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Antimicrobial resistance (AMR) poses a serious threat to the clinical management of typhoid fever.
AMR in Salmonella Typhi (S. Typhi) is commonly associated with the H58 lineage, a lineage that arose
comparatively recently before becoming globally disseminated. To better understand when and how
H58 emerged and became dominant, we performed detailed phylogenetic analyses on contemporary
genome sequences from S. Typhi isolated in the period spanning the emergence. Our dataset, which
contains the earliest described H58 S. Typhi organism, indicates that ancestral H58 organisms were
already multi-drug resistant (MDR). These organisms emerged spontaneously in India in 1987 and
became radially distributed throughout South Asia and then globally in the ensuing years. These early
organisms were associated with a single long branch, possessing mutations associated with
increased bile tolerance, suggesting that the first H58 organism was generated during chronic
carriage. The subsequent use of fluoroquinolones led to several independent mutations in gyrA. The
ability of H58 to acquire and maintain AMR genes continues to pose a threat, as extensively drug-
resistant (XDR; MDR plus resistance to ciprofloxacin and third generation cephalosporins) variants,
have emerged recently in this lineage. Understanding where and how H58 S. Typhi originated and
became successful is key to understand how AMR drives successful lineages of bacterial pathogens.
Additionally, these data can inform optimal targeting of typhoid conjugate vaccines (TCVs) for
reducing the potential for emergence and the impact of new drug-resistant variants. Emphasis should
also be placed upon the prospective identification and treatment of chronic carriers to prevent the

emergence of new drug resistant variants with the ability to spread efficiently.

Salmonella enterica serovar Typhi (S. Typhi) is the etiologic agent of typhoid
fever, a disease associated with an estimated 10.9 million new infections and
116,800 deaths annually’. The disease classically presents as a non-
differentiated fever and can progress to more severe manifestations or even
death’. Typhoid fever necessitates antimicrobial therapy, as the associated
mortality rate in the pre-antimicrobial era ranged from 10-30%"; presently,
typhoid has a case fatality rate (CFR) of <1% when treated with effective
antimicrobials’. S. Typhi is spread via the faecal-oral route, typically through
the ingestion of contaminated food or water’. Therefore, high prevalence
rates of typhoid fever were historically associated with urban slums in South

Asia with poor sanitation®. Recent multicentre surveillance studies have
demonstrated that typhoid fever is also a major problem in both urban and
rural areas in sub-Saharan Africa®”.

Given the importance of antimicrobials for the management and
control of typhoid, antimicrobial resistance (AMR) in S. Typhi is a major
public health issue. Indeed, the problem of AMR in S. Typhi first appeared in
the 1950s with the emergence of resistance against the most widely used
drug, chloramphenicol™’. Multi-drug resistant typhoid (MDR; resistance to
first-line antimicrobials chloramphenicol, trimethoprim-sulfamethoxazole,
and ampicillin) was first identified in the 1970s and became common in the

'Cambridge Institute of Therapeutic Immunology & Infectious Disease (CITIID), Department of Medicine, University of Cambridge, Cambridge, UK. 2Department of
Infection Biology, London School of Hygiene & Tropical Medicine, London, UK. ®IAVI, Chelsea & Westminster Hospital, London, UK. “The Hospital for Tropical
Diseases, Wellcome Trust Major Overseas Program, Oxford University Clinical Research Unit, Ho Chi Minh City, Vietnam. *Department of Infectious Diseases,
Central Clinical School, Monash University, Melbourne, VIC 3004, Australia. °School of Medicine, Stanford University, Stanford, CA, USA. "Wellcome Sanger
Institute, Wellcome Genome Campus, Hinxton, Cambridge, UK. 8United Kingdom Health Security Agency, Gastrointestinal Bacteria Reference Unit, London, UK.

®These authors contributed equally: Megan E. Carey, To Nguyen Thi Nguyen.

e-mail: megan.carey@Ishtm.ac.uk

Communications Biology | (2024)7:775


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06451-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06451-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-024-06451-8&domain=pdf
http://orcid.org/0000-0002-7797-9080
http://orcid.org/0000-0002-7797-9080
http://orcid.org/0000-0002-7797-9080
http://orcid.org/0000-0002-7797-9080
http://orcid.org/0000-0002-7797-9080
http://orcid.org/0009-0006-3316-4812
http://orcid.org/0009-0006-3316-4812
http://orcid.org/0009-0006-3316-4812
http://orcid.org/0009-0006-3316-4812
http://orcid.org/0009-0006-3316-4812
http://orcid.org/0000-0002-8887-3492
http://orcid.org/0000-0002-8887-3492
http://orcid.org/0000-0002-8887-3492
http://orcid.org/0000-0002-8887-3492
http://orcid.org/0000-0002-8887-3492
http://orcid.org/0000-0003-0739-6848
http://orcid.org/0000-0003-0739-6848
http://orcid.org/0000-0003-0739-6848
http://orcid.org/0000-0003-0739-6848
http://orcid.org/0000-0003-0739-6848
http://orcid.org/0000-0001-7029-9210
http://orcid.org/0000-0001-7029-9210
http://orcid.org/0000-0001-7029-9210
http://orcid.org/0000-0001-7029-9210
http://orcid.org/0000-0001-7029-9210
http://orcid.org/0000-0002-2638-0713
http://orcid.org/0000-0002-2638-0713
http://orcid.org/0000-0002-2638-0713
http://orcid.org/0000-0002-2638-0713
http://orcid.org/0000-0002-2638-0713
http://orcid.org/0000-0002-7297-1485
http://orcid.org/0000-0002-7297-1485
http://orcid.org/0000-0002-7297-1485
http://orcid.org/0000-0002-7297-1485
http://orcid.org/0000-0002-7297-1485
http://orcid.org/0000-0002-5288-9089
http://orcid.org/0000-0002-5288-9089
http://orcid.org/0000-0002-5288-9089
http://orcid.org/0000-0002-5288-9089
http://orcid.org/0000-0002-5288-9089
mailto:megan.carey@lshtm.ac.uk

