2.3.3, 3.2.2, 3.3.2
(median 22.2% per year in 2004-2010 versus 65.2% in 2011-2016) (Figure 3.3). An
overall Shannon diversity increased from 1.34 in 2004-2010 to 1.83 in 2011-2016.
The recent spread of these three new non-H58 genotypes indicates an alarming
situation as it had started acquisition of QRDR mutation, leading to shift the treatment
practice towards third generation cephalosporin.
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3.2 Study II: S. Paratyphi A genomics study

3.2.1 Population structure of S. Paratyphi A in Bangladesh

Phylogenetic analysis of 67 Bangladeshi S. Paratyphi A sequence data together with
242 previously sequenced global collection of S. Paratyphi A strains showed
Bangladeshi S. Paratyphi A strains belonged to only lineages A (n=45, 67.2%), C
(n=13, 19.4%), F (n=9, 13.4%) and were closely related to strains from Nepal, India,
Pakistan, and Myanmar (Figure 3.4). Notably, the majority of the Bangladeshi S.
Paratyphi A strains (n=42, 62.6%) formed a monophyletic sublineage within lineage
A which is here defined as sublineage A3 (median distance of ~70 SNPs away from
the sublineage A1 found in Nepal). Moreover, distribution of lineages A, C, F among
67 strains collected from eight study sites covering four divisions within Bangladesh
was also observed. There was no significant difference (p = 0.15 using Fisher’s exact
test) of the lineage distributions between study sites inside Dhaka (site 4, 5, 6, 7;
n=52) and outside Dhaka (site 1, 2, 3; n= 15).

3.2.2 AMR genes and plasmid profile of S. Paratyphi A

All 67 Bangladeshi S. Paratyphi A strains were susceptible to traditional first line
antibiotics due to absence of catA, dfrA7, sull, sul2, strAB, blarem-1 genes but carried
single QRDR mutation of gyrA gene at either codon 83 gyrA-S83F (n=57, 85.07%),
gyrA-S83Y (n=6, 8.95%) or codon 87 gyrA-D87G (n=4, 5.97%) associated with
reduced susceptibility to fluoroquinolones (Figure 3.4). In addition, only one S.
Paratyphi A isolated from Dhaka Medical College in 2018 (site 7) carried acrB-
R717L mutation conferring azithromycin resistance together with gyrA-S83F QRDR
mutation. Notably, non-AMR associated plasmids IncX1 plasmid (n=12,17.9%) and
cryptic IncFIB-pHCM2 plasmid (n=17,25.3%) were detected among this collection.
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3.2.3 Evolutionary history of pHCM2 plasmid in Bangladesh

The pHCM2 plasmid phylogeny including S. Typhi, S. Paratyphi A and S. Paratyphi B
variant Java strains from Bangladesh (described details in methods) showed highly
genetic similarity between typhoidal S. Typhi and S. Paratyphi A pHCM2 plasmid
(99.98% nucleotide identity and average 19 SNPs difference) but different from non-
typhoidal S. Paratyphi B biotype Java (98.8% nucleotide identity and 1697 SNPs away
from S. Typhi). Moreover, pHCM2 plasmid length in S. Java was slightly smaller than
that in S. Typhi and S. Paratyphi A (107,362 kb vs. 106,706 kb). Comparative pHCM?2
plasmid analysis showed 12 non-identical regions including three insertions and one
deletion in S. Java pHCMZ2 against reference S. Typhi CT18 (Figure 3.5). In addition,
comparative pan-genome analyses identified 113 hypothetical proteins and 14
annotated proteins which were present in only 17 pHCM2 plasmids harboring
Bangladeshi S. Paratyphi A strains but absent in other global S. Paratyphi A strains.
Furthermore, phylogenetic analysis showed that all the 17 pHCM2 carrying S.
Paratyphi A strains were from same sublineage A3 and isolated in between 2011-2018
suggesting ancestral origins of pHCM2 in the S. Paratyphi A strain might have been
derived from S. Typhi around 2011.

pHCM2 like plasmid

( ) S Pal"atyp h i A PN NP LA AL SE T AN NP AR ANPINC AL A NN TGS AVENINE TP AT TN AT A TNV S AL AT

pHCM2 plasmid AL L ARATATTEE AN LA AT A T A LA L ACATIA I T At AL A A A2 AT AT “
AL5133841 NNCS A LA AT Y VAN AP AL A NPT S A AN A IV N A AN .‘Hlllflll“\1I\\HHILI\IIIIIIK (NN AL A TN T I >
=
\ \ ‘ | ] ‘1\\
L} |
. . “ ! R / \ !
pHCM2 like plasmld ‘v‘mrr"vﬁr—vr-uv»wm- 10 717187 e e 1 B PO T NN mn ‘n mrr\nmm AT L AIT A A
S. Java
v y
i a 8 3 & i 88
(B) 8 ) 2 °c 2 T 3 z e
<l 2 ) ) o ) ) ¢ o 1009 <] -] o @ © 100%
o o A ( A N o nod o
3 2 b 2 2 3 s 3 2
V] U U u U V] U v U
I z I I I i I 1 I I

Insertion 1 7% Insertion 2 and deletion 92% Insertion 3 82%

Figure 3.5  Comparative pHCM2 plasmid analysis.

(A) Pairwise comparison of pHCM2 plasmid reference genome (AL513383) with
pHCM2-like plasmid of S. Paratyphi A and S. Java. including (B) three insertions and
one deletion event against pHCM2 plasmid reference
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3.2.4 Comparative pan-genome analysis

The pan-genome analysis with 295 quality-filtered S. Paratyphi A genome assemblies
(cut-off determination explained detail in method) revealed a total of 9,093 genes
comprised the pan-genome, with 4,125 core genes (present in > 95% of all genomes)
and 4,968 accessory genes (present in < 95% of all genomes). The gene accumulation
curve for S. Paratyphi A was slowly flattened with the addition of new genomes and
pan-genome curve parameter o value of 1.000015 indicated that S. Paratyphi A pan-

genome was closed.
3.3 Study IlI: S. Paratyphi B genomics study

3.3.1 Insilico S. Paratyphi B biotype identification

Among the 29,537 diarrhoeal patients enrolled from ten sentinel surveillance sites
between June 2014 and June 2018, 107 patients were confirmed as Salmonella
enterica serotype Paratyphi B by serotyping, with the antigenic formula
01,4,5,12:Hb:1,2. The proportion of S. Paratyphi B positive cases in each surveillance
sites were comparatively low, ranging from 0.06% to 1.12%, compared to other
enteric pathogens such as 1.01-18.3% for Vibrio cholerae. Among the total identified
S. Paratyphi B positive cases, 79 available S. Paratyphi B strains were included for
further genomic study. WGS data showed that all these 79 serotyped Bangladeshi S.
Paratyphi B strains were further classified as biotype Java. This genomic data
correlated with the clinical data, in which patients exhibited the non-invasive
diarrhoeal symptoms (i.e. loose or rice watery diarrhea with a duration of 1-5 days,
dehydration, vomiting, abdominal cramp) rather than invasive paratyphoid fever

caused by S. Paratyphi B biotype sensu stricto.
3.3.2 Population structure S. Paratyphi B complex in Bangladesh

The global phylogenetic analysis including 192 contextual S. Paratyphi B complex
genomes originating from over 20 countries and 79 Bangladeshi S. Java genomes
showed that all the Bangladeshi S. Java strains clustered within previously-described
S. Java lineages, either PG3 (n=2) or PG4 (n=77). Interestingly, the addition of 79

Bangladeshi S. Java strains to the global phylogeny (previously reported in Connor et
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al) resulted in some intermingling of PG3 and PG4 clades into a single cluster at
BAPS level 1 (defined as BAPS cluster 1.1) which was then resolved by Bayesian
hierarchical clustering. BAPS cluster 1 was then further divided the into seven sub-
clusters at BAPS level two (BAPS sub-clusters 2.1 to 2.7). In the updated phylogeny,
PG3 clade grouped into sub-clusters 2.2, 2.3, 2.7 and PG4 clade grouped into 2.1, 2.4,
2.5, 2.6.

However, Bangladeshi S. Java strains contributed to the clonal expansion of PG4
(separated by 4,709 SNPs from PG3) residing into three distinct BAPS sub-clusters
2.4, 2.5, 2.6 which corresponded with STs 2113 (n = 19, 24.1%), 1577 (n = 7, 8.9%),
43 (n = 53, 67.1%), respectively (Figure 3.5). STs 2113 and 1577 have only detected
in the UK and Bangladesh and were strongly associated with patients having rice
watery stool (RWS) (100% and 72% respectively) rather than loose watery stool
(LWS). While globally distributed ST43 was associated with both RWS and LWS at
similar frequencies (n=22 and n=28, respectively). The distribution of virulence
factors (VFs) among the Bangladeshi S. Java population was also examined in context
of BAPS sub-clusters. BAPS sub-cluster 2.6 acquired tcfABCD genes encoding S.
Typhi colonization factor which are also present in other NTS serovars but lacked
fimbrial sttACDEFG gene clusters.

Phylogeographical data showed no significant difference of ST distributions (p =
0.121, Fisher’s exact test) between strains from inside Dhaka sites (site 3,4,5) and the
rest of the strains from outside Dhaka sites across Bangladesh (site 1,2,6,7,8,9).
Furthermore, there was no significant effect of age groups (children, adult) or gender
(male, female) on the distribution of S. Java STs (p = 0.361 and p = 0.469,

respectively using Fisher’s exact test).
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Figure 3.6  Mid-point rooted maximum-likelihood phylogeny of S. Java BAPS
cluster 1.1.

Whole genome SNP tree 123 S. Java strains including Bangladeshi S. Java strains
isolated from ten surveillance sites across Bangladesh. The coloured strips as onset
legend alongside the tree show the surveillance site, country or region of isolation,
MLST, and BAPS sub-cluster for each strain.
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3.3.3 AMR genes and plasmid replicons of S. Paratyphi B complex

Majority of the Bangladeshi S. Java strains lacked known determinants of AMR genes
where only three strains acquired mphA, gnrB, blappa-7, and sull AMR genes (confer
macrolide, fluoroquinolone, beta-lactam, and sulfamethoxazole resistance
respectively) and also carried both IncFIA and IncFIB plasmids. Additionally, two of
these strains also carried mphE and msrE, encoding resistance to macrolide or
erythromycin and streptogramin, respectively. Interestingly, a different set of AMR
genes blacars, aadA, floR , sull genes, which confer resistance to beta-lactam,
aminoglycoside, chloramphenicol and sulfonamide respectively was observed among
global S. Paratyphi B strains (n=10, 3.7%). Furthermore, high frequency of AMR
genes (aadA24, dfrA, sull, sul2, gyrA genes conferring integron-encoded
aminoglycoside, trimethoprim-sulphamethoxazole, fluoroquinolone  resistance,
respectively) were previously reported in Connor et al among poultry originated S.

Java strains (PG10) which was absent in human originated S. Java strains (PG2-9).
3.3.4 Comparative pan-genome analysis

A total 271 S. Paratyphi B complex pan-genomes comprised 11,929 genes including
3,706 core genes (present in > 95% of total genomes) and 8,223 accessory genes
(present in < 95% of total genomes). Among them, 4,141 core and 789 accessory
genes were for 46 S. Paratyphi B sensu stricto pan-genomes whereas 3,787 core and
7838 accessory genes were for 225 S. Java pan-genomes. The curve fitting parameter
values of y= 0.40 and y= 0.41 for S. Paratyphi B complex and S. Java indicated open
pan-genome but accumulation curve of S. Paratyphi B sensu stricto was closed (y= -
0.05) with less evidence of importation of new genes (Figure 3.7).

Next, clade-wise comparisons were performed to identify S. Paratyphi B biotypes
sensu stricto and Java specific genes. Comparative pan-genome analysis identified a
set of 20 and 30 core genes specific to S. Paratyphi B sensu stricto and S. Java,
respectively. S. Paratyphi B sensu stricto-specific genes were at same locus containing
approximately 59 genes that encoded bacteriophage Mu F-like protein, SPI-2 secreted
effector protein (sopE). S. Java-specific genes were clustered at three genetic loci
within a 181 CDS-long chromosomal region. These loci carried genes encoded (1)

hypothetical protein with a carboxymuconolactone decarboxylase; (2) ABC
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transporters for amino acid transport; (3) numerous hydrolase and oxidoreductase

enzymes for amino acids, carbohydrates and nitric oxide metabolism.
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Figure 3.7  Pan-genome dynamics of the S. Paratyphi B complex.

(@) The pan, core and accessory genomes and (b) gene accumulation curves are
depicted for the S. Paratyphi B complex and each biotype; see key for colour. Here,
core genes are defined as genes present in > 95% of total strains and accessory genes
are present in < 95% of total strains. Error bars above and below the median are
depicted by shading above and below the curve.

3.4 Study IV: Novel WGS approach based diagnostic assay

Of the total 62 blood culture positive bacterial strains isolated from blood samples of
enteric fever patients, 22 were S. Paratyphi A and 40 were S. Typhi. Among these S.
Typhi strains, 20 were belonged to H58 S. Typhi lineage based on WGS result of
study I. A single-plex conventional PCR assay was initially optimized with these
three sets of bacterial strains taken from study I, Il (set A: 22 S. Paratyphi A; set B: 20
S. Typhi and set C: 20 H58 S. Typhi) to validate the accuracy of three target genes
SSPA2308, STY2513, STY0307 as potential diagnostic markers for S. Paratyphi A, S.
Typhi and H58 S. Typhi detection, respectively.

