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Abstract

Background

Typhoid fever is a common cause of febrile illness in low- and middle-income countries.
While multidrug-resistant (MDR) Salmonella Typhi (S. Typhi) has spread globally, fluoro-
quinolone resistance has mainly affected Asia.

Methods

Consecutively, 1038 blood cultures were obtained from patients of all age groups with fever
and/or suspicion of serious systemic infection admitted at Mnazi Mmoja Hospital, Zanzibar
in 2015-2016. S. Typhi were analyzed with antimicrobial susceptibility testing and with short
read (61 strains) and long read (9 strains) whole genome sequencing, including three S.
Typhi strains isolated in a pilot study 2012—2013.

Results

Sixty-three S. Typhi isolates (98%) were MDR carrying blatgm-1s, sul1 and sul2, dfrA7 and
catA1 genes. Low-level ciprofloxacin resistance was detected in 69% (43/62), with a single
gyrase mutation gyrA-D87G in 41 strains, and a single gyrA-S83F mutation in the non-MDR
strain. All isolates were susceptible to ceftriaxone and azithromycin. All MDR isolates
belonged to genotype 4.3.1 lineage | (4.3.1.1), with the antimicrobial resistance
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determinants located on a composite transposon integrated into the chromosome. Phyloge-
netically, the MDR subgroup with ciprofloxacin resistance clusters together with two external
isolates.

Conclusions

We report a high rate of MDR and low-level ciprofloxacin resistant S. Typhi circulating in
Zanzibar, belonging to genotype 4.3.1.1, which is widespread in Southeast Asia and African
countries and associated with low-level ciprofloxacin resistance. Few therapeutic options
are available for treatment of typhoid fever in the study setting. Surveillance of the preva-
lence, spread and antimicrobial susceptibility of S. Typhi can guide treatment and control
efforts.

Author summary

Salmonella Typhi causes typhoid fever. Multi-drug resistant (MDR) S. Typhi is spreading
globally. Local and regional surveillance of MDR S. Typhi populations using both blood
culture and whole genome sequencing can uncover outbreaks and help mapping the
spread of S. Typhi and resistance mechanisms, which, in turn, can guide both control and
prevention efforts and clinical management. Data regarding the distribution of MDR S.
Typhi genotypes and resistance mechanisms is scarce in Zanzibar, Tanzania, as in many
other African countries. In this study we characterize S. Typhi phenotypically and geno-
typically. This study shows a high rate of MDR S. Typhi, hence few therapeutic options
are available for treatment of typhoid fever in the study setting. Our findings contribute to
the knowledge base on typhoid fever in the region and to guide correct treatment of indi-
vidual patients and control of the disease.

Introduction

Salmonella enterica subspecies enterica serovar Typhi (S. Typhi) causes typhoid fever, an
important global health problem with an estimated worldwide annual incidence of over 9 mil-
lion cases, and about 100,000 to 200,000 deaths [1-4]. The estimated burden is uncertain due
to diagnostic shortcomings and poor access to health care [5], but there are indications that
the burden has declined lately [2]. In different geographic regions the incidence varies substan-
tially, with incidence in excess of 800 cases per 100 000 persons per year in some settings in
sub-Saharan Africa [6,7], and higher numbers in certain urban areas compared to rural set-
tings [7]. Typhoid fever prevails in regions with poor sanitation facilities and limited access to
clean drinking water [8]. Infections caused by multidrug-resistant (MDR) S. Typhi strains,
defined by resistance to the prior first-line treatments ampicillin, chloramphenicol and tri-
methoprim-sulfamethoxazole, are complicated to treat and are associated with increased mor-
tality [9,10]. The appearance of MDR S. Typhi in the 1970s led to widespread use of
fluoroquinolones, and subsequent emergence of fluoroquinolone resistant S. Typhi in the
early 1990s [11-13]. A combination of MDR and fluoroquinolone resistant S. Typhi leaves cli-
nicians with few therapeutic options especially in developing countries. Since 2017, WHO
ranked fluoroquinolone resistant S. Typhi as a high priority pathogen for research and devel-
opment of new antibiotics [14].
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Genetically S. Typhi is monomorphic [13]. A recent introduction of a phylogenetic geno-
typing scheme, GenoTyphi, has facilitated the interpretation of whole genome sequencing data
(WGS) for S. Typhi [15-17]. Using this scheme, a global collection of S. Typhi isolates showed
that the S. Typhi population is comprised of dozens of subclades which are specific for differ-
ent geographical locations [15,17,18]. These global surveillance studies have shown that the
majority of MDR S. Typhi infections worldwide belong to genotype 4.3.1 [18], which origi-
nated from South Asia and spread up to East Africa [15,17-19].

