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Abstract 27 

 28 

Background: The continued emergence of Salmonella enterica serovar Typhi (S. Typhi) 29 

with ever increasing antimicrobial resistance (AMR), necessitates the use of vaccines in 30 

endemic countries. A typhoid fever outbreak in Harare, Zimbabwe in 2018 from a multidrug 31 

resistant S. Typhi with additional resistance to ciprofloxacin was the catalyst for the 32 

introduction of a typhoid conjugate vaccine program. To investigate the historic emergence 33 

and evolution of AMR of endemic S. Typhi in Zimbabwe and determined the population 34 

structure, gene flux and sequence polymorphisms of strains isolated prior to mass typhoid 35 

vaccination to provide a baseline for future evaluation of the effect of the vaccination 36 

program. 37 

Methods: We determined the population structure, gene flux and sequence polymorphisms 38 

and reconstructed the evolution of AMR. The S. Typhi population structure was investigated 39 

in the context the genome sequence of 1904 strains isolated from 65 countries to reconstruct 40 

spread of endemic strains into Zimbabwe.  41 

Findings: The population structure of S. Typhi in Zimbabwe is dominated by multidrug 42 

resistant genotype 4.3.1.1 (H58) that spread to Zimbabwe from neighboring countries around 43 

2009. Evolution of AMR within Zimbabwe included acquisition of an IncN plasmid carrying 44 

a qnrS gene and a mutation in the quinolone resistance determining region of gyrA gene, both 45 

implicated in resistance to quinolone antibiotics. A minority population of antimicrobial 46 

susceptible S. Typhi genotype 3.3.1 strains was detected in typhoid cases. 47 

Interpretation: The currently dominant S. Typhi population is genotype 4.3.1.1 that spread 48 

to Zimbabwe and acquired additional AMR though acquisition of a plasmid and mutation of 49 

the gyrA gene. This study provides a baseline for future evaluation of the impact of the 50 

Typhoid Conjugate Vaccine program in Harare. 51 
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 60 

 61 

Introduction 62 

 63 

Typhoid fever is a systemic disease caused by Salmonella enterica serotype Typhi (S. Typhi) 64 

that remains an important cause of morbidity and mortality in low-resource settings (1, 2). 65 

The current global burden of disease is estimated at 11 to 18 million infections resulting in 66 

135 900 deaths annually, with the majority recorded in South Asia and Africa (3-5). Prior to 67 

the use of antimicrobial therapy for management of typhoid fever, case fatality rates exceeded 68 

20% due to complications such as intestinal perforation (6). Timely access to effective 69 

antimicrobial therapy is central to preventing complications such as intestinal perforation and 70 

death (7). Fluoroquinolones are generally used in resource-limited countries as the primary 71 

therapy for typhoid for decades (6). Recent emergence of fluoroquinolone and cephalosporin 72 

resistant strains of S. Typhi has resulted in an increased reliance on azithromycin and 73 

carbapenems which are expensive and often inaccessible in resource-limited settings where 74 

typhoid is most common (6, 8). The emergence and escalating antimicrobial resistance 75 

throughout the world have focused increasing attention on the use of typhoid vaccines (6, 8, 76 

9). 77 

 78 

Multiple outbreaks of typhoid fever have been reported in Zimbabwe since 2009, with most 79 

beginning during the rainy season (10, 11). A typhoid outbreak caused by a ciprofloxacin-80 

resistant strain of S. Typhi was detected in Harare, Zimbabwe, in September 2018 (12). 81 

Analysis of a small number of strains of S. Typhi isolated from typhoid fever cases between 82 

2012 and 2019 revealed that most isolates during this period were H58 encoding resistance to 83 

aminoglycoside, β-lactam, phenicol, sulphonamide, tetracycline and fluoroquinolone 84 

antibiotics (13). In response, an emergency reactive vaccination campaign using Typhoid 85 

