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METHODS

Bacterial isolates
We studied 17 V. cholerae O1 isolates from cholera cases identified in the surveillance
systems for Vibrio spp. infections of three European countries (France, Belgium, and

the United Kingdom) in 2023 and 2024 (Table S1).

Fifteen of the isolates studied were obtained from the French National Reference
Center for Vibrio and Cholera (Institut Pasteur). One of these isolates was collected in
mainland France from a patient returning from Kenya in 2023 and 14 were collected in
Mayotte (a French overseas “département” off the coast of Southeastern Africa in the
Indian Ocean) from patients originating from Tanzania (n = 4) or the Comoros (n = 5)
or infected in Mayotte (n = 5) in 2024. The autochthonous cases from Mayotte formed

two different clusters.

One of the isolates studied was obtained from the Gastrointestinal Bacteria Reference
Unit (GBRU) of the United Kingdom Health Security Agency (London, UK) and another
was obtained from the Belgian National Reference Center for Vibrio cholerae and
Vibrio parahaemolyticus at Liege University Hospital (Liege, Belgium). Both isolates
were retrieved from patients returning from Kenya in 2023. The isolate from Belgium

was sent to the Institut Pasteur for confirmation and sequencing.

At the Institut Pasteur, the identification of V. cholerae O1 was confirmed by MALDI-
Tof (Bruker, Billerica, Massachusetts, United States). Serogrouping and serotyping

were performed by the slide agglutination method with O1 (Biorad, Marnes-La-



Coquette, France) and Ogawa (in-house) antisera. We tested for the ctxA gene

encoding subunit A of the cholera toxin by either conventional PCR or real-time PCR."2

At the UKHSA, identification was performed as previously described.?

Antimicrobial drug susceptibility testing

Antimicrobial drug susceptibility testing was performed on all isolates except isolate
231240238_1901530 from the UK. The isolates were tested by the disk diffusion (DD)
method on Mueller-Hinton agar (Bio-Rad, Marnes-la-Coquette, France) according to
the guidelines of the European Committee on Antimicrobial Susceptibility Testing
(EUCAST).* The following disks (i2A, Montpellier, France) were used for the DD
method: nitrofurantoin (NIT, 100 pg), tetracycline (TET, 30 ug), and meropenem (MEM,
10 ug). The isolates were also tested by the microdilution method (Sensititre™ Thermo
Fisher Scientific, Cleveland, OH, USA), with ampicillin (AMP), cefotaxime (CTX),
azithromycin (AZM), ciprofloxacin (CIP), sulfonamides (SUL), trimethoprim, (TMP)
trimethoprim-sulfamethoxazole (SXT), and chloramphenicol (CHL). The EUCAST
interpretative criteria for antibiotic susceptibility testing for Vibrio spp. (v. 14.0) were
used when available.* For AMP and CHL, the Clinical and Laboratory Standards
Institute (CLSI) interpretative criteria for Vibrio spp. were used.® For TMP and NIT, the
EUCAST interpretative criteria for Enterobacterales were used.* The presence of an
extended-spectrum [-lactamase (ESBL) activity was investigated by testing the
synergy between amoxicillin/clavulanate and ceftriaxone disks (12A) on agar plate.®
Escherichia coli ATCC 25922 and Staphylococcus aureus ATCC 29213 were used for

internal quality control.



Whole-genome sequencing (WGS)

Genomic DNA was extracted with the Maxwell® Cell DNA Purification Kit, Maxwell®
RSC Cultured Cells DNA Kit (Promega, Madison, Wisconsin, USA) (France) or the
QIAsymphony system (Qiagen) (UK), in accordance with the manufacturer’s
recommendations. The libraries were prepared with the Nextera XT kit (lllumina, Inc.
San Diego, USA) and sequencing was performed on lllumina NextSeq 500 (France)
or NextSeq 1000 (UK) platforms generating 70—150 bp paired-end reads, yielding a

mean coverage of 236-fold (minimum 74-fold, maximum 373-fold).