https://doi.org/10.1038/s42003-024-06451-8

Article

early 1990s'*''. MDR in S. Typhi is frequently conferred by self-
transmissible IncH1 plasmids carrying a suite of resistance genes, includ-
ing resistance determinants for chloramphenicol (catAI or cmlA), ampi-
cillin (blatem-1p» blaoxa-7), and co-trimoxazole (at least one dfrA gene and
at least one sul gene)'”. Lower efficacy of first-line antimicrobials led to the
increased use of fluoroquinolones, but decreased fluoroquinolone suscept-
ibility became apparent in the mid-1990s, was widespread in South and
Southeast Asia in the early 2000s™, and has now become
ubiquitous globally". Inevitably, as treatment options have become limited,
third generation cephalosporins and azithromycin have been used more
widely for effective treatment of typhoid fever'*"*. However, newly circu-
lating extensively-drug resistant (XDR; MDR plus resistance to fluor-
oquinolones and third generation cephalosporins) variants of S. Typhi have
left azithromycin as the only feasible oral antimicrobial for the treatment of
typhoid fever across South Asia"’. We are at a potential tipping point, as
azithromycin-resistant S. Typhi has since been reported in Bangladesh,
Pakistan, Nepal, and India, thereby threatening efficacy of common oral
antimicrobials for effective typhoid treatment’**’. If an XDR organism were
to acquire azithromycin resistance (induced by a single base pair mutation),
this would lead to what Hooda and colleagues have referred to as pan-oral
drug-resistant (PoDR) S. Typhi, which would likely require inpatient
management™. This would come at substantial additional cost to patients
and their families, and place additional strain on already overburdened
health systems™. A recently published case report of a clinical relapse caused
by XDR S. Typhi that was also resistant to both carbapenems and azi-
thromycin in Pakistan signals the potential emergence of “untreatable
typhoid™’ however; it is unclear what circumstances would permit the
emergence of a successful clone exhibiting resistance to all of these
antimicrobials.

In contrast to many other Gram-negative bacteria, S. Typhi is human
restricted with limited genetic diversity that can be described by a mono-
phyletic phylogenetic structure”. Therefore, the phylogeny and evolution of
S. Typhi provide a model for how AMR emerges, spreads, and becomes
maintained in a human pathogen. AMR phenotypes in S. Typhi are typically
dominated by a single lineage; H58 (genotype 4.3.1 and consequent sub-
lineages), which was the 58" S. Typhi haplotype to be described in the
original genome-wide typing system®. This highly successful lineage is
commonly associated with MDR phenotypes and decreased fluor-
oquinolone susceptibility'*. Previous phylogeographic analysis suggested
that H58 emerged initially in Asia between 1985 and 1992 and then dis-
seminated rapidly to become the dominant clade in Asia and subsequently
in East Africa'®. H58 is currently subdivided into three distinct lineages—
lineage I (4.3.1.1) and lineage II (4.3.1.2), which were first identified in a
paediatric study conducted in Kathmandu®™, and lineage III (4.3.1.3), which
was identified in Dhaka, Bangladesh™. A recent study of acute typhoid fever
patients and asymptomatic carriers in Kenya demonstrated the co-
circulation of genotypes 4.3.1.1 and 4.3.1.2 in this setting, and closer ana-
lysis showed that these East African sequences had distinct AMR profiles
and were the result of several introduction events’*. These events led to the
designation of three additional genotypes: H58 lineage I sublineage East
Africal(4.3.1.1.EA1), H58 lineage II sublineage East Africa IT (4.3.1.2.EA2),
and H58 lineage I1 sublineage East Africa II (4.3.1.2.EA3)™. In addition, the
XDR S. Typhi clone, which was caused by a monophyletic outbreak of
genotype 4.3.1.1 organisms, was designated genotype 4.3.1.1.P1 to facilitate
monitoring of its spread.

It is apparent from investigating the phylogeny of S. Typhi that H58 is
atypical in comparison to other lineages. This lineage became dominant in
less than a decade, and first appeared on a long basal branch length, indi-
cative of a larger number of single base pair mutations separating it from its
nearest neighbour (Fig. 1a). These observations suggest that there is
something ‘unique’ about the evolution of this lineage, but we have limited
understanding of how H58 emerged, what enabled its rapid spread, and
when it initially appeared. Here, by collating new genome sequences of .
Typhi that were associated with travel to South Asia in the late 1980s and
early 1990s and comparing them to a global population over the same

period, we explore an expanded early phylogenetic dataset to resolve the
origins and rapid success of this important and successful AMR clone.