Conjugate Vaccine (TCV) was implemented from February to March 2019, targeting more 86 

than 323 000 persons who were at high risk for typhoid infection in Harare. Initial reports 87 

suggested that the vaccine provided moderate protection against typhoid fever, with an 88 

adjusted vaccine effectiveness of up to 67% (11). Further epidemiological investigation of the 89 

effect of the vaccine program on S. Typhi incidence and population structure of the pathogen 90 

are needed to fully evaluate the outcome (14). The aim of this study was to investigate the 91 

population structure of S. Typhi isolates from urban areas of Harare to establish the history of 92 
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spread of the current endemic clones in the context of the global S. Typhi population and the 93 

understand the molecular basis and evolution of antimicrobial resistance in Zimbabwe. We 94 

focused on the population structure of S. Typhi prior to the TCV vaccination program to 95 

provide a baseline for future evaluation of potential effects of the program on endemic S. 96 

Typhi in Harare.  97 

 98 

Methods 99 

 100 

Bacterial strains and data sources. Epidemiological data was obtained from the Harare city 101 

department health reports and clinical records. The extracted information included details 102 

regarding demographic indicators, age, sex, suburb and clinical presentation of the disease. 103 

Ethics approval for the study was granted by the University of Pretoria, South Africa 104 

(779/2018) and Medical Research Council of Zimbabwe (MRCZ/A/2369). A total of 95 S. 105 

Typhi isolates from Zimbabwe were investigated in the context of 1,904 isolates collected 106 

between 1905 and 2019 and originated from 65 countries spanning six continents in this 107 

study (Asia, Africa, North and South America, Europe, and Australia and Oceania) (Table 108 

S1). Of the 95 isolates 38 S. Typhi from Zimbabwe were previously sequenced by Mashe et 109 

al. (12) and Ingle et al. (15) while 57 were sequenced for this study. This isolate set is a 110 

convenience sample of strains from Zimbabwe from stool or blood. S. Typhi strains were 111 

identified using biochemical and slide agglutination as described previously (16, 17). 112 

Susceptibility of 68 S. Typhi (2018) was determined using disc diffusion tests (Kirby-Bauer) 113 

(18) with concentrations of antibiotics as follows: ampicillin (10 µg), chloramphenicol (30 114 

µg), trimethoprim/sulfamethoxazole (1.25/23.75 µg), ceftriaxone (30 µg), azithromycin (15 115 

µg), ciprofloxacin (5 µg) and tetracycline (30 µg) (Mast, Hampshire, UK) (18). Zone 116 

diameters were measured and interpreted using CLSI guidelines (19). Accession number and 117 

associated metadata are provided in Supplementary Table 1. 118 

 119 

Whole-genome sequencing and quality control. Isolates were cultured on MacConkey agar 120 

for 18–20 hours at 37°C. A single colony was used to inoculate LB Broth and genomic DNA 121 

extracted from 1 mL using a Promega Wizard kit according to the manufacturer’s instructions 122 

(Promega, USA). DNA was quantified using the Qubit 3 and Nanodrop (Thermofisher, UK). 123 

Library preparation of genomic DNA was done using the LITE pipeline as described 124 

previously (20) and sequencing was performed using Nextseq (Illumina) with a Mid Output 125 
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Flowcell (NSQ® 500 Mid Output KT v2). Read quality was assessed with fastp (21) and 126 

summarized with multiqc (22). Bracken (23) was used to assess the level of contamination. 127 

Sequences with a theoretical read depth below 20x, or with less than 80% of Salmonella 128 

reads were excluded from further analysis.  129 

 130 

Phylogenetic reconstruction. Maximum-likelihood phylogenetic trees were constructed 131 

from the core single-nucleotide polymorphism (SNP) alignment with reference to S Typhi 132 

strain CT18 (24) using snippy version 4.3.6 as previously described  (25). The root node of 133 

trees was identified by including outgroups that were removed from final version of the tree 134 