The optimized single-plex PCR assays correctly amplified SSPA2308, STY2513,
STYO0307 target genes for all S. Paratyphi A (22/22, 100%), S. Typhi (20/20,100%),
H58 S. Typhi (20/20, 100%) positive DNA samples, respectively (Figure 3.8). In case
of S. Paratyphi A positive DNA, it did not show false positive band for S. Typhi, H58
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S. Typhi specific primer sets (lane 23, 24 in Figure 3.8 A). Similarly, in case of S.
Typhi positive DNA, it did not show false positive band for H58 S. Typhi, S.
Paratyphi A specific primer sets (lane 21,22 in Figure 3.8 B). As H58 Typhi is a
defined lineage of S. Typhi, H58 Typhi positive DNA also amplified for STY2513
target gene of Typhi (lane 21) but not amplified for S. Paratyphi A target gene (lane
22) (Figure 3.8 C)

A |5 Paratyphia 1 23456 78 910 111213141516171819202 2 3 %
positive DNA B e e p——

[Primerset > s, paratyphi A

B S‘TYPhi("On'H%) - 5 6 7.8 9 1011 12 1314 15 16 1718 19 20 N D
positive DNA - - . D - ——— D

I
ST

C H5§§-Typh' B 1 2 3 405G T 8 90100 110420 430 14 1560 170 18 1920 2 1
positive DNA SO O - —— - - — -

I

: T
S. Paratyphi A

Figure 3.8 Single-plex PCR for the diagnosis of typhoidal pathogens.

Agarose gel electrophoresis result showed positive, negative bands for respective
target genes separately (A) SSPA2308 gene: Lane 1-22: S. Paratyphi A positive, lane
23: S. Typhi negative, lane 24: H58 S. Typhi; (B) STY2513 gene: Lane 1-20: S. Typhi
positive, lane 21: H58 S. Typhi negative, lane 22: S. Paratyphi A; (C) STY0307 gene:
Lane 1-20: H58 S. Typhi positive, lane 21: H58 S. Typhi positive, lane 22: S.
Paratyphi A negative.

Once single-plex PCR optimization has been done, in next step this research moved to
set up multi-plex PCR with single sample from each set. But unfortunately, the PCR
assay was not worked out with the same thermal condition of single-plex PCR and did
not get positive bands for respective target genes (data not shown). Further
optimization was made by slightly changing in the elongation step (mentioned
detailed above method section 2.7.3) which showed single positive band for S. Typhi,
S. Paratyphi A positive strain (band position 1-2 in figure 3.9) and double positive
band for H58 lineage of S. Typhi (band position 3 in figure 3.9).
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Figure 3.9  Multi-plex PCR for the diagnosis of typhoidal pathogens.

Agarose gel electrophoresis showed result for all three SSPA2308, STY2513,
STYO0307 target genes in single reaction. Lane 1: S. Paratyphi A positive band for S.
Paratyphi A positive sample; Lane 2: S. Typhi positive band for S. Typhi positive
sample and Lane 3: H58 S. Typhi positive bands (one band for S. Typhi, one for H58
S. Typhi) for H58 S. Typhi sample. 1000 bp molecular weight marker was positioned
in the left side of the gel band (position for 200, 300, 500 bp were highlighted). The
PCR amplicon sizes for SSPA2308, STY2513, STY0307 was 305 bp, 509 bp, 227 bp
respectively.
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CHAPTER 4

DISCUSSION

4.1 General discussion

Although enteric fever is one of the major cause of morbidity and mortality in LMICs,
the characterization of S. Typhi and S. Paratyphi has not examined in greater detail at
molecular level. Also, there is still lack of systematic surveillance data representing
the actual disease burden and epidemiology of enteric fever in low resource settings
like Bangladesh. While the introduction of MLST approach has led to rapid progress
in population genetic studies for many bacterial pathogens [105], the analysis of
monomorphic pathogen such as S. Typhi, S. Paratyphi A populations have lagged
behind which necessitates the advantage of WGS data to provide an in-depth
comprehensive overview of the individual sequence variation. In this dissertation,
high resolution SNP based phylogenetic analysis was performed using a collection of
Bangladeshi S. Typhi and S. Paratyphi A, B strains which proven to be the most
reliable typing method and provide an improved discriminatory power than the
previously used typing scheme of these Salmonella serovars. In order to better
understand both global and regional strain circulation pattern, S. Typhi and S.
Paratyphi A, B sequence data generated in this dissertation was combined with

previously published global sequence data.

‘Study I’ demonstrated detail phylogenetic relationship of whole genome sequenced
202 Bangladeshi S. Typhi strains, representative of the past 13 years, harboring the
diverse population structure of Bangladesh with nine distinct genotypes. This
contrasts with the genomic data from ‘Study I’ where less diverse population
structure was observed among Bangladeshi S. Paratyphi A population. Previously, a
global population structure study classified S. Paratyphi A into seven lineages with
lineage A and C being the most dominant globally [112] which in lines with the
phylogenetic analysis of ‘Study I1° showing Bangladeshi S. Paratyphi A strains
clustered within these two dominant global lineages A, C along with lineage F.

Similarly, the population structure of Bangladeshi S. Java in ‘Study 111° was found to
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be less diverse, harbouring only three STs and clustering within either PG3 or PG4 in
global phylogeny.

Furthermore, ‘Study 111’ demonstrated the high-resolution view of S. Paratyphi B
complex, as this is the first WGS study in Bangladesh to distinguish between the S.
Paratyphi B biotypes Java and sensu stricto. S. Paratyphi B complex has long been
source of confusion for microbiologists, as these two biotypes have until now been
indistinguishable by the traditional serotyping approach [8, 116]. The addition of the
Bangladeshi Salmonella strains serotyped as Paratyphi B to the previously reported S.
Paratyphi B complex global phylogeny resulted phylogenetic clustering with the non-
typhoidal S. Java clades PG 3 and PG4 which were divergent from the typhoidal S.
Paratyphi B biotype sensu stricto lineage PG1 in the context of disease phenotype.
Furthermore, coupling of the WGS approach with the existing nationwide enteric
disease surveillance study across Bangladesh reported low prevalence of
gastroenteritis causing biotype S. Java collected from the stool sample of diarrhoeal
patients compared to other enteric pathogens. In general, S. Paratyphi B sensu stricto
infection is relatively uncommon in contrast to Chile where the substantial number of
paratyphoid B fever caused by this biotype were reported in the 1980s [9, 21, 196].
This report correlates with this study suggesting the absence of invasive paratyphoid B

fever with dominance of non-invasive gastroenteritis caused by S. Java in Bangladesh.

The phylogeographical data from S. Typhi and S. Paratyphi A, B genomic studies in
this thesis revealed random distribution throughout all the study sites with little
evidence of any regional geographic restriction across Bangladesh. Furthermore, there
did not appear to be any stratification by patient age group or sex suggesting all
patient groups were affected by the same range of lineages in these study settings,
similar to previous report on S. Typhi from Nepal [53]. Furthermore, global
contextualization of Bangladeshi S. Typhi and S. Paratyphi A strains revealed
intermingling with strains from neighboring India, Pakistan and Nepal which suggests
circulation of Bangladeshi strains throughout South Asia. Whereas the S. Paratyphi B
genomic data showed that all except two of the Bangladeshi S. Java strains clustered
with the strains from UK suggesting strong evidence of intercontinental long-range
transmission that might be because of large diaspora resident in the UK or the frequent

travel back to Bangladesh. Random global distribution, biasness of Bangladeshi S.
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Java strain towards only PG4 clade and rareness of the presence of other STs, PGs in
Bangladeshi population will provide information to track ongoing local or global

transmission for future surveillance efforts.

However, the formation and clonal transmission of multiple localised monophyletic S.
Typhi lineages within Bangladesh indicate ongoing local evolution, which perhaps
explain the dominance of novel Bangladesh-associated genotypes 4.3.1.3 and 3.3.2
including 3.3.2.Bd1, 3.3.2.Bd2 detected in ‘Study I’. The updated global S. Typhi
population structure enabled to redefine these genotypes based on unique SNPs that
have been added to the current GenoTyphi scheme
(https://github.com/katholt/genotyphi) [107]. The WGS based SNP genotyping
framework GenoTyphi was first developed in 2016 to provide robust and
phylogenetically informative nomenclature for S. Typhi genotypes [101]. Later,
subsequent genomic surveillance studies reported epidemiologically important
subpopulations with the availability of new sequence data which will facilitate the
identification and long-term monitoring of regional, global high risk clones [52, 53,
55, 57, 64, 66, 110, 138, 193].

In 2015, a landmark study addressing phylogeography of H58 haplotype reported that
South Asia was an early hub for H58 from which it rapidly disseminated to many
countries across Asia and Africa over the last 30 years [52]. In ‘Study I°, H58 lineage
| appeared to be dominant compared to H58 lineage Il which was consistent with
previous studies in which H58 lineage Il circulation was commonly found in
neighboring Nepal and India [53, 61, 197]. On the contrary, the newly defined H58
genotype 4.3.1.3 has been exclusively seen in Bangladesh except single introduction
of South African strain suggesting scant evidence of expansion of this lineage outside
Bangladesh and only sporadic evidence of intercontinental transmission events [109].
However, Bangladeshi S. Paratyphi A strains contributed to the clonal expansion of
lineage A which has been imported from neighboring countries on multiple occasions
whereas importation of lineages C, F occurred on single transmission event. This will
provide information to track ongoing local or global transmission for future

surveillance efforts.
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‘Study 111’ illustrates the population structure of Bangladeshi S. Java in finer detail by
redefining the original definition of the existing S. Paratyphi B complex global
phylogeny [198]. Bayesian Hierarchical clustering resolved the intermingling of PGs
3, 4 by updating the phylogeny upto two BAPS levels. The possible explanations for
this discrepancy might be the differences in the aims of these two studies. Previously,
the phylogenetic tree reported in Connor et al. was based on core SNPs alignment by
placing S. Paratyphi B strains into the wider genomic context of other Salmonella
serovars to define distinct lineages for S. Paratyphi B biotypes sensu stricto and Java
[8]. Whereas the phylogeny in ‘Study 111> was generated from SNPs alignment
relative to the reference S. Paratyphi B SPB7 genome and included only S. Paratyphi
B complex global strain together with Bangladeshi S. Paratyphi B sequenced genomes

to further classify which S. Paratyphi B biotype they belonged to [198].

The global S. Typhi genomic framework previously showed strong association of
MDR typhoid infection with the highly clonal H58 lineages mediated via IncHI1
plasmid [51-53, 99, 123, 136]. Surprisingly, acquisition of MDR genes were found
among 4.3.1.1 Bangladeshi strains in absence of IncHI1 plasmid. These MDR island
was inserted into S. Typhi chromosome, which has been observed previously in
different countries in Asia [52, 53] and also in Africa [56]. Such chromosomal
integration within Tn2670 like composite transposon is of great concern, as it
facilitates more stable transmission of MDR phenotype compared to plasmids driven
by the horizontal gene transfer. This S. Typhi genomic study reported for the first time
two major patterns of plasmid mediated resistant mechanism among 4.3.1.3 strains
which might be considered as a cause of initial clonal expansion of this recent H58

lineage.

Despite sporadic case report of IncHI1 like pAKU_1 MDR plasmid in S. Paratyphi A
suggests a very low prevalence of MDR but an increasing trend of fluoroquinolone
resistance due to chromosomal QRDR mutations of gyr, par genes [99]. However,
genomic data from °Study I, I’ showed a high frequency of QRDR mutation
associated with reduced fluoroquinolone susceptibility among both typhoidal S. Typhi
and S. Paratyphi A which might be the result of an increase in over-the-counter sale of
this drug over the last decade for treatment [109, 199]. Despite increasing reports of

antibiotic usage without prescription in Bangladesh, there has been a stark lack of
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evidence for widespread extrinsic resistance gene and plasmid acquisition amongst
Bangladeshi S. Java strains [198]. While the high frequency of AMR genes was
reported in global poultry-associated S. Java strains [8, 25], three Bangladeshi S. Java
strains carried fluoroquinolone resistance genes. This is matter of concern because
fluoroquinolone-resistant Salmonellae are on the WHO priority list of bacteria. This
result highlights the need of continued genomic surveillance to monitor the ongoing
AMR evolution [200].

From 2012 onwards, the alarming increase of QRDR single mutant non-H58 S. Typhi
strains coincided with the reduced prevalence of H58 MDR S. Typhi across all the
three sites inside urban Dhaka [109]. Despite high prevalence of single or double
chromosomal mediated QRDR mutations found among both H58 and non-H58
strains, a limited evidence of plasmid mediated quinolone resistance (PMQR) via
IncFIB(K) plasmid carrying gnrS1 resistance gene in absence of triple QRDR mutant
was detected in only 4.3.1.3 strains. Multiple subsequent studies from Nepal and India
have reported an emerging triple QRDR mutant H58 subclade associated with full
ciprofloxacin resistance[53, 110, 138] . Whereas a new sublineage of H58 lineage Bd
named ‘Bdq’ carrying gnrS1 in addition to multiple QRDR mutations was detected in
Bangladesh. This H58 subclade possessing high minimum inhibitory concentration
(MIC>4.0 pg/ml) against fluoroquinolone is responsible for treatment failure which
suggests ceftriaxone and azithromycin can be used as alternative treatment option for

enteric fever [108].

Fortunately, ceftriaxone and azithromycin resistant S. Typhi strain did not detect in
‘Study I’, while acquisition of azithromycin resistance acrB-R717L gene in one S.
Paratyphi A isolated from Dhaka in 2018 is of great concern [109]. Furthermore,
azithromycin resistant S. Typhi strains acquiring acrB-R717Q from genotype 4.3.1.1
was previously reported in Bangladesh [64, 108] which may possibly warrant for
reconsideration of current empirical antimicrobial use for treatment. Fortunately, the
major outbreak of ceftriaxone resistance that was first observed in Pakistan in 2016
among genotype 4.3.1.1 strain have not detected in Bangladesh [66]. Though single
ceftriaxone resistant S. Typhi strain acquiring blaCTX-M gene from genotype 3.3.0 in
2000 was detected previously in Bangladesh, this outbreak has not spread to

Bangladesh during the time of this study [108]. All these concluded consideration of
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ceftriaxone as first line of emperical treatment at present. Antimicrobial stewardship
has become more challenging with changing of antibiotic treatment practice and

altering the selective pressure profile.

