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Abstract

Background

Environmental surveillance, using detection of Salmonella Typhi DNA, has emerged as a

potentially useful tool to identify typhoid-endemic settings; however, it is relatively costly and

requires molecular diagnostic capacity. We sought to determine whether S. Typhi bacterio-

phages are abundant in water sources in a typhoid-endemic setting, using low-cost assays.

Methodology

We collected drinking and surface water samples from urban, peri-urban and rural areas in

4 regions of Nepal. We performed a double agar overlay with S. Typhi to assess the pres-

ence of bacteriophages. We isolated and tested phages against multiple strains to assess

their host range. We performed whole genome sequencing of isolated phages, and gener-

ated phylogenies using conserved genes.

Findings

S. Typhi-specific bacteriophages were detected in 54.9% (198/361) of river and 6.3% (1/16)

drinking water samples from the Kathmandu Valley and Kavrepalanchok. Water samples

collected within or downstream of population-dense areas were more likely to be positive

(72.6%, 193/266) than those collected upstream from population centers (5.3%, 5/95)
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(p=0.005). In urban Biratnagar and rural Dolakha, where typhoid incidence is low, only 6.7%

(1/15, Biratnagar) and 0% (0/16, Dolakha) river water samples contained phages. All S.

Typhi phages were unable to infect other Salmonella and non-Salmonella strains, nor a Vi-

knockout S. Typhi strain. Representative strains from S. Typhi lineages were variably sus-

ceptible to the isolated phages. Phylogenetic analysis showed that S. Typhi phages

belonged to the class Caudoviricetes and clustered in three distinct groups.

Conclusions

S. Typhi bacteriophages were highly abundant in surface waters of typhoid-endemic com-

munities but rarely detected in low typhoid burden communities. Bacteriophages recovered

were specific for S. Typhi and required Vi polysaccharide for infection. Screening small vol-

umes of water with simple, low-cost (~$2) plaque assays enables detection of S. Typhi

phages and should be further evaluated as a scalable tool for typhoid environmental

surveillance.

Author summary

Typhoid fever is a major health issue in low- and middle-income countries, causing illness

and death. The World Health Organization recommends the use of typhoid-conjugate

vaccines to combat its spread. However, limited data on typhoid prevalence in these coun-

tries hinders effective vaccination programs. Environmental surveillance, which involves

detecting Salmonella Typhi DNA in the environment, has emerged as a method to identify

high-risk areas for typhoid transmission. Nevertheless, this approach is costly and requires

infrastructure often unavailable in many communities. To address this, we conducted a

study in Nepal to explore a low-cost and sustainable typhoid surveillance method. We

examined typhoid bacteriophages in surface and drinking water across communities with

varying population densities and typhoid burdens. Phages were easily detectable in com-

munities with high typhoid burdens but less prevalent in areas with lower burdens. The

isolated phages exhibited specificity for S. Typhi and were effective against different bacte-

rial strains in Nepal. This study demonstrates that phage-based assays can be a simple and

affordable tool for typhoid environmental surveillance. This method can help identify

areas that require vaccination prioritization and interventions for clean water and sanita-

tion. By utilizing phage-based assays, health authorities can better understand typhoid

transmission and implement targeted control measures.

1. Introduction

Typhoid fever is a bacterial infection caused by the Gram-negative bacterium Salmonella enter-
ica subspecies enterica serovar Typhi (S. Typhi) and is usually contracted by ingestion of con-

taminated food or water [1]. An estimated 11 million cases of typhoid fever occur annually

worldwide causing more than 100,000 deaths each year [2] The highest burden occurs in low-

and middle-income countries (LMICs) with poor access to improved water supply and sanita-

tion [3]. Successful management of typhoid fever using antibiotics is becoming increasingly

difficult due to drug resistance [4]. The continued emergence and rapid expansion of
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antimicrobial resistance to S. Typhi have spurred accelerated efforts to roll out new conjugate

vaccines for the prevention of typhoid infection in high-risk populations [5].

Routine typhoid fever vaccination use has been very limited in the past, even in endemic

areas. Recently the World Health Organization (WHO) recommended the introduction of

typhoid conjugate vaccines (TCV) in countries with the highest burden of typhoid disease or a

high burden of antimicrobial-resistant S. Typhi [6]. However, the scarcity of data on typhoid

burden in many at-risk countries poses a major hurdle to the adoption of TCV in national

immunization programs [7]. Currently, the estimates of typhoid fever burden have been gen-

erated via short-term population-based research studies, and these data are frequently geo-

graphically and temporally limited [8]. Given the current lack of data and the challenges faced

in population-based surveillance, environmental surveillance is emerging as an important tool

in the fight against typhoid fever [9].

