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Emergence of Genotype 2.3.1 Multidrug-
Resistant Salmonella enterica Serovar 
Typhi Strain, West Africa, 2021–2025 

Appendix 1  

Serotyping 

All isolates received by the French National Reference Center for Escherichia coli, 

Shigella, and Salmonella (FNRC-ESS) at Institut Pasteur, were confirmed to be Salmonella 

Typhi by conventional serotyping (1) until February 2019. After this date, typing was performed 

exclusively by whole-genome sequencing (see below). 

Antimicrobial susceptibility testing 

Until 31 December 2023, antimicrobial drug susceptibility testing (AST) was performed 

by disk diffusion on Mueller-Hinton (MH) agar (2). The following antimicrobial drugs (Bio-Rad, 

Marnes-la-Coquette, France) were tested: amoxicillin, ceftriaxone, ceftazidime, streptomycin, 

kanamycin, amikacin, gentamicin, nalidixic acid, ofloxacin, ciprofloxacin, sulfonamides, 

trimethoprim, sulfamethoxazole-trimethoprim, chloramphenicol, tetracycline, and azithromycin. 

The minimal inhibitory concentrations (MICs) of nalidixic acid and ciprofloxacin were 

determined with Etest strips (bioMérieux, Marcy L’Etoile, France). 

From January 1, 2024, AST was performed by the microdilution method with EUVSEC3 

plates (Sensititre, Thermo Fisher Scientific, Cleveland, OH, USA). Escherichia coli CIP 76.24 

(ATCC 25922) was used as a control. AST results were interpreted in accordance with the 

guidelines of the Antibiogram Committee of the French Society for Microbiology (CA-SFM) / 

European Committee on Antimicrobial Susceptibility Testing (EUCAST) (2). The clinical 

breakpoint for ciprofloxacin susceptibility in isolates of Salmonella spp. is identical between 
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CA-SFM / EUCAST and Clinical & Laboratory Standards Institute (CLSI) guidelines, at an MIC 

≤0.06 mg/L (2,3). However, the clinical breakpoint defining ciprofloxacin resistance in isolates 

of this species differs between guidelines, with resistance when MIC >0.06 mg/L for CA-SFM / 

EUCAST (2) and when MIC ≥1 mg/L (intermediate resistance, 0.12–0.5 mg/L) for CLSI (3). 

Isolates were considered to be multidrug-resistant (MDR) if they were resistant to ≥3 of 

the following antimicrobial drugs: amoxicillin, cotrimoxazole (or after 2023 to both 

trimethoprim and sulfamethoxazole), chloramphenicol, or tetracyclines. 

Short-read sequencing 

Genomic typing has been used as the first-line typing method since February 2019. A 

retrospective sequencing of isolates received between January 2016 and January 2019 was also 

performed. Our genomic dataset therefore consists of 1,603 Salmonella Typhi isolates, 958 from 

mainland France and 645 from French overseas territories. 

Short-read sequencing was performed as a routine procedure at the FNRC-ESS, and at 

the Mutualized Platform for Microbiology (P2M) at Institut Pasteur, Paris. Total DNA was 

extracted with the MagNA Pure DNA isolation kit (Roche Molecular Systems, Indianapolis, IN, 

USA). Sequencing libraries were prepared with the Nextera XT kit (Illumina, San Diego, CA, 

USA), and sequencing was performed with the NextSeq 500 system (Illumina). All reads were 

filtered with FqCleanER v.23.07 (https://gitlab.pasteur.fr/GIPhy/fqCleanER) to eliminate adaptor 

sequences and discard low-quality reads with phred scores <28 and a length <70 bp. Assemblies 

were generated with SPAdes v.3.15.5, with the following options: k-values of 21, 29, 37, 45, 53, 

61, 69, and 77, and default settings for other criteria (4,5). Short-read sequence data were 

uploaded onto EnteroBase (https://enterobase.warwick.ac.uk) (6). 

Genomic sequence analyses 

Serovar Typhi prediction was based on the in silico serovar prediction tool SISTR1 (7) 

and/or clustering within multilocus sequence typing (MLST) eBurst group eBG13 (8) and core-

genome MLST (cgMLST) hierarchical cluster (HC) HC900_202 (9); all these tools are 

integrated into EnteroBase (https://enterobase.warwick.ac.uk/species/index/senterica). 
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Genotypes were assigned with the Salmonella Typhi genotyping framework implemented 

in Mykrobe (v.0.13.0) on Illumina reads (10,11). 