‘Study 11’ conducted comparative analysis of cryptic pHCM2 plasmid among
Bangladeshi S. Typhi, S. Paratyphi A and non-typhoidal S. Java populations [109, 198,
199]. This plasmid was reported for the first time in Bangladeshi S. Paratyphi A
population in this study which was absent in the global S. Paratyphi A collection. The
lack of pHCM2 in global S. Paratyphi A strains emphasizes the point of interest to
better understand the source of origin and genetic difference from other Salmonella
serovars previously detected in Bangladesh. The pHCM2 cryptic plasmid was
originally isolated from a typhoid patient in Vietnam in 1992 [201]. The pHCM2
phylogenetic analysis showed high degree of genetic similarity between typhoidal S.
Typhi and S. Paratyphi A which was different from the nontyphoidal S. Paratyphi B
biotype Java at the level of single nucleotide changes and plasmid length suggesting
the evolution of this plasmid in S. Paratyphi A has occurred from S. Typhi. Further
studies are needed to monitor the trend over time period and to understand the effect

of this cryptic plasmid on enteric infections.

In this dissertation, genomic variation and evolution between typhoidal and non-
typhoidal Salmonella strains were further investigated by the pan-genome analysis
[198, 199]. Pan-genomic composition of core and accessory genes among Bangladeshi
S. Paratyphi A and S. Java was studied to better understand the population genetic
structure which provide cues about the mechanisms underlying host adaptation and
evolution. Previous studies based on whole genome comparative analyses carried out
at the population level showed highly conservative genomic structure among
typhoidal Salmonella serovars because of consequences of active pseudogenisation
and human host restricted nature [97, 98, 124, 132]. This is in line with previous
reports in which the lack of imported new genes with declining trend of core gene
indicated close S. Paratyphi A pan-genome. The similar pattern was also observed
among global typhoidal S. Paratyphi B biotype sensu stricto strains whereas pan-
genome analysis of non-typhoidal S. Java strains revealed open pan-genome due to
presence of higher numbers of accessory genes [198]. This could be a possible reason

behind the broad range of host adaptation from human to animal of S. Java [97]. In
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addition, comparative pan-genome analysis revealed distinguishing gene sets for both
biotypes of S. Paratyphi B complex and also for PGs 3,4 clades belonging
Bangladeshi S. Java strains which might be used as suitable markers for future

detection of these clades.

‘Study 1V’ was designed to evaluate the performance of rapid, reliable and, cost
effective WGS based PCR assay as diagnostic approach in poor resource settings like
Bangladesh that can be replaced conventional serotyping of blood or stool culture
positive bacteral isolates for pathogen detection. Firstly, a single-plex PCR assay was
optimized with blood culture positive S. Typhi, S. Paratyphi A and H58 S. Typhi strain
collection and showed 100% sensitivity of this assay by comparing with the
previously recorded blood culture result. Secondly, multi-plex PCR optimization has
been done with single set of samples which will evalute with bulk number of sample
set. Further studies are needed to continue this novel multi-plex PCR assay for regular

diagnostic or surveillance purpose in future.

Many earlier studies on nucleic acid based amplification method were selected S.
Typhi PCR targets based on antigenic properties such as O antigen somatic genes
(tyv, prt) [147], H antigen flagellar gene (fliC-d) [202], Vi capsular antigen gene
(viaB) [203] which were also found in other Salmonella serovars. Recent advances in
WGS of S. Typhi CT18, S. Paratyphi A AKU_ 12607 reference genome have
contributed to identify unique conserved regions specific to these serovars to
overcome limitations of poor sensitivity and specificity of previously used target
genes in earlier studies [45, 204]. This study tested only typhoidal pathogens with the
SSPA2308, STY2513, STY0307 target genes specific to S. Paratyphi A, S. Typhi,
H58 S. Typhi for their detection. Though the sensitivity of these target genes was
calculated with a panel of sample set but specificity was checked with only single
sample set which is not enough to calculate the specificity. In future, other febrile
illness patients and healthy individuals will also be included to evaluate the better
performance of this technique. The target genes used in this study not only have the
potential to address cost effective point of care (POC) diagnosis to distinguish S.
Typhi from S. Paratyphi A detection at the primary health care level in low resource
settings but also important to detect globally widespread disseminating S. Typhi H58

lineage. The genome based diagnostic approach has added a new dimension to design
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unique diagnostic marker for MDR associated H58 lineage detection which has the
potential to inform local treatment algorithms based on regional antibiotic
susceptibilities. In conclusion, this genome based PCR assay can be considered as
rapid, sensitive, reliable, accurate, cost effective for the diagnosis of typhoidal

pathogens directly from blood samples.

Each study described in this dissertation has some limitations. The S. Typhi, S.
Paratyphi A and S. Paratyphi B biotype Java genomes sequenced in study I, II, 111 was
relatively low in number. However, S. Typhi, S. Paratyphi A strains analysed in study
I, 1l were from three study sites inside Dhaka and only four divisions across
Bangladesh, respectively that may not be representative of the overall the actual
incidence, population structure of enteric fever in Bangladesh. Although the overall
dataset covering all divisions of Bangladesh in study Ill, still this study could not
observe any significant MLST distribution across ten study sites due to low
prevalence of S. Java positive cases in each surveillance sites. However, these
genomic data improve the knowledge regarding genomic variation, evolutionary

changes for planning future treatment or control strategies.

4.2 Future work and conclusion

The results of the all of the four studies carried out in this dissertation highlight the
importance of WGS based surveillance studies in Bangladesh and other resource
limited settings where the disease burden is high and many different AMR phenotypes
have been observed. Continued genomic surveillance might help us to reveal novel
resistance mechanism and also provide detailed information to design better, rapid,

cost effective diagnostic approaches.

Future studies on evaluating the performance of the SNP based diagnostic assay and
implementing in regional hospital settings for routine diagnosis will be crucial to track
and control the spread of pathogen at early stage. In future, multi-plex PCR will be
carried out with DNA directly extracted from blood specimen of suspected enteric
fever patients without doing blood culture to reduce the time of identification. In
addition, a rapid dipstick lateral flow assay developed by Professor Ankur Mutreja’s
team at University of Cambridge will be introduced at icddr,b in replace of traditional
agarose gel electrophoresis for visualization of amplified PCR product.
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However, WGS approaches open up new opportunities for disease prevention
programme through use of improved surveillance framework to differentiate between
the typhoidal and non-typhoidal Salmonella serovars so that public health
interventions can be implemented and further serovar replacement can be tracked
early. The potential application of WGS offers to implement innovative molecular
surveillance for routine enteric fever diagnosis and paves the pathway for regional and
global high-risk AMR clone identification, resistance mechanisms and their evolution

to inform disease control measures, preventive strategies and treatment guidelines.
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APPENDIX A

Reagents and Preparation of Different Media

Reagents

Salmonella-specific O and flagellar H antiserum (Denka Sieken Tokyo, Japan)
20% glycerol (Sigma Aldrich)

Wizard Genomic DNA Kit (Promega, A1120)

NexteraXT DNA sample Preparation Kit (Illumina, FC-131-1024)

Nuclease free water (Thermo Scientific)

2X PCR master mix (Thermo scientific)

Agarose (Bio-Rad Laboratory, Richmond, CA, USA)

Gel Red, Biotium, Hayward, CA, USA

© N o o~ w DN PE

Preparation of different media

1. MacConkey agar plate (1000 mL, pH=7.2)

Peptone 20.0gm
Lactose 10.0 gm
NaCl 50gm
Bile salts 1.5gm
Neutral red 0.05gm
Crystal violet 1.0gm
Bacto agar 15.0 gm

2. Salmonella-Shigella (SS) agar plates (1000 mL, pH=7.2)

Beef extract 50gm
Enzymatic digest of Casein 2.50 gm
Enzymatic digest of Animal tissue  2.50 gm
Lactose 10.0gm
Bile salts 8.50 gm
Sodium citrate 8.50 gm
Sodium thiosulfate 8.50 gm
Ferric citrate 1.0gm
Brilliant green 0.00033 gm
Neutral red 0.025

Agar 13.50



3. Kligler’s Iron Agar (1000 mL, pH=7.4)

Beef extract
Yeast extract
Peptone
Proteose peptone
Lactose

Glucose

Ferrous sulfate
Sodium chloride
Sodium thiosulfate
Agar

Phenol red

3.0gm
3.0gm
15.0 gm
5.0gm
10.0 gm
1.0gm
0.2gm
5.0gm
0.3gm
12.0gm
0.024 gm

4. Motility Indole Urea (MIU) (1000 mL, pH=7.4)

Peptone
KH,PO,4
Sodium chloride
Phenol red

Urea

Bacto agar

30.0gm
2.0gm
5.0gm
0.005 gm
20.0gm
4.0gm

5. Citrate agar (1000 mL, pH=7.4)

NaCl

MgSO,
NH4PO4
Sodium citrate
Bacto agar

5.0gm
0.2 gm
1.0gm
2.0gm
20.0 gm

6. Brain Heart Infusion (BHI) broth (1000 mL,pH=7.4)

Calf brain, infusion form
Beef heart, infusion form

Proteose peptone
Dextrose

Sodium chloride
Disodium phosphate

200 gm
250 gm
10 gm
2gm
5gm
2.5gm
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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 pg/mL) potentially
involving a gnrS 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, W1,
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 (vlbeta.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+ I' substitution model; GTRGAMMA in RAXxML)
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 ISI (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/5Gz]7Umoz). 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.0008036.9001

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%)
233 30 (14.85%)
3.0.1 1 (0.50%)
3.1.2 2(0.99%)
322 44 (21.80%)
33.2" 28 (13.86%)
43.1.3" 19 (9.41%)
43.1.1 63 (31.19%)
43.12 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,
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belonging to the 17 genotypes that were detected in Bangladesh (Fig 4, interactive phylogeny
available at https://microreact.org/project/5Gz]7Umoz). 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/5Gz]7Umoz), 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
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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).

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%)

blargpr g, catAl dfrA7, sull, sul2, strAB / gyrA-S83F 47 (56.63%) 0 (0.00%) 47 (23.27%)

blargp g, catAl dfrA7, sull, sul2, strAB, tetB / gyrA-S83Y 8 (9.64%) 0(0.00%) 8(3.96%)

blargar g, catAl dfrA7, sull, sul2, strAB / gyraccessA-S83F, parC-E84K 1(1.20%) 0 (0.00%) 1 (0.50%)

blargpr g, catAl dfrA7, sull / gyrA-S83F 1(1.20%) 0 (0.00%) 1 (0.50%)

catAl, dfrA7, sull / gyrA-S83F 8 (9.64%) 0 (0.00%) 8(3.96%)

blargar.g, 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%) 2 (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 catAl, dfrA7, sull, sul2, blatgy 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 (catAl, dfrA7,
sull; 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 ISI 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 (blargar g, catAl, dfrA7, sull, 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 (blaggy,.;, sul2, tetA) conferring
resistance to ampicillin, sulfonamides, tetracyclines, and also gnrS 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).

Opverall, 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 gnrS 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,
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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)/gnrS 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 gnrS-positive
clade (associated with ciprofloxacin MIC of 4 pg/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 gnrSI 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 blacrx a5 (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.
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Abstract

Background

The proportion of enteric fever cases caused by Salmonella Paratyphi A is increasing and
may increase further as we begin to introduce typhoid conjugate vaccines (TCVs). While
numerous epidemiological and genomic studies have been conducted for S. Typhi, there
are limited data describing the genomic epidemiology of S. Paratyphi A in especially in
endemic settings, such as Bangladesh.

Principal findings

We conducted whole genome sequencing (WGS) of 67 S. Paratyphi A isolated between
2008 and 2018 from eight enteric disease surveillance sites across Bangladesh. We per-
formed a detailed phylogenetic analysis of these sequence data incorporating sequences
from 242 previously sequenced S. Paratyphi A isolates from a global collection and provided
evidence of lineage migration from neighboring countries in South Asia. The data revealed
that the majority of the Bangladeshi S. Paratyphi A isolates belonged to the dominant global
lineage A (67.2%), while the remainder were either lineage C (19.4%) or F (13.4%). The
population structure was relatively homogenous across the country as we did not find any
significant lineage distributions between study sites inside or outside Dhaka. Our genomic
data showed presence of single point mutations in gyrA gene either at codon 83 or 87 asso-
ciated with decreased fluoroquinolone susceptibility in all Bangladeshi S. Paratyphi A iso-
lates. Notably, we identified the pHCM2- like cryptic plasmid which was highly similar to S.
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Typhi plasmids circulating in Bangladesh and has not been previously identified in S. Paraty-
phi A organisms.

Significance

This study demonstrates the utility of WGS to monitor the ongoing evolution of this emerging
enteric pathogen. Novel insights into the genetic structure of S. Paratyphi A will aid the
understanding of both regional and global circulation patterns of this emerging pathogen
and provide a framework for future genomic surveillance studies.