MDR in S. Typhi is linked to the presence of a composite transposon. In the 4.3.1. genotype,
it was first introduced via the IncHI1-PST6 plasmid [18-21]. Later, reports have shown that
the transposon carrying the genes associated with MDR was integrated into the S. Typhi chro-
mosome [18,22,23]. This composite transposon carries antimicrobial resistance determinants
which confer resistance towards penicillins (blatgp.1), trimethoprim (dfrA7) and sulfon-
amides (sull, sul2), chloramphenicol (catAl) and to streptomycin (strA, strB) [18,21,23].

Resistance against fluoroquinolones can result from mutations in the quinolone-resistance-
determining regions (QRDRs) of the chromosomal gyr and par genes [10,24,25] and/or plas-
mid-mediated quinolone resistance (PMQR) which involves acquisition of e.g. gnr genes
[24,26-28]. Using WGS, a large study [18] reported that the global population of MDR .
Typhi with reduced susceptibility to fluoroquinolones was associated with QRDR mutations.
The MDR S. Typhi 4.3.1 subclade, which commonly also has reduced susceptibility to fluoro-
quinolones, is responsible for inter- and intra-continental spread, regional circulation, as well
as local outbreaks in different parts of the world [18].

As the MDR S. Typhi population is increasing and spreading in different parts of the world,
local/regional surveillance of MDR S. Typhi populations using both blood culture and WGS
approach is important to report data on mechanisms responsible for resistance, for control
and prevention of its spread, and to guide clinicians with available treatment options. How-
ever, in the African setting where typhoid fever is endemic, blood cultures for diagnostic con-
firmation and molecular characterization of S. Typhi are not performed routinely due to cost
and infrastructure constraints [29]. Thus, there is paucity of data regarding the distribution of
MDR S. Typhi genotypes and resistance mechanisms in Zanzibar, Tanzania, as in many other
African countries. As part of a prospective study collecting blood-cultures from patients
admitted with acute undifferentiated fever in Zanzibar, we here characterize S. Typhi pheno-
typically and genotypically to contribute to the knowledge base on typhoid fever in the region
and to guide treatment and control.

Methods
Ethical statement

The research protocol was approved by the Zanzibar Medical Research and Ethical Committee
(record no ZAMREC/0002/November/2014, renewal no ZAHREC/02/June/2019/41), and by
the Regional Committee for Medical Research Ethics Health Region South East Norway
(record no 2014/1940/REK South-East). Written informed consent was obtained from the
patients or, in the case of children, from a parent or a responsible family member.

Study site

Mnazi Mmoja hospital (MMH), Zanzibar, Tanzania, is the main referral hospital of the Zanzi-
bar Archipelago with a population estimated to about 1.4 million in 2015 [30]. The 544-bed
hospital also offers primary and secondary health care for the residents of Zanzibar city with a
population of about 600,000 and is a teaching hospital for the State University of Zanzibar.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012132  April 17,2024 3/17


https://doi.org/10.1371/journal.pntd.0012132

PLOS NEGLECTED TROPICAL DISEASES Typhoid in Zanzibar

Study population

Patients in the medical, pediatric and neonatal departments were enrolled in the study if they,
either on admission or during their hospital stay, had fever (>38.3°C in adults, >38.5°C in
children) or hypothermia (<36.0°C), or were otherwise suspected to have systemic bacterial
infection as judged by the clinician. Demographic and clinical information was obtained. A
total of 1037 of 1043 eligible patients with fever and/or suspicion of serious systemic infection
admitted to Mnazi Mmoja Hospital, Zanzibar, were consecutively included from March 17,
2015, to October 4, 2016 (in one patient two blood cultures were taken. Six patients were
excluded because the blood culture sample was lacking). In addition, the three accessible (of in
total seven) S. Typhi strains isolated during the pilot study in the years 2012 to 2013 [31] were
included in the analyses. The details of the methodology of the pilot study have been previously
described [31]. Briefly, the pilot study was performed at the same departments of Mnazi
Mmoja Hospital as the main study, whereas 469 participants (neonates, children and adults)
presenting with signs of systemic infections were included. As for the present study, the pilot
study included clinical data, and blood was collected for culture and susceptibility testing of
isolated microbes [31].