Previous studies have shown environmental surveillance as a tool to identify high-risk set-

tings for enteric fever transmission [8–10]. Despite the clear role of contaminated water in the

transmission of typhoid, detection of the organisms has proven challenging, with S. Typhi dif-

ficult to isolate by culture methods from water and other environmental samples (8). Molecu-

lar detection of S. Typhi DNA is now the primary method for detecting S. Typhi in the

environment, but requires molecular laboratory infrastructure and trained staff, and estimated

costs are hundreds of dollars per sample [11].

Bacteriophages (hereinafter referred to as phages) are viruses that infect bacteria. Their

abundance and host specificity make them a promising alternative or complimentary tool for

the environmental monitoring of pathogenic bacteria [12]. S. Typhi phages have been charac-

terized for decades, comprised the major typing system for the bacteria (based on their suscep-

tibility to phage panels), and were used clinically as treatment prior to the discovery of

chloramphenicol. One study from 1930 found that S. Typhi phages were abundant and sea-

sonal in surface waters in Kolkata [13]. However, few studies have characterized the distribu-

tion and abundance of S. Typhi phages in typhoid-endemic settings or examined their genetic

composition and diversity.

In this study, we investigated the presence and abundance of typhoid phages in surface and

drinking water across diverse communities in Nepal with differing population density and

typhoid burden. In addition to phage detection, we performed genome sequencing to provide

a comprehensive understanding of the genetic diversity of S. Typhi phages. By incorporating

genome sequencing into our investigation, we aim to bridge this knowledge gap, allowing us

to elucidate distribution patterns across these diverse communities. We hypothesized that S.

Typhi phages would be readily detectable, using simple, low-cost assays, in the surface waters

of communities with high typhoid burden and not frequently detected in communities with

lower typhoid burden.

2. Methods

Bacterial strains, Vi phages and culture conditions

A complete list of strains used in this study can be found in S1 Table. The attenuated Salmo-
nella enterica serovar Typhi strain BRD948 was used for propagation. This strain is not only

heavily capsulated but is also attenuated and can be used in a containment level 2 environment

[14]. Bacteria were cultured using Tryptic Soy Broth (TSB) (HiMedia Laboratories, USA), at

37˚C with aeration, supplemented with agar as required. The optical density of liquid culture

was adjusted to a 0.5 McFarland standard. Phages used in this paper as a control for the experi-

ments were isolated from clinical samples and correspond to a S. Typhi Vi phage collection

from the class Caudoviricetes, designated types II, III, IV, V, VI, VII. Vi phages were obtained
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from Cambridge University, Cambridge, United Kingdom, but the original sources of these

phages date from the 1930s through 1955 [15].

Sampling sites

Between November 2019 and May 2022, environmental water samples were collected from the

Kathmandu Valley and three other districts of Nepal (Kavrepalanchok, Dolakha and Morang).

We collected river water samples from 5 major rivers and a combined river segment in Kath-

mandu Valley and Kavrepalanchok monthly from November 2019 to July 2021 (except in April

and May 2020 due to government-imposed lockdown during the COVID-19 pandemic). A

total of 19 different sites, 16 in Kathmandu valley and 3 in Kavrepalanchok, each separated by

approximately 5 km, located upstream and downstream from the river confluence were sam-

pled. This sampling strategy let us sample the upstream sites with relatively sparse settlement,

the densely populated central settlement area and also downstream sites mostly located around

agricultural areas. Sampling was monthly repeated every 30 usually between 8am and 12pm.

Within Kathmandu valley, the majority of the sites (10/16) were either located in rivers

inside, around or downstream to Kathmandu Metropolitan city, the capital city of Nepal, with

a population of 1,571,000 and population density of 17,103 people per km2. Unmanaged sew-

age, waste disposal and lack of their proper regulation in this highly dense area has led to their

direct disposal into the river system in Kathmandu. Wastewater management is under the

responsibility of Kathmandu Upatyaka Khanepani Limited. Until recently, most of the sewage

in the Bagmati River and its tributaries was directly released without treatment. The Guhesh-

wori Wastewater Treatment Plant, which began operation in October 2020, treats wastewater

by chlorination for disinfection, followed by dichlorination before release back into the river.

We also sampled a river flowing through Banepa, a peri-urban city in Kavrepalanchok dis-

trict with population of 67,690 and population density of 1,231 people per km2, just outside

the Kathmandu Valley, which similarly has untreated waste and sewage disposal into the river

system. Drinking water samples were collected from both Kathmandu and Kavre, from tap

(direct supply from municipal storage or stored in tanks, bought from vendors outside Kath-

mandu) or ground-well of 16 different households. In Kathmandu drinking water supplied

through the tap water system is treated with a chlorination process in treatment plants. This

chlorination method is a common disinfection technique used to ensure the safety of the

drinking water supply. However, it’s important to note that alternative sources of drinking

water, such as water from jars, bottles, and tankers, are frequently used in Kathmandu due to

water scarcity. These alternative sources may pose challenges related to contamination and

may lack the same level of treatment and quality assurance as the municipal water supply. In

Kavre, the Dhulikhel water treatment plant utilizes a chlorination process for disinfection.