Results and discussion

Sampling

The main questions that we aimed to address with this study were: (i) when
and where did H58 S. Typhi first emerge; (ii) can we better resolve the
evolutionary events that lead to the long branch length observed for H58
S. Typhi; and (iii) how quickly did this lineage spread and why? Therefore, to
investigate the origins of S. Typhi H58, data from United Kingdom Health
Security Agency (UKHSA, formerly Public Health England) containing
information on archived S. Typhi organisms isolated between 1980 and
1995 from travellers returning to the UK from overseas and receiving a
blood culture were analysed.

The database was queried and organisms were selected from the fol-
lowing three categories: (i) 126 S. Typhi with the E1 Phage type, which was
thought to be associated with H58", originating from South Asia (India,
Nepal, Pakistan, and Bangladesh), (ii) 159 S. Typhi organisms with a variety
of non-E1 phage types originating from South Asia, and (iii) 184 S. Typhi
organisms with a variety of phage types (both E1 and non-E1) originating
from locations outside of South Asia. A total of 470 S. Typhi organisms (out
of 3751 total S. Typhi isolated from returning travellers by UKHSA between
1980 and 1995) meeting these criteria were randomly selected, revived,
subjected to DNA extraction and whole genome sequenced. Ultimately, our
dataset was composed of 463 novel sequences generated as a component of
this study and 305 existing sequences known to belong to the H58 lineage
and its nearest neighbours™**, yielding a total of 768 whole genome
sequences on which to structure subsequent analysis.

Population structure, genotype distribution, and antimicrobial
resistance profiles of historical S. Typhi
We inferred a maximum likelihood phylogenetic tree from the sequencing
data to examine the population structure of this historical (1980-1995)
collection of global S. Typhi sequences (Fig. 1). Notably, unlike the extant
global population of S. Typhi, which is largely dominated by a single
lineage™, this historic population exhibited considerable genetic diversity,
with 37 genotypes represented (Fig. 1a; Supplementary Table 1). Most
isolates belonged to primary clade 2 (194/463), of which clade 2.0 was most
common (36%, 69/194) followed by subclades 2.3.3 (14%, 28/194) and 2.2.2
(13%, 25/194). An additional 23% of isolates belonged to primary clade 3
(108/463) and 3% of isolates were classified as major lineage 1 (12/463).
Ultimately, 29% of isolates belonged to primary clade 4 (134/463), of which
63% (84/134) were H58. Among these, H58 lineage I (genotype 4.3.1.1) was
most common (67%, 56/84), followed by genotype 4.3.1 (H58 not differ-
entiated into any sublineage; 24%, 20/84). The earliest H58 isolates in our
dataset are illustrated in higher resolution in Fig. 1b. The temporal dis-
tribution and country of origin of the sequences are shown in Fig. lc.

Although we enriched our historical dataset for samples isolated from
travellers returning from South Asia, our final dataset still provided sub-
stantial geographic coverage, with 39 different countries represented over
the study period (1980-1995). Therefore, these data are likely representative
of the circulating S. Typhi during this period of investigation. Notably, the
earliest H58 organism in our dataset that was classified as H58 based on a
single marker SNP according to the GenoTyphi scheme was isolated in 1983
from an individual entering the UK from India, followed by two additional
Indian isolates (1988) that were also classified as H58. These three organ-
isms differed from the larger cluster of H58 organisms by 61-64 single
nucleotide polymorphisms (SNPs) (Fig. 1a); therefore, we considered them
to be distinct from the larger cluster and not truly H58. All H58 S. Typhi in
this dataset were isolated from travellers returning from South Asia, with the
majority (51/84; 61%) originating from Pakistan and the remainder from
India and Bangladesh; 31/84 (37%) and 2/84 (2%), respectively.

Given that this dataset included isolates from the early MDR era and
then following the emergence of reduced fluoroquinolone susceptibility, we
analysed the data for genes associated with MDR and mutations in the DNA
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Fig. 1 | The phylogenetic structure of historical S. Typhi isolates. a A phylogenetic
overview of historical (1980-1995) S. Typhi from the UKHSA. Maximum likelihood
outgroup rooted phylogenetic tree depicting the genomic sequences of 463 S. Typhi
isolated from returning travellers to the United Kingdom between 1980 and 1995.
Branch colour indicates genotype, and rings outside of the tree indicate country of
origin, MDR, and presence of IncH1 plasmid, coloured as per the inset legend.
Individual mutations in the quinolone resistance determining region (QRDR)
indicated by stars outside the rings. b A phylogenetic overview of historical H58

)

branch leading to H58

w0 s e 199 1994

(4.3.1) S. Typhi isolates. Zoomed-in view of H58 S. Typhi isolates from historical
collection. Genotype, country of origin, presence of MDR, AMR mutations, and
presence of IncH1 plasmids are indicated by bars to the right of the tree and coloured
as per the inset legend. Individual mutations in the quinolone resistance determining
region (QRDR) indicated by stars to the right of the bars. ¢ A bar graph showing
distribution of samples by year (1980-1995) and countries of origin are indicated by
colour as per inset legend.