Author summary

Salmonella enterica serovar Paratyphi A is an understudied cause of enteric fever which
has started replacing Salmonella Typhi in some endemic regions. Currently, there are lim-
ited genomic epidemiology data to understand the true disease burden of disease caused
by S. Paratyphi A in poor resource settings like Bangladesh. Our genomic data revealed
that the population structure of S. Paratyphi A in Bangladesh comprised of only previ-
ously defined lineages A, C and F and carried single point mutation in gyrA gene associ-
ated with decreased fluoroquinolone susceptibility with no evidence of multi-drug
resistance. Additionally, the global context revealed the clustering of organisms associated
with neighboring countries in South Asia. We identified the pHCM2-like cryptic plasmid
among our collection, which was not found in any S. Paratyphi A isolates previously. A
comparative plasmid analysis showed that S. Paratyphi A pHCM2-like plasmid was highly
similar to the plasmid found in S. Typhi but significantly different to a similar plasmid
from non-invasive Salmonella Paratyphi B variant Java isolate from Bangladesh. This pres-
ent study highlights the importance of sustained genomic surveillance to monitor the
ongoing evolution of antimicrobial resistant determinants and plasmids in Bangladesh
and transmission between different countries.

Introduction

Typhoid and paratyphoid fever are severe systemic infections caused respectively by the
human-restricted bacteria Salmonella enterica serovar Typhi (S. Typhi), and the various Sal-
monella Paratyphi pathovars (S. Paratyphi A, B, and C). Collectively, these infections are called
enteric fever, with S. Typhi accounting for approximately 80% of all enteric fever cases globally.
Recent data suggests an increased prevalence of S. Paratyphi A (the dominant Paratyphi patho-
var) infection in parts of Asia, which has been estimated as ~35% of cases in India and Nepal
and >60% of enteric fever in China [1-4]. During a community-based study in densely popu-
lated area of Dhaka, Bangladesh, the incidence of S. Paratyphi A infections doubled from 0.2
per 1,000 person-years in 2001 to 0.4 episodes per 1,000 person-years in 2004 [5].

S. Paratyphi A is recognized as an emerging pathogen and is also commonly reported
among travelers returning from endemic regions, as enteric fever vaccines only protect against
disease caused by S. Typhi [3]. The key antigen of current typhoid conjugate vaccines (TCVs)
is the Vi polysaccharide [6]; however, S. Paratyphi A lacks the Vi polysaccharide, with the
focus of S. Paratyphi A vaccine research being the specific O-antigen. A number of promising
live attenuated and conjugate S. Paratyphi A vaccines are in the early phase of clinical develop-
ment [2,7]. However, until there is a licensed S. Paratyphi A vaccine, or a global improvement
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in water, sanitation, and hygiene (WASH) conditions, antimicrobial therapy is the only strat-
egy to control paratyphoid fever. Notably, in the case of S. Typhi, the widespread use of antimi-
crobials has resulted in the emergence of antimicrobial resistance (AMR), with a high
prevalence of multi-drug resistance (MDR, defined as resistance to ampicillin, chlorampheni-
col and trimethoprim-sulfamethoxazole) associated with a self-transmissible IncHI1 plasmid,
and chromosome-mediated resistance to fluoroquinolones. Correspondingly, there are less
data regarding plasmid-mediated AMR in S. Paratyphi A, with some reports suggesting a very
low prevalence of MDR but an increasing trend of fluoroquinolone resistance due to chromo-
somal mutations in the DNA gyrase (gyrA, gyrB) genes and the topoisomerase IV (parC, parE)
genes [4,7-11]. Additionally, apart from the rising trend of fluoroquinolone resistance in S.
Paratyphi A, there have been sporadic reports of azithromycin resistant isolates [8], and a
blacrx m.15 extended-spectrum beta-lactamases (ESBL) producing S. Paratyphi A isolate was
isolated from a traveler returning to UK from Bangladesh in 2017 [12].

Data regarding the molecular epidemiology, including the population structure and trans-
mission dynamics, of this neglected emergent pathogen is limited from endemic countries like
Bangladesh. Whole genome sequencing (WGS) is an excellent tool for generating new insights
into bacterial pathogens, and sequencing data will aid in the identification of specific targets
for better diagnostics and designing potential vaccine candidates. Here, we exploited WGS to
better understand the population of S. Paratyphi A isolated from patients in Bangladesh in the
last 10 years until 2018. We employed this method to comprehensively assess the genomic var-
iation, AMR determinants, and auxiliary plasmid profiles of 67 S. Paratyphi A isolated between
2008 and 2018 from eight enteric disease surveillance study sites in Bangladesh.

Methods
Ethics statement

Ethical approval was obtained from the Research Review Committee (RRC) and Ethical
Review Committee (ERC) of the International Centre for Diarrhoeal Disease Research, Ban-
gladesh (icddr,b). Informed written consent was taken from adult participants and the legal
guardians of child participants under 18 years old for the studies from which isolates were
collected.

Study settings

icddr,b is an international health research organization located at Mohakhali area in Dhaka
which contributed to various enteric disease surveillance studies across Bangladesh. We
designed this genomic study with eight different enteric disease surveillance study sites in Ban-
gladesh that conducted by icddr,b. A nationwide enteric disease surveillance study [13] was
conducted in ten hospitals located in eight different districts of Bangladesh in collaboration
with the Institute of Epidemiology, Disease Control and Research (IEDCR), from which we
included all the available S. Paratyphi A isolated between 2014 and 2018 from five hospitals
(Site 1: Naogaon Sadar Hospital, Site 2: Potuakhali General Hospital, Site 3: BITID, Chitta-
gong, Site 4: Uttara Adhunik Hospital, Site 7: Dhaka Medical College) for this genomic study
(Fig 1). In addition, the Typhoid Immunization Surveillance study (TIS study) [14-16] was
conducted within three urban areas in Dhaka city and, we included S. Paratyphi A isolated
between 2008 and 2016 from these three sites (Site 5: icddr,b Mirpur field site, Site 6: icddr,b
Mohakhali Hospital and Site 8: icddr,b Kamalapur field site) (Fig 1). For both surveillance
studies, suspected enteric fever patients were enrolled from study sites based on the criteria of
fever of at least 38°C for a minimum duration of three days.
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Fig 1. Geographical distrbution of S. Paratyphi A lineages in each study site of Bangladesh. Map of Bangladesh showing the lineage distribution at each of the eight

study sites across Bangladesh (Direct base layer link for Bangladesh and Dhaka map available athttps://geodash.gov.bd/layers/geonode:level _1_administrative_areas and
https://geodash.gov.bd/layers/geonode:dhaka_administrative_boundaries respectively, maps sourced from https://geodash.gov.bd and modified by using ArcGIS10.8.1
software). Pie charts at each site depict the lineage distribution. The number of S. Paratyphi A positive cases (1) at each study site are also shown in the key.

https://doi.org/10.1371/journal.pntd.0009748.9001

Sample collection and bacterial isolation

Blood samples (3mL for children <5 years of age and 5mL for others) from enteric fever sus-
pected patients were collected upon enrollment, inoculated into blood culture bottle and incu-
bated in automated BacT/Alert machines [14]. All positive blood culture bottles were sub-
cultured onto MacConkey agar plates and incubated at 37°C for 18-24 hours. Non-lactose fer-
menting colony(s) from the MacConkey agar plates were inoculated to identify the Salmonella
spp. by using standard biochemical tests and candidate S. Paratyphi A isolates were further
confirmed by serotyping with Salmonella-specific O and flagellar H antiserum (Denka Sieken
Tokyo, Japan) [14,15]. All S. Paratyphi A isolates were stored with 20% glycerol at -70°C for
further use. In this study, we included all available stored S. Paratyphi A isolates (n = 67) for

WGS.
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Whole genome sequencing and SNP calling

Genomic DNA was extracted from the S. Paratyphi A isolates 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 [17]. WGS was performed at the Wellcome Sanger Institute using the Illumina Hiseq2500
platform (Illumina, San Diego, CA, USA) to generate 150 bp paired end reads. The read quality of
each isolate was screened using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc). Sequence reads were submitted to the European Nucleotide Archive and a full list of acces-
sion numbers with metadata for each isolate is summarized in S1 Table. Additionally, 242 global S.
Paratyphi A sequences were also included in the analysis to provide global context (S2 Table) [18].

Paired-end reads were mapped against the reference genome of S. Paratyphi A AKU_12607
(accession number: FM200053) using SMALT (v0.7.6) [19] to produce a BAM file. SAMtools
(v1.9) [20] was used to identify SNPs with Phred scores above 30 and remove low confidence
alleles with consensus base quality <20, read depth <5 or heterozygous base calls. SNPs
located in prophage regions, repetitive sequences or recombinant regions as detected by Gub-
bins (v2.4.1) [21] were also excluded. Then SNP-sites (v2.5.1) [22] extracted the SNPs from the
multi-FASTA alignment and SNP distances were calculated using the dna.dist function in the
Analysis of Phylogenetics and Evolution (ape) R package (v5.4-1) [23].

Phylogenetic and statistical analysis

RAxML (v8.2.8) [24] was used to construct a maximum likelihood (ML) phylogenetic tree
from the SNP alignment. A generalized time-reversible model and a gamma distribution was
used to model site-specific rate variation (GTR+ I" substitution model; GTRGAMMA in
RAxML) with 100 bootstrap pseudo-replicates used to assess branch support for the ML phy-
logeny. The resulting phylogenies were visualized and annotated using FigTree (v1.4.4)
(http://tree.bio.ed.ac.uk/software/figtree), and the R package ggtree (v2.4.1) [25]. We per-
formed Fisher’s exact tests implemented in STATA [26] to determine statistical differences of
lineage distribution between study sites inside and outside Dhaka.

Comparative pan-genome analysis

Raw sequence reads were assembled de novo using Unicycler (v0.4.7) [27] and annotated with
Prokka (v1.12) [28]. The quality of genome assemblies were assessed by QUAST (v5.0.2) [29] and
the assembly metrics i.e. number of contigs (>1,000bp) and total assembly length (contigs
>1,000bp) of both Bangladeshi and global Paratyphi A isolates are summarised in S3 Table. We
included genome assemblies that meet the threshold less than 100 contigs by using the formula
(mean + 0.5 standard deviation) for comparative pan-genome analysis. Roary (v3.12.0) [30] was
performed on annotated assembled genomes to identify the pan-genome, using a blastp percent-
age sequence identity of 95% and a core definition of present in > 95% of the included isolates.
The Heaps function within the Micropan R package [31] was used to plot the pan-genome curve
which calculates the curve fit constant according to Heaps law [32]: n = k*N'*, where n is pan-
genome size, N is the number of genomes and k is the curve-specific constant. The exponential
term, o. determines whether the pan-genome of a bacterial variant is closed (0:>1) or open (0.<1).

Antimicrobial resistance gene, plasmid identification and comparative
pHCM2 plasmid analysis

ARIBA (v2.14.4) [33], in conjunction with the comprehensive antibiotic resistance database
(CARD) [34], and the PlasmidFinder database [35] were used to detect AMR genes and
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plasmid replicons, respectively. AMR mutations in S. Paratyphi A genomes, including point
mutations in the quinolone resistance-determining region (QRDR) of genes gyrA, parC and
mutation in acrB associated with azithromycin resistance were identified using the genopara-
typhi python script (available at: https://github.com/zadyson/genoparatyphi/).

To investigate the genetic diversity, evolution, and circulation of the pHCM2 plasmids pres-
ent in Bangladeshi S. Typhi and S. Paratyphi populations, we constructed pHCM2 plasmid
phylogeny including 17 S. Paratyphi A genomes from this present study and 334 S. Typhi and
a single S. Paratyphi B variant Java (S. Java) genome from previous studies in Bangladesh [36-
38]. A full list of accession numbers for each genome used for pHCM2 phylogeny is summa-
rized in S4 Table. Briefly, all the raw sequencing reads from these organisms were mapped to
the reference S. Typhi CT18 pHCM2 plasmid (accession number: AL513384.1) using local sen-
sitive mapping Bowtie2 (v2.4.2) [39] and SNPs were identified using SAMTools (v1.3.1) [20].
SNPs that did not meet the quality criteria (Phred score > 30, depth coverage >5) were
excluded from plasmid analysis. RAXML v8.2 [24] was used for constructing a maximum like-
lihood (ML) plasmid phylogeny based on the total of 1788 core SNPs calling from mapping.
RAxML (v8.2.8) used the generalized time-reversible evolutionary model with gamma-distrib-
uted rate variation (GTR+ I'). One hundred bootstrap pseudo-replicate analyses were per-
formed to assess the robustness of the ML tree topology. Moreover, we also compared the
annotated pHCM2 plasmid sequence of S. Paratyphi A and S. Paratyphi B variant Java and to
the reference pHCM2 plasmid by BLAST [40] to identify sequence similarity with the database
and visualized these comparisons using Artemis Comparison Tool (ACT) (v18.0.2) [41] and
Easyfig (available at https://mjsull.github.io/Easyfig/). pHCM2 plasmid integrity was con-
firmed by visualizing the assembly graph of pHCM2 plasmid carrying S. Paratyphi A genome in
assembly graph viewer Bandage tool (v0.8.1) (available at https://rrwick.github.io/Bandage/).

Results
The population structure of S. Paratyphi A isolates in Bangladesh

We subjected the genome sequences of the 67 Bangladeshi S. Paratyphi A isolates and an addi-
tional 242 global S. Paratyphi A genome sequences to phylogenetic analysis. We obtained a
final set of 5,419 chromosomal SNPs from a total alignment length of 4,794,508 bp for the total
309 S. Paratyphi A genomes. The resulting global phylogeny could be subdivided into the
seven previously defined distinct lineages (A to G); the S. Paratyphi A isolated from Bangla-
desh were restricted to only lineages A (67.2%), C (19.4%) and F (13.4%) (Fig 2). S. Paratyphi
A isolates in this study were most closely related to isolates originating in Nepal, India, Paki-
stan, and Myanmar, suggesting regional circulation of these lineages across South Asia. Nota-
bly, the majority (42/67, 62.6%) of the contemporary Bangladeshi sequences formed a
monophyletic sub-lineage within lineage A that we herein defined as sub-lineage A3. This
dominant Bangladeshi sub-lineage was closely related to sub-lineage A1 isolates from Nepal
(median distance ~70 SNPs). Moreover, three Bangladeshi isolates were intermingled with
lineage A Indian isolates on two independent branches separated by median of 25 and 9 SNPs
respectively. Aside from lineage A, a single Nepalese S. Paratyphi A isolate from lineage F was
grouped within nine Bangladeshi isolates and separated by median of 44 SNPs. The remaining
13 isolates clustered within sub-lineage C4 as did organisms from Pakistan and Myanmar
(median distance 57 SNPs).