This treated water is supplied to approximately 3,000 households in the region. Given the high

demand for water in Kavre, commercial jars and tankers also play a significant role in meeting

the water needs of the population. Previous studies have demonstrated a very high incidence

of typhoid in both communities [7].

In Dolakha, sampling was performed in the month of October 2021, in sparsely populated,

mostly rural village areas with population of 172,767 and the population density is estimated

to be 262 people per km2 and there was minimal or no visible sewage contamination. All sam-

ples collected were from river water around settlement areas, with only a few sites selected

being farther from human settlement. A previous study in Dolakha found typhoid to be an

uncommon cause of acute febrile illness [16].

Biratnagar, in Morang district in Southeastern Nepal, is another metropolitan city in Nepal

with a population of 243,927 and population density of 3,168 people per km2. Samples were
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collected from river sites upstream, around, and downstream of the settlement area, from

man-made river canals which were originally created for irrigation purposes and from tap or

tube wells of households that used it for drinking along with other purposes. Most of the tube

well samples were collected from poor slum communities. In Biratnagar, only one wastewater

treatment plant serves a limited number of households, leaving a large portion of the city with-

out access to wastewater treatment. No studies of typhoid incidence or prevalence among

febrile patients have been reported from Biratnagar. In our review of blood culture results

from three largest hospitals (one government and two private hospitals) in the city, S. Typhi

was very rarely recovered, and clinicians reported that typhoid cases were relatively

uncommon.

Sample collection and filtrate preparation

We collected 50 mL samples of water from the surface, against river current, in a sterile bottle

and placed them into separate bags on ice and transported them to the laboratory for further

processing. A field negative control was collected by pouring sterile distilled water into a bottle.

We performed a turbidity test using a densitometer (DEN-1, Grant Instruments Ltd.,

England), and samples were passed through a 0.22 μm syringe filter (Axiva, India) to obtain

the filtrate that was used for evaluating the presence of phages against S. Typhi. The filtered

sample was stored at 4˚C until further use. At each sampling site, team members collected

information on abiotic factors that may affect bacterial or viral survival, including presence of

sewage pipes, open drain water carrying liquid and solid waste, and potential fecal exposure.

Water pH, temperature, and oxygen reduction potential were also evaluated using Apera

Instruments AI311. Team members also recorded whether humans or animals were interact-

ing with the water and the type of interaction that was observed (S2 Table). All information

was recorded in REDCap (v5.19.15).

Bacteriophage isolation and amplification

Phage screening was performed by a double agar overlay method [17]. For each sample, 1 ml

of filtrate was added to 100 μl of overnight liquid bacterial culture and incubated at room tem-

perature for 10 min to allow phage absorption. A positive control was prepared with 100 μl of

Typhi-specific phage stock and 100 μl of overnight liquid bacterial culture. Negative control

tube was prepared with 1 ml of field negative control filtrate and 100 μl of overnight liquid bac-

terial culture. Molten Tryptic Soy Agar (0.7% agar) (3 mL) was added to the filtrate-bacteria

mix and poured over solid hard nutrient agar base. Plates were incubated at 37˚C overnight

and the presence of phages resulted in the production of visible plaques (zones of lysis) in a

confluent lawn of the host bacterium. Individual plaques were selected from screening plates

based on their morphology and size. A total of 67 phages were isolated from all the positive

screening plates.

Plaques were picked using sterile tips and resuspended in 200 μl SM buffer. Soft agar over-

lay lawn culture of S. Typhi was prepared and 10 μl of plaque-SM buffer solution was streaked

across the S. Typhi lawn culture to obtain isolated plaques. Only isolated plaques were pro-

cessed further. To obtain high concentration stocks of isolated phages, we performed propaga-

tion assays using the double agar overlay method described above. Following overnight

incubation clear zones were scraped and immersed in a 5ml SM buffer and kept for one hour

at 4˚C. The solution was then centrifuged at 4,000 rpm for 20 min and the supernatant was

passed through a 0.22 μm syringe filter to obtain a sterile phage stock solution. Finally, the titer

of stock solution was obtained by plating serial dilutions of the stock in a confluent lawn of the
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host bacterium and counting visible plaques to determine the approximate ratio of plaque-

forming units per milliliter (PFU mL-1).

Determination of phage host range

The lytic activity and specificity of phages was determined by screening each against different

host bacterium strains using the standard double agar overlay method previously described.