Long-read sequencing

Isolate CNRVC240027 was selected for long-read sequencing. Genomic DNA was
extracted from a three-hour culture in tryptic soy broth at 37°C with a Genomic tips 100
column (Qiagen, Hilden, Germany). It was sent to the Plasmidsaurus sequencing
platform (https://www.plasmidsaurus.com/) for sequencing with lllumina (lllumina, San
Diego, USA) and Oxford Nanopore Technologies (ONT) (Oxford, United Kingdom)
techniques. For lllumina sequencing, the library was prepared with the SeqWell
ExpressPlex 96 library preparation kit and sequenced on an NextSeq2000 sequencer
(Mlumina). Short reads were then filtered out with FqCleanER v.23.07
(https://gitlab.pasteur.fr/GIPhy/fqCleanER) to eliminate adaptor sequences and low-
quality reads with phred scores <28 and a length <70 bp, to generate 70—-159 bp
paired-end reads. For ONT sequencing, a PCR-free long-read sequencing library was
constructed with the latest v14 library preparation chemistry, including minimal
fragmentation of the input genomic DNA in a sequence-independent manner: DNA

was selected by 1.0x ratio paramagnetic bead clean-up without size selection.



Sequencing was performed on a PromethlON R10.4.1 and the ont-doradod-for-
promethion v.7.1.4 base-calling algorithm was used in super-accurate mode. Long
reads were then filtered with filtlong v.0.2.0 (https://github.com/rrwick/Filtlong) to
remove sequences of less than 5 kb. Long and short reads were assembled by a hybrid
approach with Unicycler v 0.4.8 (https://github.com/rrwick/Unicycler) to generate three
circularized consensus sequences: two circularized chromosomes and one plasmid.
These sequences were annotated with the NCBI Prokaryotic Genome Annotation
Pipeline with default parameters
(https://www.ncbi.nlm.nih.gov/genome/annotation_prok/) and deposited in GenBank

under Bioproject PRINA1126060 (accession numbers CP158974-CP158976).

Additional genomic data
Raw sequence files and assembled genomes from 1,505 7PET strains were
downloaded from the European Nucleotide Archive (ENA,

https://www.ebi.ac.uk/ena/) or GenBank (https://www.ncbi.nlm.nih.gov/genbank/).

See Supplementary Table 5 for a list of all 1,523 genomes used in this study, with

their accession numbers.

Genomic sequence analyses

All reads were filtered with FgCleanER 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.” Taxonomic read
classification with Kraken v.2.1.1 was used to confirm that sequencing reads originated
from V. cholerae and not from a contaminant.® Only the genomes satisfying the quality

control criteria were retained for further analyses. Short reads were assembled with



SPAdes v.3.15.5, with default settings in most cases, but with the parameter “--phred-
offset 33” for some genomes.® The various genetic markers were analyzed with the
Basic Local Alignment Search Tool (BLAST) v.2.2.26 against reference sequences of
the O1 rfb gene cluster, ctxB, wbeT, and the whole locus of VSP-II, as previously
described.'® The presence and type of acquired antibiotic resistance genes (ARGs) or
ARG-containing  structures were determined with  ResFinder v.4.0.1
(https://cge.food.dtu.dk/services/ResFinder/), BLAST analysis against GI-15, Tn7, and
SXT/R391 integrative and conjugative elements, and PlasmidFinder v.2.1.1
(https://cge.food.dtu.dk/services/PlasmidFinder/). The presence of mutations in the
genes encoding resistance to quinolones (gyrA, parC), resistance to nitrofurans
(VCO0715/nfsA and VCAO0637/nfsB), or restoring susceptibility to polymyxin B
(VC1320/vprA) was determined manually on de novo assembled sequences with

BLAST."0.

Phylogenetic analysis

The paired-end reads and draft or assembled genomes were mapped onto the
reference genome of V. cholerae O1 El Tor N16961, also known as A19 (GenBank
accession numbers LT907989 and LT907990) with Snippy version 4.6.0/BWAv.0.7.17
(https://github.com/tseemann/snippy). Single-nucleotide variants (SNVs) were called
with Snippy v.4.6.0/Freebayes v.1.3.2 (https://github.com/tseemann/snippy), under the
following constraints: mapping quality of 60, minimum base quality of 13, minimum
read coverage of 4, and 75% read concordance at the locus for a variant to be reported.
An alignment of core-genome SNVs was produced in Snippy for phylogenic inference.
Repetitive (insertion sequences and the TLC-RS1-CTX region) and recombinogenic

(VSP-II) regions in the alignment were masked.'® Putative recombinogenic regions



were detected and masked with Gubbins v.3.2.0."> A maximum likelihood (ML)
phylogenetic tree was built from an alignment of 10,882 chromosomal SNVs, with
RAXML v.8.2.12, under the GTR model with 200 bootstraps.'® This global tree was
rooted on the A6 genome'® — the earliest and most ancestral 7PET isolate, collected

in Indonesia in 1957 — and visualized with iTOL v.6 (https://itol.embl.de).*
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Figure S1. Circular map and comparative analysis of the multidrug-resistant IncC
plasmids from Yemen, Lebanon, and Mayotte
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(GenBank accession no. OW443149), (3) a G+C content map of pCNRVC240027, and (4)

coding sequences (CDS) colored according to their functions. The antimicrobial resistance
genes are indicated.
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Table S1. Metadata and phenotypic data for the V. cholerae O1 isolates studied