Bacterial isolation and identification

Blood specimens were inoculated in BACTEC Myco/F lytic blood culturing vials (Becton
Dickinson, Franklin Lakes, N.].), one bottle per episode of febrile illness, incubated and ana-
lyzed as described earlier [31]. Salmonella Typhi isolates were identified by standard biochemi-
cal tests, the API 20E, VITEK 2 analysis using the identification cards for gram-negatives (both
bioMérieux, Marcy-I'’Etoile, France), and serogrouping by omnivalent A-67 and Vi-antigen
(sifin diagnostics gmbh, Berlin, Germany). In the 61 isolates accessible for further analyses, the
phenotypic identification was confirmed by whole genome sequencing.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing for ampicillin, cefotaxime, ceftazidime, ciprofloxacin, tri-
methoprim-sulfamethoxazole, and chloramphenicol was performed by disc diffusion tech-
nique (Oxoid, Basingstoke, United Kingdom), and, for azithromycin, by minimal inhibitory
concentration (MIC) gradient test (Liofilchem, Roseto degli Abruzzi, Italy) as described in the
EUCAST guidelines [32]. Fifty-nine of the 61 isolates (the remaining two isolates were not fro-
zen) were sent to Beerum Hospital, Vestre Viken Hospital Trust, Norway, for quality control of
identification and susceptibility testing as well as for further characterization. For susceptibility
testing, the same antimicrobials and the same disc diffusion technique as in Zanzibar were
used. In addition, ceftriaxone, ciprofloxacin and azithromycin were tested by the MIC gradient
test (Liofilchem). The three isolates of the pilot study were analyzed at the Department of Clin-
ical Science, University of Bergen, Norway, using the same techniques. The results of the sus-
ceptibility testing were interpreted by the S-I-R system according to the EUCAST guidelines v
12.0 [33]. For the testing for ciprofloxacin, the EUCAST criteria for Salmonella species have
been applied, classifying the strains with MIC >0.06 mg/L as resistant.

Whole genome sequencing

Short read whole genome sequencing (WGS) was performed on 58 of the 61 Salmonella Typhi
isolates (3 isolates not accessible) and on three S. Typhi strains of the pilot study [31]. For the
58 study strains, genomic DNA for the sequencing was extracted from single colonies using
the Wizard genomic DNA Purification Kit (Promega, Madison, W1, USA) according to the
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manufacturer’s instructions. QIAxpert (QIAGEN, Valencia, CA, USA) was used for purity
control. For ample library preparation TruSeq Nano reagents (Illumina, San Diego, CA, USA)
were used. For the three strains of the pilot study, DNA isolation was performed using Invitro-
gen PureLink genomic DNA kit (Thermo Fisher Scientific, MA, USA) according to the manu-
facturer’s recommendations. DNA library preparation was carried out using the standard
protocol of the Nextera XT DNA Library Preparation Kit v. 3 (Illumina) up to the library
amplification. Sequencing was performed on two runs of a MiSeq instrument (Illumina) with
300 bp paired end reads, according to the manufacturer’s instructions. All 61 short-read
sequences were de novo assembled using the Pathogenwatch online platform (https://
pathogen.watch). Fifty-eight of these 61 short-read sequences, all from the main study, were,
in addition, assembled against a reference genome using Bowtie v. 2.3.4.2 [34], Samtools v.1.7
[35] and BCFTools v. 1.9 [35,36], using the largest closed genome representative for one of the
two lineages as reference.

Long read sequencing was performed on six selected S. Typhi isolates of the main study
(representing isolates with different antimicrobial resistance patterns and from both years
2015 and 2016), as well as three S. Typhi strains from the pilot study (31). DNA isolation was
performed using PureLink genomic DNA kit (Thermo Fisher Scientific) according to the
manufacturer’s recommendations. Nanopore sequencing was performed using the rapid bar-
coding kit (SQK-RBK004) and MinION sequencer (Oxford Nanopore Technologies Ltd.,
Oxford, United Kingdom), and Guppy v. 3.2.10 for basecalling [37]. Hybrid-assembly was car-
ried out using Unicycler v.0.4.8 [38] running with Pilon v. 1.23 [39] and Racon v. 1.4.3 [40] for
error correction and sequence polishing on ‘normal’ settings. Five of the six isolates were
completely assembled resulting in one contig, while isolate 50-M123 was returned with 14 con-
tigs. Medusa v. 1.6 [41] together with one closed assembly from the different lineages was used
to sort the 14 contigs so that they matched the other Salmonella isolates as closely as possible.
Manual editing of contigs were subsequently carried out on the 50-M123 isolate to align
sequence start with the other isolates in the study.