Serial dilutions of each phage stock were prepared and spotted on S. Typhi to obtain a concen-

tration where plaques could be observed. Dilutions where plaques could be distinguished were

used to spot phages on S. Typhi CT18, S. Typhi Ty2, S. Typhi Ty2 ΔVi (Vi capsule knockout

mutant ΔtviB), S. Typhi ΔfliC (flagellate knockout mutant), Salmonella enterica serovar Paraty-

phi A (ATCC: 9150), Salmonella Choleraesuis (ATCC: 13312), Salmonella Enteritidis (ATCC:

13076), Salmonella Newport (ATCC: 6962), Salmonella Saintpaul (clinical isolate), Salmonella
Typhimurium LT2, Acinetobacter baumannii (ATCC: 19606), Escherichia coli (ATCC: 25922),

Enterobacter cloacae (ATCC: 13047), Klebsiella pneumoniae (clinical isolate obtained from

Dhulikhel Hospital, a Kathmandu University hospital), Morganella morganii (ATCC: 25830),

Pseudomonas aeruginosa (ATCC: 27853), Proteus mirabilis (ATCC: 29906), Serratia marces-
cens (ATCC: 13880), Staphylococcus aureus (ATCC: 25923), Vibrio cholerae (ATCC: 14035),

and Yersinia enterocolitica (ATCC: 9610).

To test diversity and activity spectra of phages across different S. Typhi lineages, phage

stocks were also tested against 37 S. Typhi clinical isolates obtained from a surveillance study

performed in the communities where the environmental sampling was performed. These iso-

lates comprise different genotypes circulating in Nepal (S1 Table).

Statistical analysis

We constructed generalized linear mixed-effect models using the lme4 package in R to test for

differences between sample positivity based on segments of the Kathmandu Valley rivers

(upstream, city center, and downstream). Statistical significance was assessed at a % level using

a Wald test.

Whole-genome sequencing

We randomly selected 27 phages from our collection to perform whole genome sequencing.

Bacteriophage DNA was extracted using the Phage DNA Isolation Kit (Norgen Biotek Corp.,

Thorold, ON, Canada) according to the manufacturer’s instructions. The purity and concen-

tration of the DNA were determined using a Qubit 4 fluorometer (Invitrogen, Qubit). Whole

genome sequencing was performed using the Illumina Miseq platform (Illumina, San Diego,

CA, USA) to generate paired-end reads of 300 bp in length. Sequence data quality was checked

using FastQC v0.11.9 to remove low quality reads [18]. We summarized all quality indicators

using MultiQC v1.7 [19]. Species identification was confirmed with Kraken2 [20]. Genome

assembly was performed using SPAdes Genome Assembler v.3.15.2 and assemblies that

resolved as one contig were included in the analysis. Finally, the genomes were annotated

using the RAST server (Rapid Annotation using Subsystem Technology) (https://rast.nmpdr.

org/rast.cgi) with subsequent manual curation. To determine the family-level classification of

the phages, we used VirClust [21] to calculate protein-based hierarchical clustering trees.

Whole proteome intergenomic distances were calculated using VICTOR [22]. To resolve

genus- and species-level groups, we used VIRIDIC [23] nucleotide-based whole genome dis-

tances among the phages (95 and 70% nucleotide identity thresholds, respectively). In addi-

tion, the phage proteomes were analyzed using the Phage Classification Tool Set (PHACTS), a

computational classification algorithm trained to predict phage lifestyles [24].
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Phylogenetic analysis

The annotation of complete phage genomes was also manually inspected using Geneious ver-

sion 11.0.12 (Biomatters Ltd) to screen for the presence of phage-related regions containing

structural proteins. The complete sequences were analyzed adjusting the direction of nucleo-

tide sequences. Phylogenetic trees were generated using selected concatenated phage signature

genes commonly used to understand phage phylogeny. All genomes were screened for the

presence of phage signature genes and phylogenetic trees were generated using selected

concatenated sequences of genes encoding terminase and tail fiber structures [25–29]. We

constructed alignments using the program ClustalW version 2.1 with default parameters. Phy-

logenetic tree was inferred using the Maximum Likelihood method with RAxML v8.2.10.

Bootstrapping was set to 100 replicates and the tree rooted. The resulting phylogenies were

visualized and annotated using the iTOL v5 online version [30]. An additional 27 fiber tail pro-

tein sequences and 27 terminase protein sequences from GenBank were included in the phylo-

genetic analysis for comparison. We selected Caudovirales representative phage genomes that

were matched with our phage collection using IDseq (https://czid.org/). The genomes that

matched our sequences with average percent-identity higher than 90% were included in the

analysis. The additional 27 bacteriophage genomes selected for study were isolated from five

different host genus: Citrobacter sp., Escherichia sp., Klebsiella sp., Salmonella spp., and Shigella
sp., from different geographical locations.