gyrase gene, gyrA. Overall, 7% (34/463) of the organisms in this historical
dataset were genetically defined as being MDR; importantly, all were H58
(genotypes 4.3.1,4.3.1.1,4.3.1.2,and 4.3.1.3) and isolated between 1991 and
1995, and 97% (33/34) possessed an IncH1 plasmid (Fig. 1b). Thirteen H58
organisms contained an IncHI plasmid carrying AMR genes but did not
possess the genes conferring resistance to all three first-line antimicrobials,
and thus were not genetically defined as MDR (Fig. 1b, Supplementary
Table 1). The first mutation in the quinolone resistance determining region
(QRDR) in our dataset was a gyrA-D87Y substitution identified in a gen-
otype 2.5 organism originating in South Africa in 1986 (Fig. 1a). Based on
our data, this was a spontaneous mutation that evolved de novo that did not
become fixed in the population. Similarly, two single QRDR mutations
(gyrA-S83F and gyrA-S83Y) occurred independently in H58 organisms
(genotype 4.3.1) in India in 1995 (Fig. 1b) and were not observed in des-
cendant populations. No mutations in gyrB or parC were observed in this
dataset.

In order to contextualise these isolates to understand the evolutionary
events leading to this clone, we selected H58 and nearest neighbours (from
genotypes 4.1 and 4.2) sequences (n = 305) that were available in the public
domain from previous studies™**** (Supplementary Table 2) and generated
a phylogenetic tree combining these isolates with early H58 and nearest
neighbour isolates from our contemporary dataset (n =117). In our H58
and nearest neighbour dataset (n =422, Supplementary Fig. 1), which

included both published data as well as our data, 17 countries were
represented’>>". Of the non-H58 isolates (nearest neighbours), 42%
were genotype 4.1 (32/76), 13% (10/76) were genotype 4.2,28% (21/76) were
4.2.1, and 16% (12/76) were 4.2.3. These non-H58 nearest neighbour
organisms were isolated between 1981 and 2000. None of them were MDR,
and none carried an IncH1 plasmid. Of our H58 isolates (defined as having
informative SNPs indicative of lineage 4.3.1), the earliest organism was
isolated in 1983 in India, followed by two additional Indian isolates (1988)
that were also classified as H58 based on a single marker SNP within the
GenoTyphi typing scheme. However, we observed that there were no more
recent isolates from this founder group (Supplementary Fig. 1), implying
that this lineage became extinct; these isolates did not contain incH1 plas-
mids and were non-MDR. In addition, these isolates were relatively
genetically distinct from the other early H58 isolates and were therefore
considered to not truly belong to the same lineage. Within the H58 lineage,
most of the organisms belonged to H58 sublineage I (4.3.1.1; 84%, 290/346),
followed by sublineage IT (4.3.1.2; 7%, 25/346), genotype 4.3.1 (6%, 21/346),
and sublineage ITT (4.3.1.3; 3%, 10/346). Overall, 63% (219/346) of these H58
organisms were MDR, and 87% (191/219) of these MDR H58 organisms
carried an IncH1 plasmid. All the MDR H58 organisms lacking an IncH1
plasmid were genotype 4.3.1.1, the earliest of which was isolated in India in
1991. Within this group, the first single point mutation in the QRDR
occurred comparatively early in an organism isolated in India in 1991%".

Communications Biology | (2024)7:775



https://doi.org/10.1038/s42003-024-06451-8

Article

Evolutionary history of H58 S. Typhi

Using BEAST™, we determined that the median substitution rate of H58 was
2.79 x 1077 substitutions base ' year™' [95% highest posterior density
(HPD): 2.40 x 1077-3.24 x 1077], which is comparable to that observed in
previous studies”. We found that the most recent common ancestor
(MRCA) of the first H58 was estimated to have emerged in late 1987 (95%
HPD: 1986-1988). Two H58 sublineages (4.3.1.1 and 4.3.1.2) then emerged
almost simultaneously in India in 1987 and 1988 (Fig. 2). A time-inferred
phylogeny presented a clonal expansion of H58 that originated from South
Asia, specifically in India, and then disseminated globally. As noted above,
63% (219/346) of isolates were MDR, and 87% (191/219) of those isolates
contained an IncH1 plasmid known to carry AMR genes. Detailed genetic
analysis of the IncH1 plasmids observed in most of these MDR isolates
revealed high genetic similarity, with an average of ~1 single nucleotide
polymorphism (SNPs) difference between them (Supplementary Fig. 2).
These data strongly suggest that the ancestral H58 organism that was the
basis for the major clonal expansion was already MDR before undergoing
clonal expansion and subsequent global dissemination; some ensuing H58
organisms then lost the MDR plasmid in certain locations, presumably
because of decreased antimicrobial selection pressure owing to less frequent
use of first-line antimicrobials, with a corresponding impact on fitness.
Recent large-scale genomic analyses have shown that the MDR cassette
carried on these early IncH1 plasmids has become chromosomally inte-
grated in some settings and within some lineages (e.g., Nigeria, Malawi)
where the MDR phenotype has been maintained at high levels of prevalence,
and in other places where chromosomal integration has not occurred,
plasmid loss (and associated loss of MDR phenotype) has been observed".
The fact that the three early precursor organisms that were not MDR appear
to have become extinct supports our hypothesis that the presence of an
MDR phenotype was a pivotal selective event.