We additionally assessed the distribution of lineage A, C, and F among 67 isolates collected
from eight study sites covering four divisions within Bangladesh (Fig 1). This geographical
location data outlined a heterogeneous distribution of lineages between study sites, with the
exception of some study sites with a limited number of isolates. Lineage A was distributed
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Fig 2. Global population structure of Bangladesh S. Paratyphi A with AMR genes and plasmid replicons presence heatmap. Maximum-likelihood phylogenetic tree of
309 S. Paratyphi A genome sequences from the global collection including Bangladeshi isolates from this study. The coloured heatmap shows country, lineages, AMR
genes, mutations in the QRDR and acrB genes, plasmid replicons for each isolate; see legend for colours.

https://doi.org/10.1371/journal.pntd.0009748.9002

throughout all eight study sites, with three sites (2, 4, and 6) harboring isolates from lineage A
only. All these three lineages (A, C, F) were detected in the icddr,b Kamalapur field site (site 8;
n = 32) and the Mirpur field sites (site 5; n = 5), located in Dhaka. Two lineages (A, C) were
restricted to the remaining three hospital sites (1, 3, and 7). We did not observe any significant
difference (p = 0.15; Fisher’s exact test) in the distribution of lineages between the five study
sites within Dhaka (sites 4, 5, 6, and 7; n = 52) and the three study sites outside Dhaka (sites 1,
2,and 3; n = 15).
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Comparative pan-genome analysis

We first conducted a pan-genome analysis on all 309 S. Paratyphi A genomes to investigate the
gene distribution among the serovar. The pan-genome comprised 18,802 genes including
4,054 core genes (detected in > 95% of all genomes) and 14,748 accessory genes (detected

in < 95% of all genomes). The seemingly overestimated accessory gene set, driven by the pres-
ence of 14,748 cloud genes (detected in only < 15% of total genome), was due to fragmentation
of genome assemblies. To minimize the effect of low-quality sequence data, we further assessed
the quality of genome assemblies (i.e explained details in method; S3 Table), and reconsidered
the comparative pan-genome analysis using 295 quality-filtered assemblies. The revised pan-
genome contained 9,093 genes, divided into 4,125 core genes and 4,968 accessory genes. In a
typical S. Paratyphi A genome (average 4,300 coding sequences, n = 295), the core genes
account for 96.1% of the coding sequences. We also observed the gene accumulation curve of
S. Paratyphi A pan-genome (n = 295) slowly flattened with the addition of new genomes, with
a curve fitting parameter o value of 1.000015, indicating a closed pan-genome (S1 Fig). Based
on the pan-genome size and the proportion of a typical genome comprised of core genes, we
concluded that the S. Paratyphi A possesses a conservative genomic structure with little evi-
dence of importation of new genes.

AMR genes and plasmid profiles associated with Bangladeshi S. Paratyphi A

We explored the Bangladeshi S. Paratyphi A genome sequences together with a global collec-
tion of S. Paratyphi A from previous studies for genes and mutations associated with AMR
and also to identify plasmid replicons (Fig 2). Notably, and contrary to previously published
data from S. Typhi from Bangladesh, the AMR genes, catA, dfrA7, sull, sul2, strA, strB, and
blargp. 1, which confer an MDR phenotype were not detected in our Paratyphi A collection.
Despite a lack of genes associated with MDR, non-synonymous mutations in the QRDR
(either codon 83 or 87) of gyrA, associated with reduced susceptibility to fluoroquinolones,
were found in all 67 of the Bangladeshi S. Paratyphi A isolates. Among the gyrA QRDR muta-
tions detected, S83F (85.1%; 57/67) was the most common, followed by S83Y (9%; 6/67), and
D87G (6%; 4/67). No double or triple QRDR mutations in gyrA, gyrB, parC, parE genes were
observed in any S. Paratyphi A isolates of this study. In addition, a single S. Paratyphi A organ-
ism isolated from Dhaka Medical College (site 7) in 2018 carried an R717L mutation in acrB,
which conferred resistance to azithromycin. Plasmid associated sequences were limited in
these genome sequences, an IncX1 plasmid and IncFIB-pHCM2-like plasmid were identified
in 12 and 17 isolates, respectively (Fig 2).

The origins of pHCMC2-like plasmid in Bangladeshi S. Paratyphi A

Aiming to better understand the emergence of pHCM2-like plasmid in 17 Bangladeshi S. Para-
typhi A isolated from this present study, we conducted further fine-detailed comparisons of
these genomes with the reference S. Typhi CT18 pHCM2 plasmid and a non-typhoidal Salmo-
nella serovar (S. Java). We constructed a pHCM2 phylogenetic tree incorporating plasmid
sequences from the 17 S. Paratyphi A, 334 S. Typhi, and one S. Java isolated from Bangladesh
(Fig 3 and S4 Table) to understand the recent evolutionary history of this cryptic pHCM2
plasmid. The pHCM2 plasmid phylogeny and BLAST analysis revealed that the pHCM2
sequences from S. Typhi (106,516 bp) and S. Paratyphi A (106,706 bp) were highly related,
with 99.98% nucleotide identity (average 19 SNPs variation). Importantly, the S. Paratyphi A
pHCM2- like plasmid assembled into a single contig that was predicted to be circular by analy-
sis using Bandage (52 Fig). Conversely, a more distantly related pHCM2-like plasmid has been
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Fig 3. The local evolutionary history of the pHCM2 plasmid in Bangladesh. (A) Unrooted of maximum likelihood whole pHCM2 phylogeny including S. Paratyphi A
isolates from this study and S. Typhi, S. Paratyphi B variant Java from previous studies in Bangladesh (B) Maximum likelihood of pHCM2 phylogeny including only S.
Paratyphi A and Typhi isolates. The coloured heatmap shows species and year of collection for each isolate.

https://doi.org/10.1371/journal.pntd.0009748.9g003

previously detected in non-typhoidal S. Java (107,362 bp), and shares 98.8% identity with S.
Typhi CT18 pHCM2 plasmid across only 90% of the sequence (average 1,697 SNPs variation).
Next, we compared the annotated pHCM2 reference plasmid sequence of S. Typhi CT18
with S. Paratyphi A and S. Java to identify the genetic difference of pHCM2 between typhoidal

and non-typhoidal Salmonella and identified 12 non-identical regions against pHCM2 plas-
mid reference, including three insertions and one deletion (S2 Fig, S5 Table). Most of these
non-identical regions were hypothetical proteins and only a few were related to DNA metabo-
lism and phage. Furthermore, we conducted pan-genome analysis on all 309 S. Paratyphi A
and identified 127 proteins (113 hypothetical proteins and 14 annotated proteins) which were
present in only the 17 pHCM2-like plasmid-harboring Bangladeshi S. Paratyphi A isolates but
not present in other global S. Paratyphi A isolates (S6 Table).

Discussion

In this study, we performed whole genome sequencing of S. Paratyphi A collection isolated
during nationwide enteric disease surveillance in Bangladesh and combined these sequence
data with an additional 242 sequences from a global collection of S. Paratyphi A genomes [18].
Previously, a global population structure study by Zhou et al. 2018 classified S. Paratyphi A
into seven lineages and identified lineages A and C as the most dominant globally [42]. Our
phylogenetic analysis confirmed these data, finding lineage A to be the most common in Ban-
gladesh, with the overall population comprised of only three lineages (A, C, and F). The addi-
tion of 67 Bangladeshi S. Paratyphi A isolates into the global phylogeny suggests that there
may have been an ongoing clonal expansion of lineage A. This lineage appears to have been
imported from neighboring countries on multiple occasions, which contrasts with onserva-
tions from lineages C and F which appeare to have been introduced on one occasion in this

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009748 October 14, 2021 9/15


https://doi.org/10.1371/journal.pntd.0009748.g003
https://doi.org/10.1371/journal.pntd.0009748

PLOS NEGLECTED TROPICAL DISEASES Genomic diversity of Salmonella Paratyphi A in Bangladesh

dataset, all of which provides information to track ongoing local or international transmission
for surveillance efforts. Additionally, the apparently random distribution of these three line-
ages across eight nationwide surveillance sites provides limited evidence for regional geo-
graphic restriction of S. Paratyphi A lineages in Bangladesh.

Over the past two decades, the emergence of resistance to the first line antimicrobials for S.
Typhi infections has led to change in treatment. Firstly, fluoroquinolones were adopted, fol-
lowed by third generation cephalosporins and the antibiotic azithromycin. High incidence of
MDR typhoid, associated with self-transmissible IncHI1 plasmids, has been previously
reported in many endemic settings throughout Asia and Africa [18,37,43]. Notably, the
absence of MDR genes in the genome sequences of these 67 Bangladeshi S. Paratyphi A isolates
is in stark contrast with S. Typhi. Indeed, studies from Nepal and Pakistan have identified
cases of S. Paratyphi A associated with MDR phenotypes and resistance to third-generation
cephalosporins mediated by extended spectrum beta lactamases [44,45]. The potential excep-
tion to the surprising lack of AMR, was the resistance (or reduced susceptibility) to fluoroquin-
olones. Decreased fluoroquinolone susceptibility is associated with chromosomal mutations in
the QRDR. Our data shows that single chromosomal gyrA point mutations in QRDR was
observed among all Bangladeshi S. Paratyphi A isolates. In addition to QRDR mutation, one
recent acquisition of R717L mutation in acrB gene associated with azithromycin isolated from
Dhaka in 2018 is of major concern. Similar mutations have been recently identified in S. Typhi
and S. Paratyphi A in Nepal, India, Pakistan and also Bangladesh [8,46,47]. This observation
reminds us of the need for constant review of empirical antimicrobials used for the treatment
of enteric fever and highlights the need of continued genomic surveillance to monitor ongoing
AMR trends in invasive Salmonella.

We additionally observed non-AMR associated IncFIB-pHCM2-like cryptic plasmids and
IncX1 plasmids among the contemporary Bangladeshi S. Paratyphi A isolates, which have also
been previously reported in the S. Typhi population [36,37], although the pHCM2-like plamid
was not detected in any global S. Paratyphi A isolates [18]. The abundance of this cryptic
pHCM2 plasmid among Bangladeshi S. Typhi and S. Paratyphi A population has still not been
well understood. To our knowledge this is the first time that a pHCM2-like plasmid has been
described in S. Paratyphi A and our phylogenetic analysis might suggest that the ancestral ori-
gins of pHCM2-like plasmid in the S. Paratyphi A isolates were likely in S. Typhi, and poten-
tially entered into the S. Paratyphi A population as early as 2011; the earliest origination of
pHCM2 in S. Typhi in Bangladesh has been reported in 1999 [36,37]. However, these 17 Ban-
gladeshi S. Paratyphi A isolates were only from Dhaka city and restricted within only sub-line-
age A3 which indicate that they may have been transferred on a single occasion. A previous
study reported that pHCM2 in S. Typhi CT18 shared 56% sequence identity with the viru-
lence-associated pMT1 plasmid in Yersinia pestis [48]. Here we determined that the pHCM?2
sequences from the Bangladeshi S. Paratyphi A, S. Typhi, and S. Java shared approximately
51-59% sequence identity and 96% coverage with pMT1. pHCM2 carries bacteriophage genes
and genes related to DNA metabolism and replication. It has been suggested that Salmonella
enterica serovar Typhimurium rough strain-specific phage SSU5 (SSU5), may be an ancestral
form of pHCM2 [49]. Here we found the pHCM2 plasmid shared 81-82% sequence similarity
with SSU5 phage genes. We hypothesize that these phage gene regions may have a role in hori-
zontal gene transfer and facilitate pathogen adaptation [50]. Though our pan-genome analysis
concluded the S. Paratyphi A genome was highly conserved in nature, the presence of the
pHCM2-like plasmid in Bangladeshi Paratyphi A expanded the known accessory genome,
which might play a role in evolution of this pathogen. The pHCM2 cryptic plasmid was first
identified in S. Typhi isolates associated with a typhoid case in Vietnam in 1992, before it was
subsequently detected in Hong Kong, Cambodia, and Pakistan [51]. The lack of pHCM2-like
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plasmid in the global collection of S. Paratyphi A isolates emphasize our point of interest to
understand the source of origin and genetic difference of this plasmid from other Salmonella
serovars previously detected in Bangladesh. Comparative analysis revealed that pHCM2 from
S. Paratyphi A and S. Typhi shared a higher degree of genetic similarity than with that from S.
Java. Further studies are required to monitor the trend over time and to understand the physi-
ological effect of this cryptic plasmid on enteric infection caused by S. Typhi and S. Paratyphi
A

Our study has some limitations. The S. Paratyphi A genomes sequenced in this present
study were collected from only four out of eight divisions of Bangladesh which may not be rep-
resentative of the overall population structure of Bangladesh. In addition, we were unable to
reach into any statistical significance of the lineage distribution over study sites due to the low
number of sequence data generated from this study. However, these data improve our knowl-
edge regarding genomic variation in S. Paratyphi A and potential genetic interplay with S.
Typhi.