3. Results

Sampling and phage detection

A total of 428 environmental water samples were collected from four different regions in

Nepal (Table 1; Fig 1). Between November 2019 and October 2021, we collected 377 samples

from Kathmandu and Kavrepalanchok. These samples included river water (n = 361) from 19

sites and drinking water (n = 16) from 16 households (Fig 1B). S. Typhi phages were present in

54.8% (198/361) of the total river samples and 6.3% (1/16) of the drinking water samples. Most

samples (72.6%, 193/266) collected within or downstream of the densely populated parts of the

city centers contained S. Typhi phages, while only 5.3% (5/95) of samples from the sites

upstream to these city centers contained these phages. No seasonal pattern was observed for

phage detection (S1 Fig).

In September 2021, a total of 16 river water samples were collected from Dolakha (Fig 1C),

and none contained S. Typhi phages. In May 2022, a total of 35 environmental water samples

were also collected from Biratnagar. These samples included river (n = 7), canal (n = 8), and

drinking water (n = 20). No S. Typhi phages were detected in river or drinking water; one sam-

ple from canal water contained S. Typhi phages.

Table 1. S. Typhi phage isolation from environmental samples collected in Nepal.

Sampling Site Type of sample Sites (n) Samples (n) Phage positive samples Positivity (%) Dates of sampling

Kathmandu/Kavre River water 19 361 198 54.8% November 2019- October 2021

Drinking Water 16 16 1 6.3%

Dolakha River water 16 16 0 0% October 2021

Biratnagar River water 7 7 0 0% May 2021

River Canal 8 8 1 12.5%

Drinking Water 20 20 0 0%

https://doi.org/10.1371/journal.pntd.0011912.t001
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Host range properties

To evaluate the host range and specificity of S. Typhi phages isolated, we tested a total of 50

phages against a panel of relevant strains including additional Salmonella enterica serovars

(Choleraesuis, Enteritidis, Newport, Paratyphi A, Saintpaul, and Typhimurium) and other

bacteria such as Acinetobacter baumannii, Escherichia coli, Enterobacter cloacae, Klebsiella
pneumoniae, Morganella morganii, Pseudomonas aeruginosa, Proteus mirabilis, Serratia mar-
cescens, Staphylococcus aureus, Vibrio cholerae and Yersinia enterocolitica. Host ranges were

determined by spotting phage solution onto bacterial lawns. The results show that all 50 phages

tested were only capable of infecting S. Typhi strains including a flagella knockout S. Typhi

strain (ΔfliC) and could not infect other bacteria. Although S. Typhi ΔfliC was susceptible to

phage infection, no plaques were formed on the Ty2 isogenic Vi-negative S. Typhi strain

(ΔtviB). Additionally, to understand the diversity of the phages collected, we tested the host

range activity of 10 phages against a panel of 37 S. Typhi strains belonging to 14 different geno-

types circulating in Nepal (Fig 2). These S. Typhi strains were isolated as part of our compre-

hensive genomic epidemiological study [31], which involved the sequencing of S. Typhi strains

obtained from prospective surveillance. The results of our analysis unveiled a total of 17 dis-

tinct S. Typhi genotypes circulating in Nepal, highlighting the considerable diversity within

the S. Typhi population in this region. The phages tested were isolated from different sampling

sites at different time points and were selected, based on different plaque morphologies. The

Fig 1. (a) Sampling location and detection of Salmonella Typhi phages in Nepal. Environmental water sample collection locations and percentage of samples

collected with phage detection performed in (b) Kathmandu Valley and neighboring Kavrepalanchok district, (c) rural Dolakha and (d) urban Biratnagar.

Topographic maps are overlayed with population density by shades of red. The basemap layer is from Open Street Maps (https://download.geofabrik.de/asia/

nepal.html) and was rendered using ArcGIS Pro (https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview).

https://doi.org/10.1371/journal.pntd.0011912.g001
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results showed a broad lytic activity against the S. Typhi strains tested. Interestingly, S. Typhi

strains belonging to lineages 2.1.7, 3.3.1 and 3.3.2 were resistant to the majority of phages

tested.

Characterization of phage genomes

The basic genome metrics of the 27 phage sequences included in this study (host, genome size,

GC content, number of predicted ORFs) are provided in Table 2. The analyzed S. Typhi phages

showed diversity of genome size from 37 to 47 kb, encoding 44 – 73 ORFs. No tRNAs were

predicted in the phage genomes. To further investigate genomic characteristics, we conducted

a comprehensive analysis using PHACTS to predict the phages’ lifestyle. The results of the

PHACTS analysis consistently predicted a lytic lifestyle for all the phages isolated in this study.