A stark observation is that QRDR mutations appeared in H58
organisms quickly and frequently. Within this H58 dataset, organisms with
one or more QRDR mutations appeared within six independent lineages of
H58, as illustrated in Fig. 2 and Supplementary Fig. 1. The earliest H58
lineage (lineage II) to develop QRDR mutations was observed in 1991 in
India, with a single S83Y mutation in the gyrA gene, and the first isolate
containing two QRDR mutations (gyrAS83Y; parC-S80R) appeared in a
genotype 4.3.1.3 organism in Bangladesh in 1999 (Fig. 2, Supplementary
Fig. 1). The first “triple mutant” (mutations in gyrA-D87G, gyrA-S83F, and
parC-E84K) was found in a 4.3.1.1 Bangladeshi isolate in 1999 (Fig. 2,
Supplementary Fig. 1).

Genetic variation associated with H58 S. Typhi

Our data support the general hypothesis that H58 S. Typhi was successful
specifically because of the acquisition and maintenance of an MDR plasmid.
This selection meant that later gyrA mutations were more likely to occur in
this lineage given its dominance (and therefore, higher rates of replication
leading to additional opportunities for mutations to occur), as well as
assumed frequent fluoroquinolone exposure, given its existing MDR phe-
notype. Based on the results of our mapping, we undertook further genetic
analysis to identify non-synonymous SNPs unique to the early H58 isolates,
as well as SNPs that were unique to early H58 isolates that were MDR. The
motivation was to explain the origins of the long branch length illustrated in
Fig. 1a, in an attempt to infer why this lineage was so globally successful and
identify genetic markers that may stabilize an MDR IncH1 plasmid.

We identified 16 unique non-synonymous SNPs that were exclusive to
the early H58 isolates as compared to precursor 4.1 and 4.2 organisms, the
majority of which were present in genes associated with central metabolism
and outer membrane structures; one of which was associated with patho-
genicity (Table 1). Within the early H58 isolates that were also MDR, we
identified an additional 23 unique non-synonymous SNPs, most of which
were found in genes encoding proteins predicted to regulate metabolism,
degrade small molecules, membrane/surface structures, as well as reg-
ulators, pathogenicity adaptation, and information transfer (Table 2). We
additionally identified mutations in a gene (t2518/STY0376) encoding a

hypothetical protein with an EAL (diguanylate phosphodiesterase) domain
with a non-synonymous mutation, which has previously been identified as
being associated with H58 organisms”’. The homologous gene (STM0343)
in Salmonella Typhimurium has been described as regulating motility and
invasion, which suggests that SNPs in this gene might also contribute to
virulence’”. In addition, we identified SNPs in genes that have previously
been associated with tolerance to bile in S. Typhi (sirA, recB, wecF, dsdA, and
jiV) among the early MDR H58 isolates™*".

We additionally sought to compare the genetic diversity of the IncH1
plasmids carried by most early H58 S. Typhi organisms to further investigate
our hypothesis that the original H58 organism harboured an MDR IncH1
plasmid. We postulated that this plasmid co-evolved with H58 S. Typhi
before the MDR locus within it became chromosomally integrated or the
plasmid became lost in subsequent years, as compared to multiple inde-
pendent acquisitions of an MDR plasmid within the H58 lineage. As
described above, these plasmids appeared to be nearly identical. We gen-
erated a recombination-filtered alignment of our plasmid sequences
(n=185), identified unique plasmid haplotypes (unique plasmid allele
combinations), and aligned these to a core-genome chromosomal tree
(available via Microreact: https://microreact.org/project/
uaEn32y5NKEPGVvbxh8HLn-old-h58-inchil). We also generated a
minimum spanning tree to further examine the relatedness of these plas-
mids (Fig. 3). We observed eight unique plasmid haplotypes, separated by a
maximum of 4 SNPs. Most plasmids shared an identical plasmid backbone
(n=175; large central node in Fig. 3, red colour on Microreact), with
occasional evidence of microevolution (one to two unique SNPs; repre-
sented by smaller nodes in Fig. 3). Moreover, singleton plasmid haplotypes
were randomly distributed throughout the chromosomal phylogeny and
plasmid haplotypes with more than one member sequence were clustered by
their host sequences. This is highly indicative that all early H58 S. Typhi
organisms carried the same plasmid variant, which underwent subsequent
microevolution, rather than several distinct plasmid acquisition events.