(Supplementary table 2). RAxML (version 8.2.10) (26) was used to construct maximum 135 

likelihood phylogenetic trees from the core alignment, with the generalized time-reversible 136 

model and a Gamma distribution (GTR+Γ substitution GTRGAMMA in RAxML) to model 137 

site-specific rate variation. Support for the maximum-likelihood phylogeny was assessed with 138 

rapid bootstraps based on the MRE_IGN Bootstrapping criterion. For time-scaled 139 

phylogenetic trees, the 4.3.1.1EA1 subtree was extracted using the tree_subset function from 140 

treeio (27) and dating of nodes was performed using bactDating (28) using the root from the 141 

subtree. Strict gamma, relaxed gamma, mixed gamma, arc, carc and mixedcarc clock models 142 

were tested and compared using the BactDating modelcompare function. The arc model was 143 

used for the analysis as it showed the lowest deviance information criterion (DIC) (28).  144 

 145 

Identification of sequence polymorphisms, pangenome analysis and annotation. 146 

Antimicrobial resistance genes and plasmid replicons were identified using ARIBA version 147 

2.14.6 (29) with the Plasmidfinder (version 1.2) (30) and ResFinder (version 3.1) (31) 148 

databases. Mutations in the gyrA, gyrB and parC chromosomal genes were detected using 149 

resistance gene identifier (RGI; version 5.1.1) (29). Genome assembly was carried out using 150 

SPAdes version 3.13.0 (32) with default parameters. The quality of the assembly was 151 

assessed with the quality assessment tool for genome assemblies QUAST  version 5.0.2 (33). 152 

Assemblies larger than 5.5 MB were excluded from further analysis. Gene models and 153 

annotation was carried out using Prokka version 1.14.5 and Bandage (34, 35). For 154 

determination of pangenome and accessory genome, assembled and annotated genome 155 

sequences were used as input for Roary version 3.11.2 (36) to identify gene families and their 156 

distribution within S. Typhi isolates from Zimbabwe. The gene presence absence matrix was 157 

filtered to focus on genes present in at least 3 isolates (~3%) and at most 90 isolates (~95%). 158 
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Regions of interest were extracted from the relevant genomes for further analysis. Prophage 159 

annotation was done using a combination of Prokka to generate the gene model and by 160 

manual curation using the output from BLASTp derived annotation of the ORF against nr 161 

database (37). Nucleotide sequence BLAST results of prophage ZIM331 against the P88 162 

reference (NC_026014) was visualized using genoPlotR (38). 163 

 164 

Results 165 

 166 

Two genotypes were circulating in Zimbabwe in 2018 with ongoing evolution of AMR in 167 

the dominant 4.3.1 (H58) genotype. Typhoid fever is a reportable disease in Zimbabwe with 168 

many of the cases in high density populations of urban Harare situated in north-eastern 169 

Zimbabwe (Figure 1A). To establish a convenience sample of S. Typhi strains prior to TCV 170 

vaccination, all available data regarding typhoid in Harare city health reporting systems 171 

between January 2018 and December 2018 were reviewed. In total, 3,946 suspected typhoid 172 

fever cases were reported in Zimbabwe (Figure 1B). An increase in suspected cases were 173 

reported from the first week of 2018 that peaked in the fourth week followed by a gradual 174 

decline from week 10 to week 18 (Figure 1C). An increase in overall daily cases was 175 

observed from week 45 to week 52 (Figure 1C). Of the 3,946 suspected typhoid fever cases 176 

128 were confirmed by culture tests and 57 were randomly selected for whole genome 177 

sequencing and analysis. 178 

 179 

To investigate the phylogenetic relationship of S. Typhi isolated from clinical cases of 180 

typhoid fever in Zimbabwe, the whole genome sequence from a total of 95 isolates from 181 

typhoid fever infections in Zimbabwe between 2012 and 2019 were analyzed. These included 182 