Interpretation

Isolation date ) ) Probable place of ~ Sero Minimum Inhibitory Concentrations (mg/L) of **: paseq on disk

Isolate name (dd/mmiyyyy) Place of isolation contamination group Serotype diffusion for** :
AMP CTX AZM CHL CIP SUL TMP SXT MEM NIT TET

CNRVC230274 21/02/2023 Belgium Kenya (Nairobi) o1 Ogawa >128 >4 128 <1 05 >1024 >64 >16 S R S
231240238_1901530 12/03/2023 UK Kenya o1 Ogawa ND ND ND ND ND ND ND ND ND ND ND
CNRVC230106 14/09/2023  France (mainland) Kenya (Nairobi) o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240027 18/03/2024 France (Mayotte)* Comoros o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240035 11/04/2024  France (Mayotte)* Comoros o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240036 11/04/2024  France (Mayotte)* Tanzania o1 Ogawa >128 >4 64 <1 05 >1024 >64 >16 S R S
CNRVC240037 11/04/2024  France (Mayotte)* Tanzania o1 Ogawa >128 >4 64 <1 05 >1024 >64 >16 S R S
CNRVC240038 11/04/2024  France (Mayotte)* Tanzania o1 Ogawa >128 >4 64 <1 05 >1024 >64 >16 S R S
CNRVC240042 14/04/2024  France (Mayotte)* Comoros o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240043 18/04/2024  France (Mayotte)* Comoros o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240049 24/04/2024  France (Mayotte)* Mayotte o1 Ogawa >128 >4 64 <1 05 >1024 >64 >16 S R S
CNRVC240051 22/04/2024  France (Mayotte)* Mayotte o1 Ogawa >128 >4 32 <1 05 >1024 >64 >16 S R S
CNRVC240069 29/04/2024  France (Mayotte)* Mayotte o1 Ogawa >128 >4 64 <1 0.5 512 >64 >16 S R S
CNRVC240106 08/05/2024  France (Mayotte)* Comoros o1 Ogawa >128 >4 64 <1 05 >1024 >64 >16 S R S
CNRVC240128 03/05/2024  France (Mayotte)* Mayotte o1 Ogawa >128 >4 32 <1 0.5 1024 >64 >16 S R S
CNRVC240129 07/05/2024  France (Mayotte)* Tanzania o1 Ogawa >128 >4 32 <1 0.5 1024 >64 >16 S R S
CNRVC240130 07/05/2024  France (Mayotte)* Mayotte o1 Ogawa >128 >4 32 <1 0.5 512 >64 >16 S R S

*Mayotte is a French overseas “département” located in the northern part of the Mozambique Channel in the Indian Ocean off the coast of Southeastern Africa. **Abbreviations according to the

American Society for Microbiology (https://aac.asm.org/content/abbreviations-and-conventions), except for SUL (sulfonamides); S, susceptible; R, resistant; ND, not done
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Table S2. Genomic characteristics of the V. cholerae O1 isolates studied

Isolate name Genomic wave 7PET sublineage rfbO1 VSP-II ctxB wbeT tcpA

CNRVC230274 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
231240238 1901530 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC230106 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240027 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240035 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240036 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240037 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240038 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240042 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240043 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240049 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240051 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240069 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240106 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240128 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240129 3 AFR13 Positive VSP-Il (A VC_0495-VC_0512::1SVch4) ctxB7 Wild type A266G
CNRVC240130 3 AFR13 Positive VSP-Il (AVC _0495-VC 0512::1SVch4) ctxB7  Wild type A266G

7PET, seventh pandemic Vibrio cholerae El Tor; A, deletion.
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Table S3. Antimicrobial resistance elements and genes in the V. cholerae O1 isolates studied

Isolate name blaper-7 aadA2 sul1 dfrA1 msr(E) mph(A) mph(E) gyrA parC VC_0715 VC_A0637 vprA (VC_1320) Plasmid SXT/R391