Identification of resistance genes genotypes and sequence types

We used ResFinder (v4.1) with the default setting (90% threshold and 60% coverage) and
MLST (v. 2.) with the default setting for the species, both from the Centre for Genomic Epide-
miology CGE server (http://www.genomicepidemiology.org/), to identify acquired and chro-
mosomal antimicrobial resistance determinants, and to assign sequence types, respectively. An
online platform, Pathogenwatch (https://pathogen.watch) [42], was used to screen and assign
S. Typhi genotypes. The Pathogenwatch tool uses GenoTyphi (code available at https://github.
com/katholt/genotyphi) [42]. The GenoTyphi genotyping scheme divides the Salmonella
Typhi population into four major lineages, and >75 different clades and subclades with the
globally disseminated 4.3.1 (H58) subclade further delineated into lineages I and II (4.3.1.1
and 4.3.1.2) [15].

Plasmid analysis

The presence of plasmids was investigated using PlasmidFinder v. 2.1 with the default setting
(Danish Technical University, Denmark: http://cge.cbs.dtu.dk/services/PlasmidFinder/).

Phylogenetic analysis

Conserved signature inserts phylogeny server (v. 1.4) (https://cge.food.dtu.dk/services/
CSIPhylogeny/) was used to create a single nucleotide polymorphism (SNP)-based phyloge-
netic tree. All default values of the software were applied including minimum depth at SNP
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positions 10x, minimum relative depth at SNP positions 10%, minimum SNP quality 30. The
first phylogenetic tree compared the relatedness of our S. Typhi isolates, in the tree we
included all 61 S. Typhi from this study which underwent WGS. The S. Typhi strain with
accession number ERL12960 of genotype 4.3.1.1, isolated in India in 2012 [43] was used as a
reference genome for the phylogenetic tree. The second phylogenetic tree was created to com-
pare the 61 S. Typhi isolates from this study which belong to 4.3.1 genotype and map their rela-
tionship with other strains to get more insights into the spread of the 4.3.1 genotype. We
included 38 published WGS sequences of S. Typhi of the same genotype from different parts of
the world [18,22,28,44], including 16 isolates from Tanzania, fourteen from Kenya, two from
Zambia, five from India and one from Pakistan, from the years 2007 to 2017. Both phyloge-
netic trees were annotated using the Interactive Tree of Life (v. 5.6.3) [45].

Genetic environment for the MDR S. Typhi

The two representative S. Typhi from this study (ZNZ13L78 and ZNZ57M188) were annotated
manually using a combination of RAST [46], Basic Local Alignment Search Tool (BLAST) (v.
2.11.0) [47], ResFinder (v. 4.1) [48] and MobileElementFinder (v. 1.0.3) from the CGE server
and in SnapGene (v. 3.3.4) from GSL Biotech (available at snapgene.com). A comparative anal-
ysis using genoPlotr [49] was done for the chromosomal MDR gene segment of about 25kb of
the two strains in this study and strain ERL12960.

Results

During the study period of about 19 months in 2015-2016, 1038 blood cultures of 1037
patients were obtained, and 161 (16%) of these had growth of pathogens. S. Typhi was the
most common pathogen, found in 61 of the 161 (38%) positive blood cultures (including nine
patients with two and two patients with three isolates), corresponding to 35% (61/174) of the
pathogens recovered. Additionally, among seven S. Typhi detected during the eight months
pilot study in 2012-2013 [31], three isolates were available for further analyses. During the
main study, the average isolation rate was more than three isolates per month compared to
one isolate per month during the pilot study.

Antimicrobial resistance pattern of S. Typhi

As shown in Table 1, MDR (defined as resistance towards ampicillin, trimethoprim-sulfameth-
oxazole and chloramphenicol) was observed in 98% of the isolates (63/64, including 60/61
from the main study and all three from the pilot study).

A total of 62 S. Typhi isolates (59 from the main study and three from the pilot study) were
tested for ciprofloxacin resistance and 69% (43/62) showed low-level resistance with MIC val-
ues ranging from 0.125-0.25 mg/L. Of note, one of the S. Typhi isolates with low-level cipro-
floxacin resistance was not MDR.

Results from disc diffusion showed all 64 S. Typhi isolates were susceptible to cefotaxime
and ceftazidime. All tested isolates (fifty nine from the main study and three from the pilot
study) were also susceptible to ceftriaxone by MIC gradient test with MIC values of 0.047-
0.125 mg/L.

All 63 S. Typhi isolates were susceptible to azithromycin with MIC values 8-16 mg/L.

Whole genome sequencing results

Short read sequencing was performed on 61 S. Typhi isolates (fifty-eight from the main study
and three from the pilot study). A total of 60 isolates (98.3%) which phenotypically were MDR
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Table 1. Antimicrobial resistance pattern for S. Typhi isolates.