85 from infections in Zimbabwe (12) and 10 from clinical infections in the UK that were 183 

associated with travel to Zimbabwe (15). A maximum likelihood phylogenetic tree based on 184 

variation in the core genome sequence revealed a population structure for S. Typhi isolated 185 

from Zimbabwe consisting of two subclades corresponding to genotypes 4.3.1 (H58) (88/95, 186 

93%) and 3.3.1 (7/95, 7%) (Figure 2). The S. Typhi isolates from the 2018 outbreak were 187 

present throughout the tree including genotypes of both 4.3.1.1 and 3.3.1 and were closely 188 

related to isolates from previous years and five isolates from 2019 (Figure 2). Salmonella 189 

Typhi isolates of genotype 4.3.1.1 (H58) encoded between six and ten AMR genes, while 190 

resistance genes were not detected in any isolates of genotype 3.3.1. 191 
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 192 

All isolates of 4.3.1.1 (H58) had aph-6, blaTEM-1B, dfrA7.1, catA1, sul1 and sul2 genes 193 

conferring resistance to aminoglycosides, penicillin and older cephalosporins, trimethoprim, 194 

phenicols, and sulphonamides, respectively (Figure 2). A total of 62 isolates had three 195 

additional AMR genes, tetA, dfrA14 and qnrS, whose presence coincided with the detection 196 

of sequence from an IncN plasmid (subtype PST3). Most strains (60/62) with tetA, dfrA14 197 

and qnrS genes were present in a single distal sub-clade within the Zimbabwe 4.3.1.1 198 

population structure (blue sub-clade in Figure 2), with two isolates with this AMR profile 199 

situated in a more-basal rooted clade. All of the isolates with the tetA, dfrA14 and qnrS genes 200 

were isolated from 2016 to 2019. The aph3lb gene has a complex distribution within the 201 

4.3.1.1 (H58) population in Zimbabwe consistent with multiple acquisitions or losses. While 202 

the aph3lb was present in all but one isolate in the basal-rooted clade, it was sporadically 203 

distributed within the distal clade containing the IncN plasmid. A total of 18 isolates (20%) 204 

contained a mutation in the gyrA gene predicted to result in a S83F substitution in GyrA, 205 

known to result in increased minimum inhibitory concentration for fluroquinolone antibiotics 206 

(39). GyrA S83F was present in two clusters of thirteen and two isolates within the distal 207 

clade containing the IncN plasmid, and three isolates from the basally rooted clade, all of 208 

which except two also had the qnrS gene. 209 

 210 

Analysis of the accessory genome of Zimbabwe endemic S. Typhi indicates clade specific 211 

clusters of genes. To investigate the clade-specific gene content of S. Typhi circulating in 212 

Zimbabwe we determined the pangenome of 97 isolates by comparing all predicted protein 213 

sequences using Roary software. Three large clusters of genes co-occurred at a similar 214 

frequency and phylogenetic distribution in either all genotype 4.3.1.1EA1 strains, a subset of 215 

4.3.1.1EA1 or only 3.3.1, and were designated groups 1, 2 and 3, respectively (Figure 3). 216 

Group 1 contained genes present within a transposon containing the aph-6, blaTEM-1B, dfrA7.1 217 

and catA1 resistance genes, described previously (40, 41). Group 2 contained genes 218 

consistent with a plasmid including the IncN replicon and the tetA, dfrA14 and qnrS genes. 219 

Alignment of the nucleotide sequence of group 3 genes to sequences in the NCBI database 220 

using BLAST identified multiple prophage genes (Figure 4). A putative prophage that we 221 

designated ZIM331 was most closely related to prophage P88 and consisted of 47 predicted 222 

coding sequences of which 36 had similarity to genes with functions associated with 223 

prophage functions and seven genes encoding hypothetical proteins of unknown function. A 224 
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cluster of four genes were putative cargo genes and exhibited sequence similarity to 225 

hxsDBCA, a super-family of genes that encode proteins with diverse activity in metabolic 226 

processes (42). 227 

 228 

The 4.3.1.1 clone emerged in Zimbabwe around 2009 and acquired additional AMR 229 

genes on an IncN plasmid around 2012. To investigate the phylogenetic relationship of 95 230 