Our analyses suggest that there was a cascade of events that corre-
sponded with the origins of the first H58 S. Typhi organism. Cumulative
mutations signified by the observed long branch length is uncommon in
S. Typhi and has two feasible explanations. The first is that the progenitor
organism was a hyper mutator, and that a key mutation in a gene such as
mutS was responsible for generating a large amount of genetic diversity in a
short time frame*’. However, no such informative SNPs were observed in
the early H58 isolates, although any such mutations may have reverted. The
second, and more likely explanation, is that the organism was in an envir-
onment that created an atypical selective pressure to induce mutations that
facilitated its ability become exposed to, and then accept, an MDR plasmid.
Our previous data on S. Typhi carriage in the gallbladder determined that
this environment creates an atypical selective pressure and stimulates
mutations in metabolism and outer membrane structures’*’. This genetic
variation was associated with organisms being located on signature long
branches; our observations here are comparable. We suggest that H58
S. Typhi became successful due to its early ability to accept and stabilise a
large MDR plasmid, which may have occurred whilst in the gallbladder; this
one-off event and onward transmission then created a successful lineage.
Therefore, we speculate that gallbladder carriage acts as a niche for gen-
eration of new variants with both modest (single SNPs) and large (plasmid
acquisition) events capable of generating new lineages of S. Typhi with a
selective advantage.

Implications

Our study of the origins of H58 S. Typhi has implications for how we
understand the emergence and spread of new drug-resistant variants and
can help inform optimal use of typhoid conjugate vaccines (TCVs). Our
data suggest that a rare series of events associated with specific selective
pressures can trigger MDR organisms to arise and spread rapidly. This
observation comes at a critical time in global typhoid control. There TCVs
have been prequalified by the World Health Organization, with additional
candidates in late-stage clinical development, and promising clinical efficacy
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final column indicates presence of an incH1 plasmid. Our analysis suggests that the
Most Recent Common Ancestor (MCRA) of H58 appeared in 1987, and that two
sublineages (I and IT) emerged almost simultaneously in India in 1987 and 1988. The
first single point mutation in the quinolone resistance determining region (QRDR)
was observed in 1990, and the first “triple mutant” was observed in Bangladesh

in 1999.
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Fig. 3 | IncH1 plasmid minimum spanning tree. Nodes indicate unique IncH1 haplotypes observed among n = 185 plasmid sequences. Nodes are represented as pie charts,
where node size indicates frequency of haplotype, and are coloured by the genotype(s) of the host S. Typhi sequences carrying each plasmid haplotype.

and effectiveness data***’. The continued spread of drug resistant H58 S.
Typhi is a major argument for the use of TCV, particularly as resistance to all
antimicrobials used to treat typhoid fever has been reported in S. Typhi in
South Asia. We continue to observe a pattern in which drug-resistant var-
iants emerge in South Asia and spread radially, with H58 being the only
major genotype to do so to date**’. H58 S. Typhi was first isolated in
Kenya shortly after its estimated emergence in 1988, further illustrating the
potential for rapid spread of this lineage*’. This suggests that prioritization of
widespread use of TCVs in South Asia can prevent substantial morbidity
and mortality in the region. Additionally, introduction of TCVs should limit
the continued emergence and spread of drug-resistant organisms elsewhere
by preventing infections caused by drug-resistant S. Typhi and by lowering
selection pressure both through reduction of incidence of disease and
associated antimicrobial use. This approach may extend the useful lifespan
of existing therapeutic options in some parts of the world until TCVs
become more widely available. Given that resistance frequently emerges and
spread from South Asia®, it makes sense to prioritise vaccine interventions
in this region (while supply is constrained) to have the greatest potential
impact on disease incidence and AMR.

Our data strongly suggest that H58 S. Typhi, which is highly associated
with being MDR and decreased fluoroquinolone susceptibility, is adept at
acquiring and maintaining drug resistance determinants, which is likely
facilitated by unique mutations that occurred in the earliest H58 organism.

The rapid international dissemination of the H58 lineage, starting in South
Asia and spreading throughout Southeast Asia'“”, into Africa'**"*%***!=*
and more recently, Latin America™, suggest that expanded genomic sur-
veillance is warranted to monitor its continued global spread. Such infor-
mation has also helped to inform the development of transmission
dynamics models that predict the spread of newer drug-resistant variants,
like XDR, which can also inform TCV introduction decision-making™.
Ultimately, we postulate that H58 S. Typhi likely emerged from a
chronic carrier, which is supported by the indicative long branch length
between early H58 organisms and its nearest non-H58 neighbours. This
deduction is consistent with observations from previous studies conducted
in Nepal and Kenya, in which higher mean branch lengths were observed in
carriage isolates as compared to isolates from symptomatic patients’**’. This
phenomenon is to be expected, assuming that chronic carriers will have had
a longer time from acquisition of infection to shedding and sampling.
Notably, considering the structure of the phylogenetic tree and the loss of the
early non-MDR H58 organisms from the population, it is likely that the
MDR phenotype was the main catalysing factor for the success of this
lineage. Additionally, we observed non-synonymous mutations in genes
associated with outer membrane structures, metabolism and virulence,
which we have been observed previously in organisms isolated directly from
the gallbladder’*’. Our analysis also supports previous transcriptomic
analysis showing that H58 S. Typhi has higher bile tolerance relative to other
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laboratory strains (Ty2 and CT18) and exhibits increased virulence in the
presence of bile, thereby increasing the potential of H58 organisms to
colonize and persist in the gallbladder. These observations suggest that
gallbladder is the ideal location for the generation of variants and highlights
the potential for chronic carriage to lead to the emergence of S. Typhi (and
other invasive Salmonella) that are genetically predisposed to express new
phenotypes, which may include drug resistance. We suggest that more
emphasis should be placed upon the prospective identification and treat-
ment of chronic carriers to prevent the emergence of new variants with the
ability to spread. Contemporary data from returning travellers to the UK
suggest that 1.4% of those infected with S. Typhi are chronic carriers, and
0.7% are carrying MDR S. Typhi™. A comparable frequency of carriage
(1.1%) has been observed among children aged 16 years and younger in
Mukuru, an informal settlement close to Nairobi, Kenya3 ', This prevalence
rate is likely to be higher in older age groups”’~*’, and among people living in
settings where typhoid is hyperendemic, and thus, may present a more
substantial risk in terms of sustained transmission of drug-resistant S. Typhi
and the potential emergence of additional drug-resistant variants. Scalable,
low-cost assays to detect carriers will become vital if we aim to eliminate
typhoid and prevent future resurgence.