S. Paratyphi A is an emerging pathogen and may become the leading cause of enteric fever
in Asia if typhoid vaccination is introduced in low and middle income countries (LMICs).
Therefore, we need a better understanding of the circulation of this pathogen and to investi-
gate if new vaccine approaches are warranted. In the absence of vaccines, monitoring AMR
trends, and their associated mechanisms, is important in planning future approaches to ther-
apy for enteric fever. Our data highlight the importance of sustained genome-based surveil-
lance for emerging enteric pathogens like S. Paratyphi A in endemic regions.

Supporting information

S1 Fig. Pan-genome accumulation curve of S. Paratyphi. A: The gene accumulation curve
with curve fitting parameter o value of 1.000015 are depicted for global S. Paratyphi A
genomes (n = 295). Error bars above and below the median are depicted by a vertical line
above and below the curve.

(TTF)

S2 Fig. Comparison of pHCM2 plasmid reference genome (AL513383) with pHCM2-like
plasmid of S. Paratyphi A and S. Java. (A) The assembly graph of one representative
pHCM2-like plasmid harbouring S. Paratyphi A genome was visualised in Bandage tool. Each
grey line in assembly graph represents a node or assembled contig and a closed ring of
pHCM2 plasmid region presented in single node is highlighted as blue colour which was ana-
lysed from Bandage’s integrated BLAST search with reference S. Typhi CT18 pHCM2 plasmid.
(B) Full pHCM2 plasmid sequence comparison of reference AL513384.1 with S. Paratyphi A
and S. Java in Artemis Comparison Tool (ACT) and Easyfig including (C) three insertions and
one deletion event in S. Paratyphi A relative to pHCM2 plasmid reference. Orange arrows
indicted CDSs and grey shading between the sequences represents BLAST nucleotide identity
(see key).

(TIF)

S1 Table. Metadata including accession numbers, AMR and plasmid profile of 67 S. Para-
typhi A isolates of this present study.
(XLSX)

$2 Table. Metadata for the 242 global S. Paratyphi A genome collection from previous
studies.
(XLSX)
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S3 Table. Genome assembly metrics of total 309 Paratyphi A including S. Paratyphi A iso-
lates of this present study.
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S4 Table. List of lane accession numbers of S. Typhi and S. Java isolates carrying pHCM2
from previous studies in Bangladesh.
(XLSX)

S5 Table. Gene list of non-identical regions of annotated pHCM2 plasmid sequence of S.
Paratyphi A and S. Java isolated from Bangladesh and to the reference pHCM?2 plasmid.
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S6 Table. List of unique genes including annotated proteins present in 17 Bangladeshi S.
Paratyphi A isolates carrying pHCM2-like plasmid but not present in other global Paraty-
phi A isolates.
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Genome-wide analysis provides a deeper understanding of
the population structure of the Salmonella enterica serotype
Paratyphi B complex in Bangladesh
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Abstract

The Salmonella enterica serotype Paratyphi B complex causes a wide range of diseases, from gastroenteritis to paratyphoid
fever, depending on the biotypes Java and sensu stricto. The burden of Paratyphi B biotypes in Bangladesh is still unknown, as
these are indistinguishable by Salmonella serotyping. Here, we conducted the first whole-genome sequencing (WGS) study on
79 Salmonella isolates serotyped as Paratyphi B that were collected from 10 nationwide enteric disease surveillance sites in
Bangladesh. Placing these in a global genetic context revealed that these are biotype Java, and the addition of these genomes
expanded the previously described PG4 clade containing Bangladeshi and UK isolates. Importantly, antimicrobial resistance
(AMR) genes were scarce amongst Bangladeshi S. Java isolates, somewhat surprisingly given the widespread availability of
antibiotics without prescription. This genomic information provides important insights into the significance of S. Paratyphi B
biotypes in enteric disease and their implications for public health.

DATA SUMMARY

The genome sequence data generated in this study have been
deposited at the European Nucleotide Archive (ENA) under
accession numbers ERR4339057-ERR4619485 (accession
numbers and metadata available in Tables S1 and S2, available
in the online version of this article). Custom R and Python
scripts used for comparative pan-genome analysis are avail-
able at https://github.com/ghoresh11/Salmonella_ParaB.

INTRODUCTION

The genus Salmonella, which belongs to the family Enterobac-
teriaceae, is commonly associated with bacterial foodborne

illness in developed countries. The species Salmonella enterica
consists of several subspecies, the first of which, S. enterica
subspecies enterica, is commonly split into typhoidal and
non-typhoidal Salmonella (NTS), based on the disease
syndrome [1]. The Salmonella enterica serotype Paratyphi
B complex (S. Paratyphi B complex) causes both potentially
life-threatening invasive paratyphoid fever and non-invasive
gastroenteritis; both typhoidal and non-typhoidal types
share the same somatic O antigen formula (1,4,[5],12 with
the b:1,2-type of flagellar H antigen) [2], resulting in a point
of confusion for microbiologists. This serotype has been
further subdivided into two biotypes based on the ability to
ferment dextrorotatory tartrate (dTa) and to form a slime
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wall: Salmonella enterica serotype Paratyphi B variant sensu
stricto (S. Paratyphi B sensu stricto; dTa™, slime wall-positive)
and Salmonella enterica serotype Paratyphi B variant Java (8.
Java; dTa*; slime wall-negative), which collectively comprise
the S. Paratyphi B complex [2-4].

Whilst the p-tartrate reaction is used clinically to distinguish
these biotypes, it can be unreliable and provides no phyloge-
netic resolution. Therefore, isolates of the serotype S. Para-
typhi B complex have been further subtyped by phage typing
[5], IS200 profiling [6], multilocus sequence typing (MLST)
[7], clustered regularly interspaced short palindromic repeats
(CRISPR) typing [8] and also whole-genome sequencing
(WGS). In a recent study, WGS analysis revealed that the
S. Paratyphi B complex is represented by 10 distinct line-
ages (phylogroups; PGs), based on the core gene phylogeny
[2]: the invasive S. Paratyphi B sensu stricto (dTa") isolates
grouped into a single lineage (PG1), while the remaining PGs
comprised diverse lineages of biotype S. Java (dTa*). However,
the pathogenic properties of S. Paratyphi B sensu stricto and
S. Java remain poorly understood especially in low-income
settings, like Bangladesh.

There has been an increase in reports of S. Java infections,
especially from poultry sources, observed in Germany, the
Netherlands and Belgium since 1990 [9] and in the UK since
2010 [10]. In addition, non-European countries such as Saudi
Arabia [11] and Bangladesh [12] have also noted an increasing
incidence of S. Java in poultry farms. In Bangladesh, very few
data exist on the prevalence and incidence of S. Paratyphi
B compared to other typhoidal Salmonella such as S. Typhi
[13] and S. Paratyphi A. To provide a genomic snapshot of
the S. Paratyphi B complex in Bangladesh, we sequenced
79 Salmonella isolates previously serotyped as Paratyphi B
in nationwide hospital-based enteric disease surveillance in
Bangladesh between 2014 and 2018. This is the first WGS-
based study characterizing the genetic diversity of S. Paratyphi
B isolates causing diarrhoeal disease in Bangladesh.

METHODS
Ethics statement

Ethical approval was obtained from the Research Review
Committee (RRC) and Ethical Review Committee (ERC) of
the International Centre for Diarrhoeal Disease Research,
Bangladesh (icddrb) (reference number PR#12060).
Informed written consent was taken from adult participants
and the legal guardians of child participants under 18 years
old.

Study settings, sample collection and bacteria
isolation

This study utilized samples collected from an established
nationwide enteric disease surveillance system being carried
out in 10 hospitals across 8 divisions of Bangladesh in a
collaboration between the Institute of Epidemiology, Disease
Control and Research (IEDCR) and icddr,b (Fig. 1, Table 1).
The surveillance sites were selected based on reports of acute

Impact Statement

Salmonella enterica serotype Paratyphi B complex (S.
Paratyphi B complex) has long been a source of confu-
sion for microbiologists, as the two biotypes in this sero-
type have until now been indistinguishable by Salmonella
serotyping. Further, there is still very little molecular
information available to understand the population struc-
ture of the S. Paratyphi B complex in many regions. In
2016, Connor et al. reported the utility of whole-genome
sequencing (WGS) to distinguish this serotype into two
biotypes, sensu stricto and Java, which cause, respec-
tively, paratyphoid fever and gastroenteritis. Our study is
the first to apply genomics to the S. Paratyphi B complex
in a hospital-based surveillance study in sites across
Bangladesh, where WGS analysis classified these sero-
typed Paratyphi B as biotype Java, associated with diar-
rhoeal symptoms. This study reiterates the advantage
of WGS studies in addition to molecular and phenotypic
methods.

watery diarrhoea according to the national District Health
Information Software v2 Database from Directorate General
of Health Services (DGHS) [14, 15]. It is a large, longitudinal,
multi-pathogen surveillance study that included diarrhoeal
patients infected with a variety of enteric pathogens: Vibrio
cholerae, ETEC, Shigella, and typhoidal and non-typhoidal
Salmonella. Patients were enrolled into the enteric disease
surveillance study if they were over 2months old, and
attended hospital with either (a) loose or liquid stools >3
times; (b) loose or liquid stools causing dehydration <3 times;
or (c) at least one bloody loose stool in the previous 24h
[14, 15]. Demographic and clinical information, including
age, gender, date of illness onset and date of sample collection,
was obtained from each participant (Tables 1 and S1).

Stool samples collected from individuals exhibiting diarrhoeal
symptoms were cultured by streaking on MacConkey agar
and Salmonella-Shigella (SS) agar. After overnight incubation
at 37 °C, non-lactose-fermenting colonies were inoculated for
biochemical testing and those showing typical characteristics
of Salmonella spp. were serotyped using Salmonella-specific
somatic O and flagellar H antiserum (Denka Sieken Tokyo,
Japan) [16] for confirmation of S. Paratyphi B.

DNA extraction, WGS and dataset compilation

Genomic DNA was extracted from the S. Paratyphi B strains
using the Wizard Genomic DNA kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions for
genomic analysis. WGS was performed at the Wellcome
Sanger Institute (WSI) using the Illumina Hiseq 2500 platform
(Illumina, San Diego, CA, USA) to generate 150bp paired-
end reads. Sequence data quality was assessed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc).
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Table 1. Prevalence of S. Paratyphi B (n=107) collected from 10 hospital-based enteric surveillance sites in Bangladesh from June 2014 to June 2018

Study site Division Enrolled diarrhoeal patients, n S. Paratyphi B-positive, n (%)
100 bedded District Hospital, Narshingdi Dhaka 1156 13 (1.12)
Dhaka Medical College, Dhaka Dhaka 737 4(0.54)
icddr,b* Hospital, Dhaka Dhaka 14889 31(0.21)
District Sadar Hospital, Cox’s Bazar Chittagong 2089 14 (0.67)
BITIDf, Chittagong Chittagong 1860 8(0.43)
Adhunik Sadar Hospital, Naogaon Rajshahi 1605 10 (0.62)
Adhunik Sadar Hospital, Thakurgaon Rangpur 1715 1(0.06)
Adhunik Sadar Hospital, Habigonj Sylhet 2247 14 (0.62)
250 Bedded General Hospital, Patuakhali Barisal 1805 10 (0.55)
District Sadar Hospital, Satkhira Khulna 1434 2(0.14)
Total 29537 107 (0.36%)

*icddr,b; International Centre for Diarrhoeal Disease Research, Bangladesh.

1BITID; Bangladesh Institute of Tropical and Infectious Diseases.

To provide global context for the Bangladeshi S. Paratyphi
B genomes, 180 S. Paratyphi B complex genomes from
Connor et al. [2] and 12 S. Paratyphi B sensu stricto genomes
from patients presenting with enteric fever symptoms from
Higginson et al. [4] were also included in this study (Table S2).

Read alignment and SNP calling

Mlumina reads for all 271 genomes were mapped against
the reference S. Paratyphi B strain SPB7 (accession number
CP000886) using SMALT v0.7.4 [17], with PCR duplicate
reads flagged using Picard v1.92 (http://broadinstitute.github.
io/picard). Candidate single-nucleotide polymorphisms
(SNPs) relative to the reference having a quality score >30,
consensus base quality >20 and read depth >5 were identified
using SAMtools [18] and were extracted using SNP-sites [19].
SNPs called in prophage regions and repetitive sequences,
or in recombinant regions as detected by Gubbins (v2.3.2)
[20], were excluded, resulting in a final SNP alignment of
132593 bp for the 271 S. Paratyphi B complex genomes.

Phylogenetic, population genetic analysis and
statistical analyses

Maximum-likelihood (ML) phylogenetic trees were inferred
from the SNP alignments using RAXML (v8.2.8) [21]. A
generalized time-reversible model and a gamma distribu-
tion were used to model site-specific rate variation (GTR+
I' substitution model; GTRGAMMA in RAxML) with 100
bootstrap pseudoreplicates used to assess branch support for
the ML phylogeny. SNP alleles from PG10 isolates reported
in Connor et al. [2] were included as an outgroup to root the
tree. The resulting phylogenies were visualized and annotated
using FigTree (available at: http://tree.bio.ed.ac.uk/software/
figtree), iTOL [22] and the R package ggtree [23].

We performed hierarchical Bayesian Analysis of Population
Structure (BAPS) implemented in RhierBAPS [24] to redefine
the S. Paratyphi B subpopulation structure.

To determine the statistical relationships between sequence
type distribution and epidemiological factors, we conducted
Fisher’s exact tests implemented in STATA [25].