S. Typhi isolates from Zimbabwe in the context of the global S. Typhi population structure 231 

we constructed a maximum likelihood tree including 1,904 S. Typhi isolates from 65 232 

countries, described previously (43, 44) (Figure 5). A cluster of seven genotype 3.3.1 were 233 

closely related to other isolates from East and Southern African countries (Supplemental 234 

figure 1). The majority of the isolates belonged to clade 4 and in particular subclade 4.3 that 235 

include H58 (Figure 5). To further resolve the phylogenetic structure of isolates in clade 4.3 236 

Zimbabwe and the global collection, a phylogenetic tree was constructed based on variation 237 

in the core genome sequence of clade 4.3 only (Figure 6). Genotype 4.3.1.1 isolates from 238 

Zimbabwe were present on a distal lineage within a subclade formed by isolates from East 239 

Africa and Southern Africa. The ladder topology of this part of the phylogenetic tree was 240 

consistent with multiple transmission events in a southernly direction from Kenya to 241 

Tanzania, Malawi and into Zimbabwe, followed by local spread.  242 

 243 

To estimate the time of key spread and evolutionary events associated with AMR in the 244 

emergence of the 4.3.1.1 Zimbabwe endemic clone, a subtree containing genomes from the 245 

4.3.1.1EA1 subclade was extracted from the genotype 4.3 clade maximum likelihood tree. 246 

Linear regression analysis indicated a strong temporal signal for the accumulation of SNPs in 247 

the 4.3.1.1EA1 subtree that was absent if date of isolation was randomly assigned to taxa. 248 

(Supplemental Figure 2). A time-scaled tree constructed by Bayesian inference using 249 

BactDating (28) indicated that the common ancestor of the 4.3.1.1EA1 clade existed around 250 

1987.236 [95% confidence interval 1977.5 - 1994.0] (Figure 7). Most of the deeply rooted 251 

isolates, that were from Kenya, had IncH1 replicon genes that correlated with the presence of 252 

aph6ld, blaTEM, sul2, aph3lb, sul1, catA1, dfrA7.1 and tetB AMR genes. Isolates from 253 

Tanzania, Malawi, South Africa and Zimbabwe lacked the IncH1 replicon genes but most 254 

had aph6ld, blaTEM, sul1, sul2, aph3lb, catA1, dfrA7.1 but not tetB. Fourteen of 20 isolates 255 

from Tanzania had IncFIB replicon genes and had lost sul1, catA1, dfrA7.1 and tetB, but 256 

gained a dfrA14.4 gene. This was consistent with acquisition of the IncHI1 plasmid in Kenya 257 
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followed by sporadic losses. Most isolates from Malawi, South Africa and Zimbabwe had the 258 

aph6ld, blaTEM, sul2, aph3lb, sul1, catA1, dfrA7.1 and tetB AMR genes, despite lacking the 259 

IncHI1 replicon genes that coincided in isolates from Kenya. The exception was the sporadic 260 

apparent loss of the aph3lb gene from 30 of the 95 isolates from Zimbabwe, an event not 261 

observed in isolates from Kenya, Tanzania, Malawi or South Africa.  262 

The common ancestor of all S. Typhi 4.3.1.1EA1 isolates from Zimbabwe was estimated to 263 

have existed around 2009 [95% confidence interval: 2008.5 – 2010.0], consistent with 264 

epidemiological records indicating increased outbreaks of typhoid fever from this time (11, 265 