Antimicrobial agent

Disc diffusion

Ampicillin (n = 64)

Chloramphenicol (n = 64)
Trimethoprim-sulfamethoxazole (n = 64)
Cefotaxime (n = 64)

Ceftazidime (n = 64)

MIC gradient test

Ceftriaxone (n = 62)

Ciprofloxacin (n = 62)

Azithromycin (n = 63)

Number (%) of resistant isolates

Total Genotype Year
4.3.1.1 4.3.1.2 2012 2013 2015 2016

63* (98%) 60 (100%) 0 (0%) 2 (100%) 1 (100%) 34 (100%) 24 (96%)
63* (98%) 60 (100%) 0 (0%) 2 (100%) 1 (100%) 34 (100%) 24 (96%)
63* (98%) 60 (100%) 0 (0%) 2 (100%) 1 (100%) 34 (100%) 24 (96%)
0* (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
0* (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
0* (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
43* (69%) 41 (68%) 1 (100%) 0 (0%) 0 (0%) 22 (65%) 21 (84%)
0* (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

* including 3 isolates of the pilot study 2012-2013

https://doi.org/10.1371/journal.pntd.0012132.t001

carried antimicrobial resistance determinants associated with resistance to ampicillin
(blatgn.1), trimethoprim-sulfamethoxazole (sull and sul2 plus a dfrA7 gene) and chloram-
phenicol (catAI). In addition to MDR determinants, these isolates also carried AMR determi-
nants conferring resistance towards aminoglycosides (aph(6)-Id and aph(3”)-1b). One S.
Typhi which was not MDR phenotypically, did not carry any AMR determinants. Table 2
shows the distribution of AMR determinants including QRDR mutations of the three differ-
ent AMR genotype profiles. Detailed information on the 61 genomes is listed in S1 Table.

Resistance toward fluoroquinolones was associated with a single QRDR mutation in 42/43
S. Typhi which showed phenotypic low-level resistance to ciprofloxacin (the remaining strain
was not accessible to WGS). Forty-one strains had single gyrA-D87G QRDR mutation, while
one strain which was not MDR had a different single gyrA-S83F mutation.

As shown in Table 2, all MDR S. Typhi isolates were assigned to the 4.3.1.1 genotype using
the GenoTyphi scheme [15,42]. On the contrary, one S. Typhi isolate (ZNZ50M123) which
was not MDR was assigned to the 4.3.1.2 genotype. Furthermore, all S. Typhi isolates belong to
MLST sequence type ST1.

The genetic environment of resistance genes

Long-read sequencing was performed on six selected strains of the main study to investigate
whether the AMR island is integrated in the chromosome or located on a plasmid. The gene
contents of the five MDR S. Typhi isolates were highly similar, and the antimicrobial resistance
determinants coding for MDR were located on a composite transposon integrated in the chro-
mosome within a segment encompassed by insertion sequences and transposases. Fig 1 shows
the structure of composite transposon of two S. Typhi isolates from this study ZNZ13L78 and
ZNZ55M142 (with ENA accession numbers ERR11413875 and ERR11413524 respectively, for

Table 2. Antimicrobial resistance genes and QRDR mutations of the three AMR genotype profiles.

AMR genotype profile Aminoglycoside Beta lactam Phenicol Sulfamethoxazole, trimethoprim QRDR mutations
MDR/cipR sub-lineage of 4.3.1.1 aph(6)-1d, aph(3”)-Ib blargm.1s catAl sull, sul2, dfrA7 gyrA: p.D87G

MDR/cip$ sub-lineage of 4.3.1.1 aph(6)-1d, aph(3”)-Ib blatgn.1 catAl sull, sul2, dfrA7 -

nonMDR/cipR 4.3.1.2 isolate
https://doi.org/10.1371/journal.pntd.0012132.t002

- - - gyrA: p.S83F
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Fig 1. The structure of MDR composite transposon. The red arrows show antimicrobial resistance genes, MDR genes are sull/sul2, dfrA7, blatgy.; and
catAl. Green arrows show insertion sequences (IS) or transposases and orange arrow show the replicons. BC04 is study isolate ZNZ13L78, BCO06 is study isolate
ZNZ55M142.

https://doi.org/10.1371/journal.pntd.0012132.9001

the short reads, and GenBank accession numbers SAMN35714885 and SAMN35714917
respectively, for the long reads) and ERL12960 as a comparison S. Typhi. All MDR S. Typhi
isolates carried a composite transposon Tn6029 (encoding blargn. 1, sul2, aph(6)-Id and aph
(3”)-1b) which was inserted in Tn21 (carrying a class I integron encoding dfrA alleles in the
gene cassette and sull), which was in turn inserted within Tn9 (encoding catAI) with ISI on
both ends. No plasmid was found, but the MDR S. Typhi strains contained the IncQ1 plasmid
replicon sequence (repA and repC) as shown in Fig 1. Furthermore, we detected chromosomal
integration of the ISI at the known site downstream of cyaY as previously described [22].