De novo genome assembly, annotation and
comparative pan-genome analysis

Raw sequence reads were assembled de novo using Unicycler
(v0.3.0b) [26] and annotation was performed by PROKKA
(v1.5) [27]. The quality of genome assemblies were assessed
using QUAST (v5.0.2) [28] and the detailed quality reports
are summarized in Table S1. The pan-genome was deter-
mined with Roary [29] from the annotated assemblies, using
a BLASTP percentage identity of 95% and a core definition
of 95% of the included isolates. To estimate the openness
of the pan-genome(s), we used the Heaps function within
the Micropan R package [30], which calculates the curve fit
constant according to Heaps’ law [31]: n=k*N*, where n is
pan-genome size, N is the number of genomes and k, y are
curve-specific constants [32]. The curve specific constant,
a=1-y determines whether the pan-genome of a bacterial
variant (e.g. species, biotype or lineage) is closed (y<0, a>1)
or open (0<y<1, a<1).

Comparative pan-genome analysis, using custom R and
Python scripts available at https://github.com/ghoresh11/
Salmonella_ParaB, was performed to identify biotype- and
clade-specific genes. The frequency of each gene in the pan-
genome amongst all S. Paratyphi B sensu stricto and amongst
all S. Java isolates was calculated. Similarly, the frequency of
all genes in BAPS cluster 1.1 (PG3/PG4 clades) relative to
the rest of the clades were calculated. A gene was defined
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as core and specific to a biotype or clade if it was present
in more than 95% of one biotype/clade and absent from
more than 95% of the isolates of the other biotype/clade. To
investigate the synteny in the loci containing the biotype- or
clade-specific genes, a synteny graph similar to that presented
elsewhere [33] was constructed in the regions of interest.
A region was defined by the two flanking genes that were
consistently identified upstream of and downstream to the
biotype/clade-specific loci. A graph was constructed from the
annotation files such that each node in the graph is a gene,
and the weighted edge between two genes represents the
number of times they were adjacent to each other across all
genomes. The results of these analyses were visualized using
Phandango [34] and Cytoscape [35]. In addition, we used the
basic local alignment search tool (BLAST) [36] to identify the
distribution of group-specific genes throughout the species,
InterProScan (v5) [37] to predict the function of the group-
specific hypothetical proteins and EffectiveDB [38] to predict
secreted proteins.

Antimicrobial resistance (AMR) gene detection,
plasmid detection, virulence factor detection, in
silico serotype prediction and MLST analysis

We detected AMR genes and plasmid replicons using ARIBA
[39] in conjunction with the comprehensive antibiotic
resistance database (CARD) [40] and the PlasmidFinder
[41] database, respectively. We used the same approach to
detect virulence factors, using the Virulence Factor Data-
base (VFDB) [42]. The Salmonella In Silico Typing Resource
(SISTR) [43], implemented in PathogenWatch [44], was used
for in silico serotype prediction of the sequenced genomes.
The mapping-based allele typer SRST2 [45] was used to
assign sequence types (STs) to each genome according to the
S. enterica MLST database.

RESULTS

Demographic and clinical characteristics of S.
Paratyphi B strains isolated from diarrhoeal
patients and their genome assembly metrics

The goal of this study was to investigate the prevalence and
genomic diversity of S. Paratyphi B complex in Bangladesh. A
total of 29537 diarrhoeal patients presenting to 1 of 10 sentinel
surveillance sites were enrolled into this study between June
2014 and June 2018 (see the Methods section for further
details). Of these patients, 0.36% (107/29537) were confirmed
as Salmonella enterica serotype Paratyphi B-positive by sero-
typing, with the antigenic formula O1,4,5,12:Hb:1,2. The
percentage of patients presenting with S. Paratyphi B at each
surveillance site was low, ranging from 0.06-1.12%, compared
to other enteric infections (for example the equivalent range
for Vibrio cholerae was 1.10-18.3% of patients [14]) (Table 1).
The Narshingdi district hospital in the Dhaka division had the
highest percentage of S. Paratyphi B-positive patients (1.12%)
in this study.

Of the 107 S. Paratyphi B-positive samples, only 79 S.
Paratyphi B strains were available for sequencing in this

study. Sequencing of these genomes produced assemblies
containing on average 36.39 contigs (21000 bp) and the total
assembly lengths (consisting of contigs 21000 bp) ranged
from 4619574 to 4792431 bp (an average of 4664961 bp);
the expected size for S. Paratyphi B genomes. The mean
of scaffold N50 sizes was 375447 bp (range 289235 to
399505bp) (Table S1). For our downstream analysis we
utilized all contigs over 1000 bp in length.

Patient metadata including age and sex data as well as
clinical symptom data were available for most patients
(Tables 2 and S1). Among these, 63 patients were adults
(17-85years of age; median age 31 years; Table 2), with 39 of
these aged between 17 and 35, and 11 were young children
(<5years old). The majority of the patients were female
(n=50; 68%). Loose watery stool (LWS) was reported more
frequently, with a longer duration of diarrhoea (1=43 with
average duration 2.61 days), than rice watery stool (RWS)
(n=33 with average duration 1.72 days). The most common
combination of clinical symptoms, recorded in 12 patients,
was RWS with vomiting, some or severe dehydration and
abdominal cramping. No bloody diarrhoea was reported
among the Bangladeshi S. Paratyphi B-positive population
(Table 2). We did not observe any co-infections with any
other enteric pathogens targeted in the surveillance study.

Population structure of the S. Paratyphi B complex
in Bangladesh

To further classify the biotype of the isolates serotyped as
S. Paratyphi B in the surveillance study, and investigate the
phylogenetic relationships between the Bangladeshi and
global isolates belonging to the S. Paratyphi B complex, we
constructed a global phylogeny which included 192 contex-
tual S. Paratyphi B complex genomes originating from
over 20 countries [2, 4] and the 79 Bangladeshi genomes
sequenced in this study (Fig. 2). Previously, Connor et al.
reported that PG1 comprised S. Paratyphi B sensu stricto,
while S. Java genomes were represented by PG2 to PG10
[2]. Our WGS data revealed that all 79 Bangladeshi isolates
serotyped as S. Paratyphi B were classified as biotype Java.
This is consistent with the clinical data, which showed
that all isolates were taken from patients presenting with
non-invasive diarrhoeal disease (Table 2). Our genomes
clustered within two of the previously described S. Java
clades; either PG3 (n=2) or PG4 (n=77) in the previously
published global phylogeny [2], with up to 4709 SNPs sepa-
rating genomes in the two clades (median SNP distance of
2850 bp).

Furthermore, the Bangladeshi S. Java isolates contributed
substantially to an expansion of the known PG4 diversity,
which originally mainly comprised S. Java isolates origi-
nating from the UK. PG3, on the other hand, only contained
two Bangladeshi S. Java genomes, with the remainder of the
clade comprising isolates from the UK, continental Europe,
the USA, and South and Southeast Asia (Fig. 2). Whilst our
genomes fall within the previously defined PGs, the addi-
tion of our 79 Bangladeshi S. Java isolates to the published
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Table 2. Demographic and clinical characteristics of S. Paratyphi B-
positive patients (n=79) in this study

Characteristics S. Paratyphi B-positive, n (%)

Demographic factors

Age (years)*
0-5 11 (14.86)
17-85 63 (85.14)
Median age of patients (IQR) 31(24.22)
Sext
Male 23 (31.51)
Female 50 (68.49)
Clinical factors
Stool naturei
Loose watery 43 (55.84)
Rice watery 33 (42.85)
Bloody 0(0.0)
Formed 1(1.29)
Dehydration status#
None 14 (18.18)
Some 48 (62.33)
Severe 15 (19.48)
Abdominal cramp$§
Yes 47 (67.14)
No 23(32.85)
Vomiting#
Yes 57 (74.02)
No 20 (25.97)
Duration of diarrhoea (days)||
No diarrhoea 6 (9.09)
1 19 (28.79)
2 23 (34.85)
3 12 (18.18)
4 3 (4.55)
5 3 (4.55)

*This information was available for 74 patients.
1This information was available for 73 patients.
fThis information was available for 77 patients.
&This information was available for 70 patients.
[IThis information was available for 66 patients.

phylogeny disagreed with the original definition of phylo-
groups PG3 and PG4 by Bayesian hierarchical clustering,
which in our updated phylogeny, merged PG3 and PG4 into
a single cluster at BAPS level 1 (ascribed BAPS cluster 1.1)

(Fig. 2). Potential reasons for this discrepancy are noted in
the Discussion.

To analyse the Bangladeshi S. Java population structure
in finer detail, we constructed a phylogeny of the S. Java
isolates belonging to BAPS cluster 1.1 (n=123) from 20908
chromosomal SNPs across the whole genome (Fig. 3). This
revealed that the population structure of S. Java in Bangladesh
is characterized by three STs: ST43 (n=53, 67.1%), ST2113
(n=19, 24.1%) and ST1577 (n=7, 8.9%) (Fig. 1). ST43 is a
globally distributed ST, while STs 2113 and 1577 have only
been detected in the UK and Bangladesh; the former was
detected for the first time in Bangladesh in this study (Fig. 3).

We then defined seven sub-clusters at BAPS level 2: PG3
isolates grouped into sub-clusters 2.2, 2.3 and 2.7 and PG4
grouped into 2.1, 2.4, 2.5 and 2.6. BAPS sub-clusters 2.6, 2.5
and 2.4 corresponded with STs 43, 2113 and 1577, respectively
(Fig. 3). We did not observe any phylogeographical clustering
of isolates within Bangladesh, nor was there a significant
difference between the ST distributions in the Dhaka sites
combined (n=3 sites) relative to their distribution in the rest
of the regions in Bangladesh (n=7 sites) (P=0.121, Fisher’s
exact test) (Fig. 1). Only two hospital sites (icddr,b hospital
and Habigonj district hospital) harboured all three STs. ST43
was distributed throughout all study sites in Bangladesh
except Satkhira, from which only one isolate was obtained.
We did not observe any significant association between age
group (children, adult) or sex (male, female) and the distribu-
tion of S. Java STs, respectively, (P=0.361 and P=0.469, using
Fisher’s exact test) (Table S1).

Examining ST distribution in the context of clinical character-
istics, isolates typed as ST2113 and ST1577 were commonly
associated with patients with LWS (n=7, 100% and n=13,
72%, respectively). Whereas, LWS and RWS were reported at
similar frequencies (n=22and n=28, respectively) for ST43
isolates. Of note, among the 15cases with severe dehydra-
tion, 73% (n=11) were associated with ST43. Furthermore,
the duration of diarrhoea differed throughout the surveil-
lance sites: for example, the average duration of diarrhoea in
Habigonj was 2.83 days (n=12) compared to only 1.43 days
(n=14) in Cox’s Bazar (Table S1).

We explored the distribution of virulence factors (VFs)
throughout the Bangladeshi S. Java genomes in relation to
the clinical characteristics and the BAPS sub-clusters. A
detailed list of the virulence genes detected in a total of 271
genomes is summarized in (Table S3). RWS was observed
more frequently in BAPS sub-cluster 2.6 than the other sub-
clusters (n=28 and 5, respectively; Table S1). Interestingly, the
genomes in this sub-cluster harboured the tcfABCD genes,
which were absent from all other lineages except for PG7 (Fig.
S1). These genes encode the Typhi colonization factor and
are also present in other N'TS serovars [46, 47]. Interestingly,
these same genomes lacked the fimbrial stfACDEFG genes
[48], which were present in all other lineages except for PG6.
We did not identify VFs that were specific to Bangladeshi
isolates, and all other differences we observed between the
lineages were reported by Connor et al. [2].
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Comparative pan-genome analysis

To investigate gene distribution among the S. Paratyphi B
complex biotypes, we conducted a core- and pan-genome
analysis on all 271 genomes. This revealed that 11929 genes
comprised the S. Paratyphi B complex pan-genome (271
genomes; PG1-10), with 3706 genes in the core genome
(present in >95% of genomes) and 8223 in the accessory

genome (present in <95% of genomes). Further, the pan-
genome sizes of S. Paratyphi B sensu stricto (46 genomes;
PG1) and S. Java (225 genomes; PG2-10) were 4930 and
11625 genes, respectively. Within these, we determined
4141 core and 789 accessory genes for S. Paratyphi B sensu
stricto and 3787 core and 7838 accessory genes for S. Java
(Fig. 4a).
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The gene accumulation curve for the S. Paratyphi B complex,
carried out in accordance with Heaps’ law [31, 32] (see
Methods section) is driven by the diversity within S. Java.
This is demonstrated by similar curve fitting parameter
values for the complex and S. Java of y=0.40and y=0.41,
respectively, while that of S. Paratyphi B sensu stricto is much
lower (y=-0.05) (Fig. 4b). This suggests that within the S.
Paratyphi B complex, the pan-genome of S. Java remains open
and, as more strains are sequenced, new genes will be identi-
fied among these organisms, while the gene accumulation
curve of S. Paratyphi B sensu stricto converged rapidly and is
approaching closed.

To investigate gene flux within the S. Paratyphi B complex,
we identified biotype-specific genes and loci (Table S4). We
defined a core and specific gene as one present in 295% of
genomes of one group and absent in >95% of the other group.
Based on these criteria, we identified 20 core and specific
genes for S. Paratyphi B sensu stricto (Fig. S2a) and 30 core
and specific genes for S. Java (Fig. S2b). We confirmed that the
S. Paratyphi B sensu stricto-specific genes form a single gene
block, at the same locus. This gene block was assembled on
the same contig in 293% of genomes and split over different
contigs in the remaining ~7% of genomes. On the other hand,
the S. Java-specific genes are clustered at three genetic loci
(in 299% of genomes).

The three S. Java-specific loci are located within a 181 CDS-
long chromosomal region and differ in length (Fig. S3).
The first of these loci contains only a single 1134bp gene
(hypothetical protein; group_270; S. enterica serotype Para-
typhi B str SPB7 v1 locus tag 01289), predicted to encode a

hypothetical protein with a carboxymuconolactone decar-
boxylase (CMD) domain that may have peroxidase activity.
The gene is positioned between rnb and fabl (Figs S2a and
S4a). Given its proximity to the SPI-2 effector steC, we ran
this gene through T3SS effector prediction software, which
predicted that the gene product may be secreted.