We evaluated relationships among phages using VIRCLUST and VICTOR. VIRCLUST

resolved the phages into two distinct family-level units (S2, S3 Figs and S3 Table) on the basis

of shared core Protein Super Clusters, and similar clusters were obtained by VICTOR subfam-

ily taxon predictions (based on amino acids and d4 distance formula (S4 Fig). We resolved

genus- and species-level units on the basis of whole genome nucleotide similarity using VIRI-

DIC. Our analysis showed that phages isolated in our study belong to 2 distinct genera and 12

species with intergenomic similarity of 95% and higher. (S5 Fig)

The tail fiber and large terminase subunit protein sequences are commonly used markers

for understanding phage phylogeny. The phylogenetic relationship was established using the

identified terminase and tail fiber nucleotide sequences. The alignment of all sequences

revealed that the S. Typhi phages isolated in our study can be categorized into two different

viral families, forming three distinct phylogenetic clusters. Specifically, phage sequences

Fig 2. Host range activity of 10 S. Typhi phages isolated in our study. S. Typhi phages (y-axis) were spotted on S. Typhi isolates (x-axis) belonging to

different genotypes. Colored circles represent lytic activity, white circles represent no lytic activity.

https://doi.org/10.1371/journal.pntd.0011912.g002
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classified as members of the Autographiviridae family were assigned to the Teseptimavirus
genus, while the remaining sequences from our collection were attributed to the Roufvirus
genus. Notably, within the Teseptimavirus genus, we identified two distinct subgroups. (Fig 3).

To better understand the phylogenetic and evolutionary relationship of the phages from our

collection, we compared their genomes with previously sequenced phages deposited in Gen-

Bank. A total of 27 representative phage genomes belonging to five different families were

included and our analysis identified at least 9 distinct clusters. Our findings showed that

phages from our collection did not cluster closely with any other phage previously described.

4. Discussion

In typhoid-endemic communities in and around the Kathmandu Valley of Nepal, we found

that S. Typhi-specific bacteriophages were widely present in multiple rivers that were contami-

nated with sewage and readily detectable by small-volume water sampling. By contrast, in a

rural and an urban community where typhoid is uncommon, and no visible waste contamina-

tion was observed, S. Typhi bacteriophages were rarely detected. Taken together, these findings

support the premise of phage-based assays as a simple and low-cost tool for environmental sur-

veillance for typhoid, which could be useful for identifying settings to prioritize for vaccination

and clean water and sanitation interventions or monitoring their impact after introduction.

Table 2. Genome characteristics of 27 S. Typhi phages sequenced in our study.

Phage Family Genus Genome size (bp) GC % CDS

1 ST1 Autographiviridae Teseptimavirus 38,461 50.9 49

2 ST3 Autographiviridae Teseptimavirus 38,461 50.9 48

3 ST10 Autographiviridae Teseptimavirus 38,059 51.1 53

4 ST11 Autographiviridae Teseptimavirus 38,664 51.1 52

5 ST15 Autographiviridae Teseptimavirus 38,351 50.9 49

6 ST16 Autographiviridae Teseptimavirus 38,234 50.9 51

7 ST17 Autographiviridae Teseptimavirus 38,668 50.9 52

8 ST20 Autographiviridae Teseptimavirus 37,644 51.0 44

9 ST21 Autographiviridae Teseptimavirus 38,416 51.0 48

10 ST29 Autographiviridae Teseptimavirus 39,065 51.0 49

11 ST34 Autographiviridae Teseptimavirus 38,880 51.0 48

12 ST35 Autographiviridae Teseptimavirus 38,880 51.0 48

13 ST37 Autographiviridae Teseptimavirus 38,880 51.0 48

14 ST38 Autographiviridae Teseptimavirus 37,743 50.9 48

15 ST43 unclassified Caudoviricete Roufviru 45,854 46.2 72

16 ST44 unclassified Caudoviricete Roufvirus 45,854 46.2 73

17 ST45 Autographiviridae Teseptimavirus 38,351 50.9 50

18 ST46 unclassified Caudoviricete Roufvirus 47,596 46.1 76

19 ST53 Autographiviridae Teseptimavirus 39,134 50.9 52

20 ST55 Autographiviridae Teseptimavirus 39,134 50.9 52

21 ST56 Autographiviridae Teseptimavirus 37,877 51.0 50

22 ST57 Autographiviridae Teseptimavirus 37,407 51.0 47

23 ST59 Autographiviridae Teseptimavirus 39,134 50.9 52

24 ST63 Autographiviridae Teseptimavirus 39,134 50.9 52

25 ST64 Autographiviridae Teseptimavirus 39,133 50.9 52

26 ST65 unclassified Caudoviricete Roufvirus 45,855 46.2 73

27 ST66 Autographiviridae Teseptimavirus 39,118 50.9 53

https://doi.org/10.1371/journal.pntd.0011912.t002
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Our findings are consistent with the epidemiological data obtained from previous studies

we conducted in Nepal. Our prospective surveillance study conducted from 2016 to 2019 in

Kathmandu and Kavrepalanchok revealed a high burden of typhoid fever [7]. Additionally,

these studies have identified a positive association between population density and typhoid

incidence, with higher rates in urban compared with rural communities [16,32]. Further stud-

ies are needed across gradients of typhoid endemicity to characterize the relationship between

phage abundance in environmental samples and community typhoid incidence.