Phylogenetic analysis

Fig 2 is a whole genome SNP-based phylogenetic tree containing the 61 S. Typhi isolates from
this study and one reference strain ERL12960. As shown in Fig 2, one isolate ZNZ50M123
(ENA accession numbers ERR11414360 and ERZ18316203, project PRJEB59168), highlighted
in green belongs to genotype 4.3.1.2. This isolate has reduced susceptibility to ciprofloxacin
(due to gyrA-S83F), and no acquired resistance genes. All other isolates were genotype 4.3.1.1,
these were all MDR (due to blatgny. > catAl, sull, sul2, dfrA7). The majority of these belonged
to a monophyletic clade (highlighted purple in tree) and had reduced susceptibility to cipro-
floxacin (due to gyrA-D87G), herein referred as MDR/cipR. In contrast, the others
(highlighted yellow in tree) including the older isolates from the pilot study, are fully sensitive
to ciprofloxacin, and lack QRDR mutations referred as MDR/cipS. Within the study isolates,
the SNP difference ranged between 0 and 41 (median 7.5), with the biggest SNP between the
only isolate belonging to the 4.3.1.2 genotype (ZNZ50M123) and an isolate which is MDR/
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Fig 2. Phylogenetic tree of S. Typhi isolates from this study using the reference genome ERL 12960 as midpoint root. The inner circle
shows three clusters of our S. Typhi: purple highlighted is a monophyletic clade (MDR/cipR), these are MDR and have reduced susceptibility
to ciprofloxacin due to gyrA-D87G; yellow highlighted are strains which are MDR but sensitive to ciprofloxacin (MDR/cipS); one strain in
green highlight is not MDR and has low-level ciprofloxacin resistance due to single gyrA-S83F QRDR mutation. The second circle shows the
year of isolation of S. Typhi; black represents S. Typhi isolated in 2016, grey in 2015, light grey and very light grey were isolated in 2013 and
2012 respectively. The next circle shows the season when S. Typhi were isolated, green represents isolates collected during the rainy season
while orange highlighted S. Typhi were collected during the dry season. The outer circle shows the outcome of the patients; red represents S.
Typhi from patients who died, blue represents S. Typhi from patients who survived while grey represents S. Typhi from patients with
unknown outcome.

https://doi.org/10.1371/journal.pntd.0012132.g002

cipR. For the genomes belonging to the 4.3.1.1 genotype, the overall difference of all study iso-
lates ranged between 0 and 27 SNPs (median 7), within MDR/cipR isolates between 0 and 16
SNPs (median 6), within MDR/cipS isolates between 3 and 17 SNPs (median 9.5). The MDR/
cipS isolates had a minimum difference of 11 SNPs to the closest neighbor of MDR/cipR iso-
lates, with two of the pilot study isolates being closest related to MDR/cipR isolates. The only
isolate of the genotype 4.3.1.2 (ZNZ50M123), had a difference between 25 and 41 SNPs
(median 34) to the other study isolates (all belonging to 4.3.1.1 genotype).

In Fig 3, to provide context, the relationship of the 61 study strains to 38 strains from other
publications including the reference strain ERL12960 is shown in a whole genome SNP-based
phylogenetic tree. The minimum difference of the study isolates belonging to MDR/cipR
group (genotype 4.3.1.1, MDR, and gyrA-D87G QRDR mutation) to isolates from other stud-
ies was 0 SNP in two isolates obtained in 2015 from travelers returning from Tanzania, both of
which also were MDR and had identical gyrA point mutation, but no IncHI1 plasmid [28].
The 2™ most closely related isolate was also from Tanzania, and had 5 SNPs difference (year
2009, MDR, no IncHI1 plasmid, no FQ point mutation, ERR108659) [18]. The closest isolate
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https://doi.org/10.1371/journal.pntd.0012132.g003

from Kenya had a difference of 17 SNPs. The isolates from Zambia had a difference of at least
15 SNPs, the minimum difference to isolates from Asia was 29 SNPs (India).

Isolates which are MDR/cipS had a minimum difference of 2 SNPs to isolates from East
Africa (Tanzania, year 2009, with MDR, without the IncHI1 plasmid and without FQ point
mutation) [18]. The closest isolate from Kenya had 11 SNPs difference. The difference to the
Zambian isolates was at least 8 SNPs, and to the Asian isolates at least 22 SNPs (an isolate from
India).