Our study has several limitations. Our dataset was enriched for samples
of E1 phage type, which was thought to be associated with H58, and samples
isolated from travellers returning from South Asia, so was not fully globally
representative. This approach was taken to provide the highest possibility of
identifying early H58 isolates. However, subsequent work conducted by
others has suggested that S. Typhi WGS data isolated from returning tra-
vellers is representative of the circulating S. Typhi populations in the
countries of origin*’ and that routine surveillance of S. Typhi isolated from
returning travellers could be used as informal sentinel surveillance for
countries of travel. We acknowledge potential bias associated with data
obtained from returning travellers including differences in health-seeking
behaviours, which may be associated with increased disease severity and
AMR, differences in patterns of travel, and a potential overrepresentation of
samples from countries that have common travel links with the UK.
Additionally, we were unable to conduct experimental validation of our
hypotheses about the roles of specific SNPs in maintenance of an MDR
plasmid and likelihood of acquisition of QRDR mutations; we intend to
explore these questions experimentally in the future.

Our data suggest that H58 S. Typhi likely emerged from a chronic
carrier in India in 1987. The prototype organism of the successful clonal
expansion was already MDR and became highly successful across South
Asia in over a period of <10 years. Ultimately, sustained use of, and exposure
to, fluoroquinolones led to selective mutations in gyrA on many indepen-
dent occasions. The dominance of this lineage and its ability to maintain
AMR genes has latterly meant it has become resistant to additional anti-
microbials. Our work represents a blueprint of how such organisms can
arise and become dominant, but also provides the justification and evidence
for the introduction of new interventions for disease control; if we reduce
disease burden by vaccination, we will additionally reduce the likelihood of
comparable events occurring in other S. Typhi organisms and other
pathogens. Widespread vaccine deployment, as well as screen and treat
programmes, may not only impact AMR directly through the prevention of
drug-resistant infections, but also indirectly, as reduced transmission leads
to decreased selection pressure on account of lower bacterial replica-
tion rates and decreased antimicrobial use. While these efficacious and cost-
effective interventions should be deployed widely in all typhoid-endemic
settings, it makes sense to prioritise vaccine use in the region from which
drug-resistance most often emerges and spreads for maximal poten-
tial impact on AMR.

Methods

DNA extraction and Whole Genome sequencing

Genomic DNA from S. Typhi isolates was extracted using the Wizard
Genomic DNA Extraction Kit (Promega, Wisconsin, USA), following
standardized manufacturer’s protocol. Two ng of genomic DNA from each

organism was fragmented and tagged for multiplexing with Nextera DNA
Sample Preparation Kits, followed by paired-end sequencing on an Illumina
HiSeq2000 Platform to produce 101 bp paired-end reads (Illumina, Cam-
bridge, UK). Raw reads were deposited in the European Nucleotide Archive
(ENA) under study accession number PRJEB15284 (Supplementary
Table 1).

Read alignment and SNP analysis

FastQC and FASTX-Toolkit bioinformatics pipelines were used to check the
quality of raw reads®“". Six samples were excluded from the analysis, one
was determined to not be Salmonella, one appeared to be comprised of
multiple genotypes, and four samples were on a long branch length and were
determined to be contaminated. Paired end reads for the remaining
464 samples were mapped to the S. Typhi CT18 reference genome (acces-
sion number: AL513382)" using the RedDog mapping pipeline (v1beta.10b,
available at http://githib.com/katholt/reddog). RedDog uses Bowtie2
v2.2.9” to map all raw reads to the CT18 reference genome and then uses
SAMtools v1.3.1% to identify high quality SNP calls. SNPs that did not meet
predefined criteria (a minimal phred quality score of 30 and depth coverage
of 5 were filtered out)”. A failed mapping sequence was defined as when
<50% of total reads mapped to the reference genome. 2 isolates were
excluded from additional analysis after mapping failed, due to depth cov-
erage of less than 10 (as per the RedDog pipeline default). A concatenation of
core SNPs that were present in >95% of all genomes was generated and
filtered to exclude all SNPs from phage regions or repetitive sequences in the
genome reference CT18 as defined previously (Supplementary Table 2)*.
Briefly, SNPs were filtered from excluded regions totalling 346,834 bases
from an alignment of 43,100 SNPs using the Python script embedded in the
RedDog pipeline. Gubbins (v2.3.2)* was used to filter out additional SNPs
in recombinant regions. Finally, the alignment of 16,324 SNPs from map-
ping of the remaining 462 isolates was utilized for phylogenetic analysis of
the UKHSA dataset (Fig. 1) and an alignment of 2118 SNPs was used to
construct phylogenetic analysis for H58 and nearest neighbours (Fig. 2).
Resultant BAM files for all isolates from RedDog mapping were used to
determine previously defined genotypes according to an extended geno-
typing framework using the GenoTyphi pipeline’ (available: https://github.
com/katholt/genotyphi).