13). Additional evolution of AMR was also exclusively observed in isolates from Zimbabwe 266 

with the apparent acquisition of dfrA14, qnrS and tetA AMR genes whose presence coincided 267 

with the presence of IncN replicon genes. The common ancestor of the IncN-containing 268 

isolates was around 2012 [95% confidence interval: 2011.5 – 2013.3]. Isolates with a gyrA 269 

mutation resulting in the S83F substitution associated with fluoroquinolone resistance shared 270 

a common ancestor or were isolated since around 2015.  271 

 272 

Discussion 273 

 274 

Recurrent outbreaks of typhoid fever have been recorded in Zimbabwe since 2009 (13, 45). 275 

We found that during the period 2012 to 2019 strains of genotype 4.3.1.1, also known as 276 

H58, and genotype 3.3.1 were endemic. Both were likely to have been endemic during this 277 

time since they each formed clusters of closely related strains, 3.3.1 between 2014 and 2018 278 

and genotype 4.3.1.1 throughout (13). The absence of 3.3.1 in 2012 and 2019 was likely due 279 

to the relatively small number of isolates investigated in these years. The vast majority of S. 280 

Typhi isolates from Zimbabwe in this study (88/95) were of the globally distributed genotype 281 

4.3.1.1 that is characterized by multidrug resistance encoded on a transposon on an IncHI1 282 

plasmid or incorporated into the chromosome (46). In contrast, we found that isolates of 283 

genotype 3.3.1 lacked AMR genes entirely. 284 

 285 

All the S. Typhi genotype 4.3.1.1 isolates from Zimbabwe formed a discrete cluster within a 286 

subclade designated genotype 4.3.1.1EA1, composed entirely of isolates from east and 287 

southern African, or travel to this region (47). 4.3.1.1EA1 was in turn rooted within isolates 288 
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from Southern Asia consistent with initial introduction from Southern Asia into Kenya and 289 

Tanzania and subsequent spread south into Malawi, as reported previously (44, 48). Our 290 

analyses confirm further transmission of this clone to Zimbabwe. The strong association of 291 

isolates from each country into distinct subclades within the genotype 4.3.1.1EA1 population 292 

structure suggests that spread resulted from a single transmission event into each country 293 

followed by local transmission of a clone. Multiple transmission events would be expected to 294 

result in a greater degree of mixing of isolates from each country in the phylogenetic tree, 295 

although additional analysis of more recent isolates from Kenya, Tanzania and Malawi may 296 

reveal other transmission. The common ancestor of all Zimbabwe isolates was around 2009 297 

marking the earliest date for introduction of genotype 4.3.1.1EA1 into Zimbabwe. This 298 

coincides with reports of renewed outbreaks in Zimbabwe from this time for unknown 299 

reasons (45), but may be due to the arrival of this new genotype. 300 

 301 

To date, genotype 3.3.1 isolates have garnered little attention compared to 4.3.1.1 as they are 302 

relatively rare and susceptible to antibiotics and consequently their global spread remains to 303 

be determined. A total of 34 isolates of genotype 3.3.1 were present in the global strain 304 

collection of 1904 whole genome sequences used in this study, while only 60 were available 305 

on TyphiNET out of 5,327 genomes (accessed August 2022) (49), suggesting that this 306 

genotype remains relatively rare globally, or under sampled. Nonetheless, the 34 genotype 307 

3.3.1 isolates were from 10 different countries, with over 90% from East and Southern 308 

African (n=21) and Asian countries (n=10). Notably, in common with genotype 4.3.1.1EA1 309 

isolates, genotype 3.3.1 isolates largely clustered based on the continent and the country of 310 

origin, consistent with international spread and subsequent domestic transmission of local 311 

clones. In contrast to genotype 4.3.1.1EA1, the topology of genotype 3.3.1 phylogeny 312 

consisted of country-specific clades with deeply rooted branches consistent with rapid initial 313 

spread globally and little current evidence of spread since. Additional genomes sequences are 314 

needed to investigate the time and phylogeographic spread in detail. 315 

 316 

The evolution of S. Typhi strains with ever greater resistance to antimicrobials through 317 

acquisition of AMR genes or mutations in drug targets or efflux pumps is continuously 318 

reducing the options for therapy (46, 50). Our analysis of the evolution of the 4.3.1.1EA1 319 

clade highlighted a concerning trend of increased resistance in Zimbabwe. Deeply rooted 320 