The non MDR genotype 4.3.1.2 isolate with the point mutation gyrA-S83F ZNZ50M123
had a minimum difference of 8 SNPs from another previously published Tanzanian isolate
(year 2009, MDR, with IncHI1 plasmid and same gyrA point mutation, ERR108654) [18]. The
second most closely related are four isolates from Tanzania with 10 SNPs distance (all from
2010, no MDR, no IncHII plasmid, all with the point mutation gyrA-S83F) [18]. The mini-
mum distance to Kenyan isolates was 27 SNPs, to isolates from Zambia 29 SNPs, and to iso-
lates from Asia (India) 21 SNPs.

All mentioned related external isolates belong to the ST1, as do the isolates from the current

study.
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Discussion

The study shows a high rate of multidrug resistance in S. Typhi from Zanzibar throughout the
study period, concurring with findings from previous studies from Tanzania [25], neighboring
Malawi, Kenya and Zambia and other African countries [19,22,44,50]. The prevalence of
typhoid fever increased from 1% (7/469) of patients in the pilot study in 2012/2013 to 6% (61/
1037) in the current study from 2015/2016. Correspondingly, S. Typhi accounted for 9% (7/
79) and 35% (61/174) of pathogenic bacteria in blood cultures in the pilot and the current
study, respectively, suggesting an outbreak in 2015/2016. Our findings support the report of an
ongoing epidemic of MDR S. Typhi in Africa [18]. The high prevalence of MDR and reduced
susceptibility to fluoroquinolones limit the treatment options of typhoid fever in Zanzibar
considerably.

In this study all MDR S. Typhi belong to genotype 4.3.1.1. This genotype has been linked
with inter- and intra-continental spread of MDR S. Typhi [18]. Therefore, it is likely that geno-
type 4.3.1 has been imported from South Asia in the last two decades to East African countries
including Tanzania, Kenya and Uganda [44] resulting in further spread of the genotype and
local outbreaks. This genotype is associated with resistance to all three former first line drugs;
ampicillin, chloramphenicol and trimethoprim-sulfamethoxazole. The availability over the
counter and widespread use of these antibiotics in the study setting may exert a selective pres-
sure that contributes to maintaining the persistence of MDR S. Typhi in the region. The only
S. Typhi isolate which is not MDR belongs to genotype 4.3.1.2. This genotype has been
reported in Southeast Asian countries such as India, Nepal, and Bangladesh [18], neighboring
countries Kenya and Uganda [16,44,51], as well as in Tanzania [44].

Ciprofloxacin and other fluoroquinolones are widely used for the treatment of typhoid
fever as a consequence of the high prevalence of MDR [52]. This study found that a high pro-
portion of S. Typhi genotype 4.3.1.1 had low-level ciprofloxacin resistance. This is alarming as
treatment with fluoroquinolones may lead to treatment failure [53] and relapse. Increased
doses and prolonged therapy may be effective but may fuel emergence of high-level resistance
[8]. In a multi-country typhoid fever surveillance study in Africa, isolates from Tanzania
showed a high percentage of MDR (89%, 8/9 isolates), but no fluoroquinolone resistance was
found [25]. However, the fluoroquinolone resistance rates currently increase on the African
continent [24], and overuse of fluoroquinolones is likely partly to blame [54]. Fortunately,
high-level fluoroquinolone resistance was not detected in the study strains, but continued
widespread use of fluoroquinolone may bring it on.

In the present study, fluoroquinolone resistance was conferred by chromosomal single
point mutations leading to structural alterations in topoisomerases as DNA gyrase. Increasing
numbers of point mutations are correlated with a cumulative increase in MIC values, with the
simultaneous acquisition of at least three-point mutations resulting in high-level fluoroquino-
lone resistance [24]. Changes in positions 83 and 87 of the gyrA gene are commonly reported
point mutations [10,24]. All S. Typhi study isolates belonging to a monophyletic clade (MDR/
cipR) had a single gyrA-D87G QRDR mutation and were phenotypically expressing low-level
fluoroquinolone resistance. To our knowledge, in East Africa the gyrA-D87G point mutation
has only been described in two S. Typhi strains isolated from returning travelers from Tanza-
nia [28].