Phylogenetic analysis

RAXML (v8.2.9)"” was used to infer maximum likelihood (ML) phylogenetic
trees from the final chromosomal SNP alignment, with a generalized time-
reversible model, a gamma distribution to model site-specific rate variation
(the GTR+ T substitution model; GTRGAMMA in RAXML), and 100
bootstrap pseudo-replicates to assess branch support. Salmonella Paratyphi
A AKU1_12601 (accession no: FM200053)*° was used as an outgroup. The
resultant trees were visualized using Interactive Tree of Life (TOL)* and the
ggtree package in R”. An interactive visualisation of this phylogeny and
associated metadata can be found in Microreact (https://microreact.org/
project/hzELvWqY3UCvsyAw892fnd-origins-of-h58-s-typhi)”".

Characterisation of AMR associated genes and mobile elements
SRST2 (v0.2.0)"* was used to detect AMR genes and plasmid replicons using
the ARGannot” and PlasmidFinder’* databases, respectively. Mutations in
the gyrA and parC genes, as well as the R717Q mutation in acrB, were
detected using Mykrobe v0.10.0”.

Raw read data for all S. Typhi sequences included in the chromo-
somal SNP analysis described above were mapped to the reference
sequence of IncHI1 plasmid pAKU_1 (accession number AM412236)
using RedDog (as described above). Those plasmid sequences where a
read depth of at least 10-fold and coverage across the reference sequence
of at least 75% were observed were included in SNP analysis, with
repetitive regions excluded with Gubbins (v.2.3.2)°. An alignment of 15
SNPs was used as input for plasmid haplotype assignment, which was
carried out manually in R (v4.1.2) using the package ape (v5.7.1). SNP
distances were determined using snp-dists (v0.7.0). Minimum spanning
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trees were inferred and visualised using the MSTree method within
GrapeTree (v. 1.5.0)"°.

Bayesian phylogenetic analysis of H58 and nearest neighbours
Our estimation of the temporal signal of our H58 and nearest neighbour
data exhibited a strong correlation between the sampling dates and the root-
to-tip distances, with a positive value for the slope and an R® value of 0.4743
(Supplementary Fig. 3). Additionally, the randomly reassigned sampling
time of sequences 20 times to generate the mean rates indicated that there
was no overlap between the 95% credible intervals of the mean rate of the
real data set and that of the date randomization data (Supplementary Fig. 4).
To infer where and when the first H58 (genotype 4.3.1) organism emerged,
we conducted Bayesian phylogenetic analyses on a subset (n = 345) of H58
(genotype 4.3.1) from our dataset and from published literature isolated
between 1980 and 2000'***”. This analysis of 345 S. Typhi isolates was
conducted in BEAST v1.8.4”. The temporal signal of the data was checked
initially. The maximum likelihood tree, constructed using the GTR+ T
substitution model and GTRGAMMA, was subjected to TempEst v1.5 to
test the best fit of linear regression between sampling dates and their root-to-
tip genetic distances, using default TempEst parameters’’. To further test
temporal signal, the TipDatingBeast R package was used to randomly
reassign the sampling dates of sequences 20 times to create date-randomized
data sets. BEAST analyses were conducted for these randomized data sets
and the mean rates were compared between runs. The data had sufficient
temporal signal if the 95% credible interval of mean rates of the date-
randomized datasets did not overlap with that of the original sampling
dataset’™”.

An automatic model selection programme (ModelFinder)* was
implemented through IQ-TREE® and run on the non-recombinant SNP
alignment (724 variable sites) to select the best-fit sequence evolution model
for BEAST analysis. ModelFinder showed that GTR had the lowest Bayesian
Information Criteria (BIC) score and thus it was chosen as the best-fit
substitution model.

As part of the BEAST analysis, six different model combinations were
run for six combinations, and the final analysis was conducted using the best
fitting model. The path sampling and stepping-stone sampling approaches
were applied to compare the log marginal likelihoods of the different
runs™**. The GTR+T, with strict clock and Bayesian skyline was identified
as the best-fit model for running BEAST. Finally, BEAST was run three
independent times using the best-fit model, using a Bayesian Markov Chain
Monte Carlo (MCMC) parameter-fitting approach (generated 10" chains
and sampled every 1000 iterations). The log files after three runs were
combined using LogCombiner v1.8.3" with a burn-in rate of 10%. The
effective sample size (ESS) of all parameters was assessed by Tracer v1.8.3".
If the ESS of any parameters was less than 200, we increased the MCMC
chain length by 50% and reduced the sampling frequency accordingly™. The
trees were combined and summarized using LogCombiner v1.8.3 and
TreeAnnotator v1.8.3”.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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