4.3.1.1EA1 clades containing strains isolated before 2010 in Kenya were multidrug resistant 321 
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due to AMR genes on an IncHI1 plasmid typical of genotype 4.3.1.1 isolates from South Asia 322 

(44). As 4.3.1.1EA1 spread south through Tanzania, isolates appear to have lost the IncHI1 323 

plasmid but retained the AMR genes, likely due to their incorporation into the chromosome 324 

as previously described (44). The ancestral strain that spread to Zimbabwe around 2009 was 325 

of this genotype, but within 3 years an ancestor to nearly two thirds of isolates in the present 326 

study, had gained an IncN plasmid containing additional genes including the qnrS gene 327 

conferring resistance to quinolone antibiotics. The IncN plasmid is predicted to contain 328 

around 50 genes and it is possible that the energy cost of maintaining this plasmid may only 329 

have been favorable following the loss of the IncHI1 plasmid that contained up to 225 genes 330 

(51), but this remains to be investigated. Fluroquinolone resistance in S. Typhi is normally 331 

associated with mutations in the quinolone resistance determining region (QRDR) of GyrA 332 

and ParC. A previous study reported that QRDR mutations emerged independently on at least 333 

94 occasions globally but almost exclusively in South Asia (48). We detected at least four 334 

independent acquisitions of QRDR mutations in the gyrA gene. Notably, two of the mutation 335 

events that accounted for 15 of 18 isolates also contained the qnrS gene on the IncN plasmid, 336 

suggesting that accumulation additional QRDR mutations may further increase 337 

fluoroquinolone. 338 

 339 

In response to the 2018 ciprofloxacin-resistant typhoid outbreak, Zimbabwe carried out a 340 

mass typhoid vaccination campaign from February to March 2019 in nine suburbs of Harare 341 

with TCV. Over 318,000 doses were administered targeting children aged between 6 months 342 

and 15 years in affected communities. Previously, whole genome sequencing was 343 

retrospectively used to investigate the effect on the S. Typhi population in Thailand following 344 

a national immunization program in 1977 in response to a large outbreak (52). S. Typhi 345 

isolates from after the immunization program were found to be travel associated cases from 346 

neighboring countries. Our study provides a detailed insight into the emergence and baseline 347 

population structure of S. Typhi in Zimbabwe prior to the recent immunization program to 348 

enable assessment of the impact this program on the population structure of S. Typhi in the 349 

future. 350 
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 363 

 364 

 365 

 366 

Figure 1. Epidemiology of typhoid fever in Harare, Zimbabwe in 2018. (A) Map of 367 

southern Africa showing the location of Zimbabwe and Harare. (B) Geographic distribution 368 

of suspected and confirmed cases of typhoid fever in Harare in 2018. Suburbs are indicated 369 

and the number of cases indicated (red circles) as indicated in the key (inset) (C) Daily 370 

number of suspected and confirmed typhoid cases (seven-day average) during the year 2018. 371 
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 374 

Figure 2. Phylogenetic relationship and genomic characteristics of 95 S. Typhi strains 375 

isolated from Harare and Gweru from 2012 to 2019. A maximum likelihood phylogenetic 376 

tree constructed using nucleotide sequence variation in the shared genome of 95 S. Typhi 377 

strains with reference to S Typhi CT18 whole genome sequence assembly (24) and rooted to 378 

the reference as an outgroup. Source of the sequence data (study), the genotype (genotyphi), 379 

year of isolation (year), and the city (location) and city suburb (suburb) are indicated by 380 

colors indicated in the key (inset). The approximate number of SNPs are indicated (bar). 381 
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 382 