The second S. Java-specific locus carried genes predicted
to encode the ABC transporters ArtM, YecS and FliY (also
referred to as TcyJ), involved in amino acid transport, as
well as the transcriptional repressor FrmR and the SPI-2
type III secretion system effector protein SseJ (Figs S2a and
S4b). Homologues of some of these genes, excluding sse],
are found at other distinct, conserved, loci in S. Paratyphi
B sensu stricto, suggesting that these genes are not essential
for pathogenicity and have been lost by S. Paratyphi B sensu
stricto. Interestingly, synteny analysis showed that in BAPS
1.7 (PG10), a primarily animal-associated clade, one of the
hypothetical proteins (group_1829) has been replaced by
group_2748 (Fig. S4b).

The final locus encodes numerous hydrolase and oxidore-
ductase enzymes involved in metabolism of amino acids,
carbohydrates and nitric oxide (norV, glsA, gabD, sad, gutB,
yjjL, cbh, hoxK) and the hyaABC genes and their chaper-
ones (Figs S2b and S4c), which may facilitate the ability
to utilize locally generated hydrogen. Hence, this locus
encodes several genes involved in tolerance to stressors
often associated with the gut niche and also encoded
on this locus are outer-membrane protein (ompC) and
tetracycline resistance gene (tetA). Although the genes
in this locus were absent from the S. Paratyphi B sensu
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stricto genomes (Figs S2b and S3), BLAST analysis revealed
that some genes in this group have homologues in other
Salmonella serovars, including S. Enteritidis, S. Typhimu-
rium and S. Kentucky. This suggests they have potentially
been lost by S. Paratyphi B sensu stricto, rather than gained
by S. Java. Moreover, this locus is flanked at one end by
the non-coding RNA STnc560, includes STnc170 and the
Hfq binding RNA isrF, and has a selenocysteine inser-
tion sequence SECIS_3 upstream. The diversity observed
with respect to the gene arrangement at this locus further
supports the gene loss hypothesis, with clade-specific vari-
ations noted (Fig. S4c).

The S. Paratyphi B sensu stricto-specific locus appears to
be a bacteriophage/prophage, spanning approximately
44000 bp, containing approximately 59 genes (Fig. S2a,
Table S4), many of which have phage-related annotations,
while others are predicted to encode hypothetical proteins.
The borders of this locus are difficult to define as (a) the
gene order is not conserved in all genomes, (b) assemblies
are fragmented in this region and (c) some genes within this
region have homologues in other clades. Among numerous
hypothetical proteins in this locus are bacteriophage-
related genes such as the bacteriophage Mu F-like protein,
proposed to be involved in viral capsid assembly. This
locus also encodes SopE, which is a SPI-2 secreted effector
protein also encoded by S. Typhi that induces nitric oxide
synthetase (iNOS) in the host intestine, leading to inflam-
mation [49]. It has been shown that this effector can be
transferred between unrelated phages associated with
different serovars [50]. No other SPI-2 effectors appear
to be missing from the S. Java genomes. Further, BLAST
analysis of the ~33000bp region on the forward strand
flanked by dicA and sopE revealed a high nucleotide iden-
tity to S. enterica serovar Typhi genomes (94-97% across
51-62% of the query region). A homologue of sopE, sopE2,
which activates a different set of Rho GTPases to SopE, is
encoded in the majority of Spanish isolates in BAPS cluster
1.5 (PGY), but none of the Bangladeshi isolates. This gene
is also encoded by S. Typhimurium.

A second locus was found to be specific to S. Paratyphi B
sensu stricto (BAPS cluster 1.2; PG1) and its close relative,
BAPS cluster 1.6 (PG2) (Fig. Sla). This locus is predicted
to encode some sugar metabolizing and transport enzymes
(gutB, yggF, cmtB, mtlA) and provides evidence of compen-
satory mechanisms with respect to the sugar metabolizing
enzymes in the S. Java-specific gene set.

Using this same approach, we identified five genes that
were specific and core for BAPS cluster 1.1 (containing all
the Bangladeshi isolates), relative to all other BAPS level
1 clusters. One of the predicted genes, the SPI-2 effector
ssel, is located in a small gene cluster with a hypothetical
protein and a transposase. The other two genes appear
to be associated with a clade-specific phage that is also
present in PG7, and/or some of PG6, mostly in isolates
from the UK.

10

AMR and plasmid profiles of S. Paratyphi B complex

Next, we examined AMR and plasmid replicon gene distribu-
tion among the S. Paratyphi B complex (Fig. 5). All allelic
variants of AMR genes including gyrA point mutations and
plasmid replicons detected in the 271 genomes are summa-
rized in Tables S5 and S6. The majority of genotypic anti-
microbial resistance in S. Java was encoded by genomes in
the animal-associated clade (PG10/BAPS cluster 1.7; Fig. 5).
Besides that, we observed a stark lack of evidence for wide-
spread extrinsic resistance gene and plasmid acquisition in
the human-associated clades of the S. Paratyphi B complex,
particularly in the Bangladeshi S. Java isolates. Three (3.9%)
Bangladeshi S. Java genomes carried mphA, qnrB, bla_,
and sull genes, which are predicted to confer resistance to
macrolide, fluoroquinolone, beta-lactam and sulfonamide
antibiotic classes, respectively (Fig. 5) [40]. Additionally,
two of these isolates also carried mphE and msrE, encoding
resistance to macrolide or erythromycin and streptogramin,
respectively [40]. These gene sets were distinct from those
seen in global S. Java isolates (n=10) carrying bla, .., aadA,
floR and sull genes (Fig. 5), which are predicted to confer
resistance to beta-lactam, aminoglycoside, chloramphenicol
and sulfonamide, respectively.

While some of the Bangladeshi S. Java isolates harbouring
AMR genes also carried plasmids, these AMR gene sets could
not be co-located on the same contigs as the rep genes that
define the plasmid Inc groups, due to fragmentation of the
assemblies. Among the plasmid Inc types we found in the
Bangladeshi S. Java population were one IncFIB (pHCM?2),
two Incl and three IncFII (S), IncFIB plasmids (Fig. 5). These
plasmids generally encoded putative genes related to DNA
metabolism and replication rather than virulence-associated
determinants and AMR genes [51, 52], which could provide
another explanation as to why we did not find AMR genes
co-located with rep genes.

DISCUSSION

The serovar S. Paratyphi B is a source of confusion as biotype
sensu stricto is a cause of invasive paratyphoid fever, while
biotype Java is associated with non-invasive gastroenteritis. In
this study, we coupled an existing nationwide enteric disease
surveillance study across Bangladesh with a WGS approach
to investigate the genomic epidemiology of S. enterica sero-
type Paratyphi B complex. Our surveillance showed that, in
Bangladesh, the prevalence of S. Paratyphi B isolates is low
(0.36%) compared to other enteric pathogens in this surveil-
lance study [14]. Moreover, where previous studies have only
reported serotyping results of S. Paratyphi B strains [53],
this is the first study in Bangladesh to distinguish between
S.Java and S. Paratyphi B sensu stricto biotypes, using WGS
to confirm that S. Java is the variant responsible for the diar-
rhoeal disease in Bangladesh. This is in line with previous
reports in which S. Java, not S. Paratyphi B sensu stricto, is
the aetiological agent of non-invasive gastroenteritis [2-4, 6],
and fits with the clinical characteristics displayed by patients
in our study.
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Fig. 5. Antimicrobial resistance gene and plasmid replicon distribution among the S. Paratyphi B complex. A maximume-Llikelihood
outgroup-rooted tree of 271 strains from the global collection, including Bangladeshi S. Java isolates from this study, alongside a
presence/absence matrix of AMR genes and plasmid replicons for each isolate. Only genes that were differentially detected between
global and Bangladeshi human-associated S. Java (BAPS cluster 1.1), or global human- and animal-associated global S. Java (BAPS
cluster 1.7), are shown, in order to observe the differences in AMR gene profiles between these subgroups. We omitted genes that were
ubiquitous throughout the phylogeny, as well as genes that were only present in three or fewer genomes, unless they were Bangladeshi
S. Java genomes. The full gene matrices can be found in Tables S4-S6. BAPS clusters, geographical region and sample source are also
depicted by the colour strips (see colour legend). The tree scale bar indicates the estimated mean number of nucleotide substitutions

per site.

All except two of the Bangladeshi S. Java isolates clustered
with isolates from the UK. This may be evidence of inter-
continental long-range transmission; however, this is more
likely explained by the lack of genome sequencing for isolates
within this complex, and provides support for continued
multi-pathogen genomic surveillance efforts. Our data show
that S. Java is a globally relevant enteric pathogen in both
high- and low-income settings, with clear signs of recent
population expansions in clinically relevant lineages. The
two S. Java lineages present in Bangladesh were linked with

I

three STs, the most prevalent of which, ST43, is a globally
distributed ST; seen in Singapore, Indonesia, India, Bangla-
desh, Malaysia, France, Finland, Germany, Spain, the UK and
Canada (Fig. 2). On the other hand, STs 1577 and 2113 were
only observed in Bangladesh and the UK. In addition, STs
43 and 1577 were reported previously in both poultry- and
human-associated S. Java isolates in Bangladesh [12]. The
finding of the same STs in human and animal S. Java isolates
in Bangladesh suggests that further sampling and WGS of a
variety of sources could provide insights into reservoirs of
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global STs, with WGS data providing higher discriminatory
power for lineage placement than MLST alone. While our
WGS study allowed us to describe the population dynamics
of S. Java in Bangladesh, and identify in what proportions
globally distributed or endemic STs are present, MLST is a
lower-cost alternative to genomic surveillance and such infor-
mation will facilitate long-term tracking of the population
dynamics, supported by genomic surveillance where possible.

While our phylogenetic analysis closely resembled that of
Connor et al. [2], the addition of these genomes into the
existing phylogeny resulted in some minor changes to the
placement of genomes within the previously described PGs
3 and 4, which upon updated BAPS analysis, were merged
together into what we have called here BAPS cluster 1.1. There
are three main differences between our updated phylogeny
and the one in Connor et al. [2] that would account for these
discrepancies: first, we did not use genomes from additional
Salmonella serovars; second, our tree is constructed from
an alignment of SNPs relative to the reference genome S.
Paratyphi B SPB7 (whereas theirs is constructed from an
alignment of core gene SNPs); and last, our tree contains 79
S. Javaisolates from Bangladesh - a country that until now has
been under-represented for bacterial pathogen WGS studies
[2]. The differences between these phylogenetic trees reflect
the differences in the aims of the studies.

Despite widespread and unregulated mis-use of antimi-
crobials in Bangladesh, we were surprised to observe little
evidence of horizontal gene transfer of AMR genes. This
contrasts with earlier studies in Scotland, England, Wales
and the Channel Islands — where antimicrobial stewardship
is tighter — which reported a range of AMR spectra in both
in S. Java-infected patients and poultry since 2000 [54].
The latter study, however, did not take a genomic approach,
and hence it is unknown (a) which lineages these samples
belonged to and b) on which genetic element they were
encoded. These factors could help explain the discrepancy
between their results and ours. Importantly, our findings are
supported by a recent study reporting chromosomal integron
class 2-mediated vertical AMR gene inheritance in the PG10
poultry-associated S. Java lineage but limited acquisition of
AMR genes in human S. Java lineages (Fig. 5) [2, 55]. There
are several possible explanations for the lack of AMR genes
in Bangladeshi S. Java. First, in general, NTS infection is a
self-limiting disease, mostly manifesting as gastroenteritis,
and rarely requires antimicrobial therapy, although they are
sometimes taken to reduce the acuteness of symptoms [56].
Second, plasmids, which are known to carry AMR genes and
act as a mode of dissemination of resistance determinants in
enteric bacteria, were found rarely in Bangladeshi S. Java. The
AMR genes we did find in our dataset are generally chromo-
somally encoded [2]. Worryingly, three S. Java isolates carried
fluoroquinolone resistance genes. Fluoroquinolone-resistant
Salmonellae are on the World Health Organization (WHO)
priority list of bacteria for which new antibiotics are urgently
needed. These findings highlight selective pressure towards
resistance in circumstances where control and antimicrobial
stewardship are challenging.

12

While our sample size was relatively small, we are confident
that it is representative of the prevalence and dynamics of
S. Java in Bangladesh, having covered eight divisions and a
4-year timespan. However, due to the low sample numbers,
neither the ST distribution across the sites, nor the rela-
tionship between STs with symptoms or severity, reached
statistical significance. A further limitation of our study
is the fragmentation of assemblies: this prevented us from
confidently assigning AMR genes to plasmids. Future work
could include long-read sequencing to address this. Lastly,
we were unlikely to detect S. Paratyphi B sensu stricto as the
surveillance study underpinning the genomics was targeted
to enteric pathogens. However, S. Paratyphi B sensu stricto is
very rare globally [4], and symptoms can include diarrhoea;
future surveillance efforts to include blood samples will
increase the likelihood of our detecting S. Paratyphi B sensu
stricto if it is present in Bangladesh.

This study highlights the importance of developing genomic
surveillance systems in all settings in order to answer changing
patterns of disease both nationally and internationally. We
have used this approach to characterize the polyphyletic
population structure of S. enterica serotype Paratyphi B
and resolve the confusion associated with the spectrum of
clinical symptoms. Our study provides a framework for future
hospital surveillance-based genomic epidemiology studies in
low-income countries. Continued molecular-based surveil-
lance incorporating both WGS and MLST approaches will
provide further information that can be used to design and
implement better diagnostic tests, hence facilitating treatment
options, and informing public health interventions in poor
resource settings such as Bangladesh.
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