In contrast, the only isolate without MDR (isolate ZNZ50M123, belonging to the 4.3.1.2
genotype) harbors a different single mutation (gyrA-S83F), another common mutation in fluo-
roquinolone resistant S. Typhi, including East African isolates [25]. Furthermore, all S. Typhi
isolates in this study were sensitive to azithromycin which would remain the only effective oral
treatment for typhoid fever. Globally, azithromycin resistant S. Typhi is rare, but increasingly
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reported in South-East Asia, notably in Bangladesh [55]. Increased use of azithromycin will
subsequently pose a risk of introducing and spreading azithromycin-resistant S. Typhi in the
African region [55]. Third generation cephalosporins such as ceftriaxone are still effective in
Zanzibar, unlike in Pakistan, that currently experiences a long-lasting outbreak with an exten-
sive drug-resistant S. Typhi strain, resistant to ceftriaxone, ciprofloxacin, ampicillin, trimetho-
prim-sulfamethoxazole, and chloramphenicol [52,55,56].

Earlier studies in Asia and some African countries have shown that MDR in S. Typhi is
associated with the presence of an IncHI1 plasmid [18,44]. This means the main spread of anti-
microbial resistance determinants has been horizontal transfer using a plasmid. Later studies
have shown that MDR S. Typhi isolates from Zambia [22], Tanzania [44] and Asia [18,57] did
not harbor plasmids associated with MDR determinants, suggesting that the genes conferring
MDR have been incorporated in the chromosome of the bacteria. Concurring with previous
findings [18,22,44], all MDR isolates in the present study carried a composite transposon inte-
grated into the chromosome. Both the data from our study and from recent studies are com-
patible with spread of AMR through clonal expansion [18]. Previous studies suggest that the
chromosomal location of the MDR determinants may confer a competitive advantage for the
bacteria as it is less energy consuming compared to harboring a plasmid [28,44]. The integra-
tion of AMR determinants into the S. Typhi chromosome is worrying, as the chromosomal
location reduces the likelihood of bacteria losing the antimicrobial resistance determinants
[10]. The presumably low fitness cost associated with carriage of the MDR transposon [28] can
provide a mechanism for sustained vertical transmission of MDR S. Typhi, even in the absence
of selection pressure for the specific resistances [28].

In the phylogenetic comparison of the study isolates, monophyletic clade (MDR/cipR) iso-
lates showed no SNP difference to the genotypes of S. Typhi isolated from two travelers return-
ing to the United Kingdom from Tanzania during the same period [28]. They additionally
share the same determinants coding for AMR including the identical gyrA point mutation,
which, to our knowledge, has not been described in other S. Typhi isolates from East Africa.
Isolates which are MDR/cipS, are closely related to other strains from Tanzania. Compared to
MDR/cipR isolates, MDR/cipS$ has a smaller SNP difference to isolates from both Kenya and,
especially, to those from Zambia. Assessing the results of the epidemiological and the antimi-
crobial resistance analyses, we speculate that the monophyletic clade (MDR/cipR) isolates may
represent a new subtype and an outbreak strain, whereas MDR/cipS may be endemic.

The only non-MDR study strain is belonging to the genotype 4.3.1.2 and harboring a gyrA-
S83F point mutation. It is closest related to a Tanzanian isolate from 2009 which had the same
point mutation but differed by also harboring MDR and an IncHI1 plasmid. The second most
closely related are four Tanzanian isolates from 2010 without MDR and without the IncHI1
plasmid, also with the same point mutation. In Asia, a decrease of MDR is associated with a
corresponding decrease in carriage of IncHI1 plasmids [58], and we may speculate that the iso-
late from our study may also have lost the IncHI1 plasmid. This study isolate showed a smaller
SNP difference to isolates from India than to isolates from neighboring Kenya or Zambia. This
may support the earlier introduction and spread of a common ancestor from India to
Tanzania.

In line with previous reports [42], the genetic findings in our study match the phenotypical
results, emphasizing the potential utility of WGS for the prediction of AMR. The results are
underlining that WGS is an important tool for surveillance of typhoid fever for uncovering
outbreaks, and for understanding epidemiological relationships and the spread of antimicro-
bial resistance locally and globally. The high rate of MDR S. Typhi demonstrate the need of
both antimicrobial stewardship for the treatment of suspected typhoid fever as well as surveil-
lance. The study hospital is located on Unguja, the largest island of the Zanzibar Archipelago,
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which has a multicultural population with historical links to mainland Tanzania, India and the
Arabian Peninsula, in addition many international tourists visit the island. Extensive interna-
tional travel may render the island vulnerable to the spread of resistant microbes [59], under-
lining the importance of continuous surveillance both locally and internationally.

Conclusions

We report high rate of MDR and low-level ciprofloxacin resistant S. Typhi genotype 4.3.1.1 cir-
culating in Zanzibar. The findings support that this clade now prevails in East Africa
[16,44,50], leaving few therapeutic options available for treatment of typhoid fever in the set-
ting. Surveillance of the prevalence, spread and antimicrobial susceptibility of S. Typhi can
guide treatment and control efforts.
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