 383 

 384 

Figure 3. Accessory genome of 95 S. Typhi isolates from typhoid fever cases linked to 385 

Zimbabwe. Gene families (columns) present in each genome (blue) are arranged by 386 

frequency at which they occur in 95 genomes of S. Typhi strains isolated in Zimbabwe 387 

(n=85) or in the UK and associated with travel to Zimbabwe (n=10). Only genes present in 388 

greater than two isolates (~3%) and less than 91 isolates (~95%) are shown. Genes with a 389 

similar frequency and phylogenetic distribution were classified as group 1, 2 and 3 that 390 

correlate with genes present on a composite transposon, IncN plasmid and prophage element, 391 

respectively. 392 

 393 
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 395 

Figure 4. Comparison of prophage Zim331 with prophage P88. A gene model predicted 396 

using prokka show genes with predicted phage functions (blue bars), potential cargo genes 397 

(green bars) and hypothetical proteins with no known function (grey bars) based on sequence 398 

alignment in the NCBI database, are indicated for prophage P88 and prophage Zim331.  399 

Predicted function for proteins encoded by genes are indicated and regions exhibiting >90% 400 

sequence identity in direct alignment (red) or reverse and complement alignment (blue) are 401 

indicated. 402 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 2, 2022. ; https://doi.org/10.1101/2022.09.01.506167doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.01.506167
http://creativecommons.org/licenses/by/4.0/


 

 

17 
 

 403 

Figure 5. Phylogenetic relationship of 95 S. Typhi strains isolates from Zimbabwe in the 404 

context of 1904 S. Typhi strains isolated from globally dispersed locations. Maximum 405 

likelihood phylogenetic tree constructed based on variation in shared nucleotide sequence 406 

with reference to S Typhi CT18 whole genome sequence assembly (24). Continent of 407 

isolation (inner circle), genotype based on TyphiNET designation (middle circle) and isolates 408 

reported in this study (outer circle) are color coded as indicated in the key (inset).   409 
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 410 

Figure 6. Phylogenetic relationship of genotype 4.3.1 S. Typhi strains isolates from 411 

Zimbabwe and globally dispersed locations. Maximum likelihood phylogenetic tree 412 

constructed based on variation in shared nucleotide sequence with reference to S Typhi CT18 413 

whole genome sequence assembly (24). Year of isolation, continent of isolation, country of 414 

isolation and genotype based on TyphiNET designation are indicated in concentric circles 415 

color coded as indicated in the key (inset).   416 
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 417 

Figure 7. Time-scaled phylogenetic tree of genotype 4.3.1.1EA1 S. Typhi isolates. 418 

Terminal branch lengths are constrained to date of isolation and the 95% credibility interval 419 

is indicated by shaded bar color-coded to identify nodes corresponding to the common 420 

ancestor of the 4.3.1.1EA1 clade, 4.3.1.1EA1 isolated from Zimbabwe, 4.3.1.1EA1 from 421 

Zimbabwe carrying an IncN plasmid and 4.3.1.1EA1 from Zimbabwe with mutations in the 422 

QRDR of gryA as indicated in the key (inset). Country of isolation and presence absence of 423 

AMR and replicon are indicated in the key (inset). 424 

 425 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 2, 2022. ; https://doi.org/10.1101/2022.09.01.506167doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.01.506167
http://creativecommons.org/licenses/by/4.0/


 

 

20 
 

 426 

Supplemental Figure 1. Phylogeny of the subclade 3.3.1 extracted from the global tree. 427 

Continent and Country of isolation are represented on a colour coded on as indicated on the 428 

key 429 
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 430 

Supplemental Figure 2. Root to tip regression analysis indicating temporal signal for the 431 

accumulation of SNPs within the 4.3.1.1EA1 clade. 432 
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