Although the detection of S. Typhi DNA in municipal drinking water in Kathmandu has

been previously reported [33] in our study S. Typhi phages were detected in only one drinking

water sample. These findings are consistent with our previous work conducted in Kathmandu

and Kavrepalanchok, Nepal [34]. We collected drinking water samples and performed quanti-

tative real-time PCR to detected DNA sequences specific for S. Typhi. Three hundred and

eighty water samples were collected from a randomly selected subset of households and seven

samples tested positive for S. Typhi [34]

Fig 3. Phylogenetic tree of 27 S. Typhi phages isolated from Nepal and other 27 phages based on two gene sequences (tail fiber and terminase). Tail fiber

and terminase large subunit sequences of related phages were downloaded from NCBI. Phages isolated in our study are annotated with a black circle. Pickard

et al., 2010 [15]* represents a S. Typhi Vi phage collection obtained from Cambridge University, Cambridge, United Kingdom, and originally isolated between

the 1930 and 1955. These historical phages are annotated with white circles.

https://doi.org/10.1371/journal.pntd.0011912.g003
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Our pilot study aimed to generate an easily reproducible approach to be performed in other

sites to investigate the role of phages in shaping epidemiologic patterns of typhoid transmis-

sion. This will provide an opportunity to elucidate potential differences and similarities in the

distribution and abundance of S. Typhi in different regions. Our results emphasize the feasibil-

ity of employing an attenuated S. Typhi Ty2 strain (BRD948) in our approach, which is recog-

nized as safe for use within containment level two laboratories. Based on our findings, we

recommend the continued use of the BRD948 strain in future research. It’s worth noting that,

even when working with attenuated strains, these assays still require access to microbiological

laboratory facilities, which may not be readily available in certain regions. However, our

research demonstrates that phage detection is a cheaper and simpler process than the common

methodologies used for detecting bacterial DNA from water samples. Our simplified approach

requires minimal supplies, including media for bacterial growth, an incubator, a centrifuge,

pipettes, petri dishes, tubes, syringes, and syringe filters. The total cost is <$2 for each sample

and given the minimal resources required can be done in labs with very basic infrastructure

and equipment.

Our results showed that phages isolated in our study are highly specific to S. Typhi isolates.

As Salmonella consists of more than 2,500 serovars, infection efficacy and specificity are indis-

pensable requirements to the establishment of phage environmental surveillance as a marker

for typhoid burden. To further investigate patterns of host infectivity, we tested phages of our

collection against Vi capsule-negative and flagellum-negative S. Typhi strains. Phages isolated

in our study did not infect Vi-capsule mutant strain, demonstrating the requirement of Vi cap-

sule expression for infectivity, as characterized in earlier work [35] We also evaluated the abil-

ity of phages to infect different S. Typhi genotypes. Interestingly, phages from our collection

were unable to infect lineages 3.3.1 and 3.3.2. Our findings suggest that the observed variability

in phage susceptibility among S. Typhi lineages may be attributed to natural variation in Vi or

presence of phage defense strategies preventing infection or subsequent cell lysis. Bacteria can

evade phage infection by several mechanisms, including accumulating escape mutations in the

receptor, acquiring phage inhibitory proteins, or directly modifying the receptor and using

CRISPR-Cas system as a phage defense mechanism [36]. Further studies are needed to eluci-

date the specific host defense mechanisms that S. Typhi uses to protect against phage preda-

tion, and whether the acquisition of these defense mechanisms drives selection for certain

lineages containing them.

Phages from our collection were sequenced and analyzed on the base of genetic similarity

to each other and to other phage genomes previously described. Sequence comparison allowed

for clear discrimination of distinct clusters. In addition, phylogenetic analysis showed that

phages isolated from Nepal clustered independently from other phages included in our analy-

sis; however, a limited number of S. Typhi-specific phages have been sequenced and reported.

Further studies investigating S. Typhi phages in neighboring typhoid-endemic countries and

in other regions of the world could further the position of the phages we identified within the

global diversity of S. Typhi phages.

A series of studies from the cholera field revealed that Vibrio cholerae phages exhibit preda-

tor-prey dynamics that shape cholera abundance in water, potentially altering seasonal disease

patterns [37]. A study from Kolkata in 1930 found a similar inverse, seasonal relationship

between S. Typhi phage abundance and clinical cases, which could support a similar disease

dynamic [13]. In our study, we did not observe a clear seasonal pattern for phage detection,

despite the known variations in rainfall intensity and timing during the rainy season in Nepal.