The presence and type of antimicrobial resistance genes — acquired or chromosomal 

point mutations — were determined with ResFinder v.4.5.0 with default parameters 

(http://genepi.food.dtu.dk/resfinder) (12) on SPAdes assemblies. The presence and type of 

plasmid replicons were determined with PlasmidFinder v.2.1 

(https://cge.food.dtu.dk/services/PlasmidFinder-2.0) (13) on SPAdes assemblies. 

Additional genomic data 

Raw sequence files for the genomes of 40 published genotype 2.3.1 Salmonella Typhi 

isolates were downloaded from the ENA or GenBank and included in this study (Appendix 2, 

https://wwwnc.cdc.gov/EID/article/32/10/26-0813-App2.xlsx). 

Phylogenetic analysis 

Phylogenetic analyses were carried out on 207 genotype 2.3.1 Salmonella Typhi 

genomes, including 40 additional genomes retrieved from Carey et al. (14) (Appendix 2) Briefly, 

a core-genome single-nucleotide variant (SNV) alignment was generated with snippy v. 4.6.0 

https://github.com/tseemann/snippy), by mapping paired-end filtered reads onto the reference 

genome of Salmonella Typhi CT18 (genotype 3.2.1, GenBank accession number AL513382), 

with the following parameters for a variant to be reported: mapping quality of 60, minimum base 

quality of 13, minimum read coverage of 4 and 75% read concordance. Repeats and phage 

regions 

(https://github.com/katholt/typhoid/blob/master/CT18_final_repeats_phage_forParseSNPTable.c

sv) were masked from the core-genome SNV alignment, and putative recombinogenic regions 

were detected with Gubbins v.3.2.0 (15). A maximum-likelihood (ML) phylogenetic tree was 

built from the alignment (1,130 SNVs) with RAxML v.8.2.12 (16), under the GTR model with 

200 bootstraps, and visualized with iTOL v.7.5 (https://itol.embl.de) (17). 
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Bacterial conjugation assays 

Resistance transfer experiments were performed on solid medium with Escherichia coli 

K-12 J5 resistant to sodium azide as the recipient strain. Two Salmonella Typhi isolates (IPCP 

and 201607514) were used as donor strains. Conjugation assays were performed by mixing equal 

volumes (100 µL) of 6-hour cultures of donor and recipient strains. The suspension was applied 

onto a 0.05 μm membrane filter (Merck Millipore, Burlington, MA, USA) on Luria Bertani (LB) 

agar (Difco, Becton Dickinson, Le Pont de Claix, France) and incubated at 37°C overnight. Cells 

were collected in 5 mL of sterile saline and were serially diluted before plating. Transconjugants 

were selected on Drigalski agar (Bio-Rad) supplemented with sodium azide (500 mg/L) and 

ampicillin (100 mg/L). Three E. coli transconjugants were arbitrarily selected in each 

experiment. 

Long-read sequencing and complete genome circularization 

For reconstruction of the full chromosomes and/or IncHI1 plasmids, four isolates of 

Salmonella Typhi genotype 2.3.1 (202210167, 202207569, 201607514, and IPCP) were selected 

and sequenced with Nanopore technology R10.4.1 (Oxford Nanopore Technologies, Oxford, 

United Kingdom) on the Plasmidsaurus sequencing platform (https://plasmidsaurus.com) after 

DNA extraction with the Genomic-tip 100/G kit (Qiagen, Hilden, Germany). We also sequenced 

two E. coli transconjugants (pIPCP-1 and p201607514–2). Draft and hybrid assemblies were 

obtained as previously described by Pulford et al. (18). Briefly, after sequencing, the genomic 

sequences of the isolates were assembled from long and short reads, with a hybrid approach, 

using Hybracter v.0.7.3 (https://github.com/gbouras13/hybracter) (19) for the E. coli 

transconjugants or Unicycler v.0.4 (https://github.com/rrwick/unicycler) (20) for the other three 

genomes. 

Data availability 

The list of the 167 genotype 2.3.1 Salmonella Typhi genomes studied (and their 

assembled short-read data) can be obtained from EnteroBase at: 

https://enterobase.warwick.ac.uk/species/senterica/search_strains?query = workspace:154089 
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Short-read sequence data were submitted to the European Nucleotide Archive (ENA) 

(http://www.ebi.ac.uk/ena), under study accession number PRJEB68323, with individual 

sequence accession numbers provided in Appendix 2. 

The long-read sequence data generated in this study are available from GenBank 

(https://www.ncbi.nlm.nih.gov/genbank) under study accession number PRJNA1435116, with 

individual sequence accession numbers provided in Appendix 2. 
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