Our sampling period, which spanned the height of COVID-19 transmission and related lock-

downs, may not have enabled us to accurately detect the influence of seasonality on phage

detection. Further studies are needed to understand the potential role of S. Typhi phages in
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shaping the ecology of endemic typhoid transmission. Additionally, while we recognize the

importance of considering other factors, such as rainfall patterns and population movements

such as holidays and traditional celebrations, our study primarily focused on assessing the

presence of S. Typhi phages in environmental water samples. It’s important to note that the

vast majority of urban households in the region lack connections to the sewer system, and

wastewater treatment infrastructure is underdeveloped [38], further highlighting the complex-

ity of assessing the impact of wastewater treatment facilities on phage presence. Therefore,

while these factors are relevant, their influence on phage detection may be limited, and further

research in these areas is needed.

The results of this study should be interpreted within the context of several limitations. First,

we collected a limited number of drinking water samples, and although we observed a low posi-

tivity rate, this doesn’t mean that drinking water is not an important transmission route for

typhoid in this setting. It is possible that drinking water contamination is more sporadic and

wasn’t detected in our limited sampling. Additionally, the scarcity of drinking water in the

Kathmandu Valley has led to increased reliance on drinking water that is brought in by large

tanker trucks from outside the valley, where typhoid incidence (and contamination risk) is

likely lower. Second, the presence of phages in river water reflects their presence in sewage,

which is helpful for monitoring burden in the population, but does not directly implicate river

water in the transmission pathway. Third, further studies are needed to validate our assay quan-

titatively in order to specify a limit of detection and sensitivity against a gold standard, such as

PCR-based detection methods [9]. Fourth, further studies are required correlating frequency,

level, geography, and timing of detections of different phages with estimates of disease burden.

Our study highlights the strength of a simplified phage plaque assay as a low-cost tool to

identify communities where typhoid is endemic. The high abundance of phages in river water

suggest that this could be a scalable and more sensitive alternative to molecular methods for

environmental surveillance for typhoid. The findings of our study will inform potential widely

implementation of phage environmental surveillance to generate data to support vaccine

introduction, monitor intervention strategies and improve understanding of the emergence

and transmission of S. Typhi in high-risk settings.

Supporting information

S1 Table. Bacterial strains used in this study.

(DOCX)

S2 Table. The main characteristics of river and drinking water samples collected in the

study area.

(XLSX)

S3 Table. Summary of phage genomics and protein clusters statistics generated by Vir-

clust.

(XLSM)

S1 Fig. Temporal variation in phage detection in Kathmandu, Nepal during the study

period.

(TIF)

S2 Fig. Heatmap showing pairwise intergenomic similarities (%) of S. Typhi isolated from

Nepal. The numbers and colors indicate similarity between the phage genomes from none or

lower (red) to high (dark red).

(TIF)
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S3 Fig. VirClust hierarchical clustering of the S. Typhi isolated from Nepal, based on inter-

genomic distances calculated using the protein cluster content. The genome clustering was

performed based on PCs. The resulting tree was split into VGCs using a 0.9 intergenomic dis-

tance threshold. The visual components are described further. 1. Hierarchical tree calculated

using PC-based intergenomic distances. 2. Silhouette width, color-coded in a range from −1

(red) to 1 (green). 3. VGC ID. 4. Heatmap representation of the PC distribution in the viral

genomes. Rows are represented by individual viral genomes. Columns are represented by indi-

vidual PCs. The ID of each PC can be read at the bottom of the heatmap. Colors encode the

number of each PC per genome, with white signifying the PC absence, and the other colors sig-

nifying various degrees of replication. 5. Viral genome-specific statistics: genome length, the

proportion of PC shared (dark grey) with any other genomes in the dataset, reported to the

total PCs in the genome (light grey bar), the proportion of PC shared in its own VGC, the pro-

portion of PCs shared only in its own VGC, the proportion of PCs shared also outside its own

VGC, and the proportion of PC shared only outside own VGC. 6. S. Typhi phage name.

(TIF)

S4 Fig. Phylogenetic tree of S. Typhi isolated from Nepal. All pairwise comparisons of the

nucleotide sequences were conducted using the Genome-BLAST Distance Phylogeny (GBDP)

method under settings recommended for prokaryotic viruses using VICTOR software. The

resulting intergenomic distances were used to infer a balanced minimum evolution tree with

branch support via FASTME including SPR postprocessing. Branch support was inferred from

100 pseudo-bootstrap replicates each. Branches with bootstrap values below 50 were collapsed

and the bootstrap values equal to or above 50 are shown on the remainder of the tree branches.

(TIF)

S5 Fig. Nucleotide-based intergenomic similarities of S. Typhi isolated from Nepal, using

VIRIDIC. A heatmap of hierarchical clustering of the intergenomic similarity values was gen-

erated and given as percentage values (right half, blue-green heatmap). Each genome pair is

represented by three values (left half), where the top and bottom represent the aligned genome

fraction for the genome in the row and column, respectively. The middle value represents the

genome length ratio for each genome pair.

(TIF)
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