CNRVC230274 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
231240238_1901530 | Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C (C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC230106 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240027 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240035 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind (A strAB to floR)
CNRVC240036 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240037 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind (A strAB to floR)
CNRVC240038 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240042 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind (A strAB to floR)
CNRVC240043 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240049 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind (A strAB to floR)
CNRVC240051 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240069 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind (A strAB to floR)
CNRVC240106 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240128 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240129 Presence Presence Presence Presence Presence Presence Presence S831 S85L  R169C(C505T)  Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)
CNRVC240130 Presence Presence Presence Presence Presence Presence Presence S83I S85L  R169C (C505T) Q5STOP (C13T) D89N (G265A) IncC ICEVchind5 (A strAB to floR)

A, deletion.
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Table S4. Characteristics of the highly drug-resistant AFR13 V. cholerae strain

Species

Vibrio cholerae

Serogroup, serotype and biotype

Genomic lineage and wave

Genetic markers

AMR profile

Horizontally acquired AMR elements

Horizontally acquired AMR genes*

Mutated chromosomal genes

(AMR phenotype)

01, Ogawa, El Tor

7PET, wave 3

CtxB7, tcpAC'RS101 \/SP-||&

AMPR, CTXR¥ SULR, TMPR, SXTR, AZMR, CIPR, NITR

ICEVchInd52™, IncC plasmid

blarer-7z, msr(E), mph(A), mph(E), sul1 (duplicated), dfrA1,
aadA2

gyrA S83l and parC_S85L (CIPR), nfsA_ R169C and
nfsB_Q5Stop (NITR), vprA_D89N#*

AMR, antimicrobial resistance; AMP, ampicillin; CTX, cefotaxime; SUL, sulfonamides; TMP, trimethoprim; SXT,
trimethoprim/sulfamethoxazole; AZM, azithromycin; CIP, ciprofloxacin; NIT: nitrofurantoin; See Table S1 for MIC
values; R in uppercase indicates resistance according to EUCAST or CLSI guidelines; 2" deletion encompassing
VC_0495 - VC_0512 according to GenBank accession no. AE003852; 2" Deletion encompassing
ICEVCHIND5_0011 - ICEVCHIND5_0021 according to GenBank accession no. GQ463142; *production of an
ESBL; *all genes are carried on the IncC plasmid, with the exception of dfrA1 and aadA2 which are carried on the
ICEVchind5 genomic element; #leading to a restoration of polymyxin B susceptibility
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Table S5. Accession codes of the 1,523 7PET genomes studied

Isolate name Year Country EBI_,ENA GenI'Bank Source

accession no. accession no.
A6 1957 Indonesia ERR025382 Mutreja et al. Nature 2011
6311-CDC 1961 Indonesia ERR576981 Didelot et al. PLoS Genet 2015
6312-CDC 1961 Indonesia ERR576980 Didelot et al. PLoS Genet 2015
A18 1977 India ERR025384 Mutreja et al. Nature 2011
D118-CDC 1961 China ERR576972 Didelot et al. PLoS Genet 2015
2921-CDC 1962 China ERR579055 Didelot et al. PLoS Genet 2015
2865-CDC 1961 China ERR579060 Didelot et al. PLoS Genet 2015
2894-CDC 1961 China ERR579057 Didelot et al. PLoS Genet 2015
63244-CDC 1963 China ERR576979 Didelot et al. PLoS Genet 2015
2881-CDC 1961 China ERR579058 Didelot et al. PLoS Genet 2015
2981-CDC 1965 China ERR579053 Didelot et al. PLoS Genet 2015
CNRV(C940044 1963 Philippines ERR1879573 Weill et al. Science 2017
CNRV(C930027 1966 Egypt ERR976397 Weill et al. Science 2017
CNRVC960976 1962 New Guinea ERR1879629 Weill et al. Science 2017
2873-CDC 1961 China ERR579059 Didelot et al. PLoS Genet 2015
GD196110-CDC 1961 China ERR576971 Didelot et al. PLoS Genet 2015
CNRV(C930061 1961 China ERR1879565 Weill et al. Science 2017
2744-CDC 1962 China ERR579066 Didelot et al. PLoS Genet 2015
CNRVC930060 1961 Philippines ERR1879564 Weill et al. Science 2017
2914-CDC 1966 China ERR579056 Didelot et al. PLoS Genet 2015
3075-CDC 1974 China ERR579050 Didelot et al. PLoS Genet 2015
CNRV(C950218 1973 Philippines ERR1879584 Weill et al. Science 2017
3289-CDC 1978 China ERR577143 Didelot et al. PLoS Genet 2015
2308-CDC 1978 China ERR579074 Didelot et al. PLoS Genet 2015
2957-CDC 1964 China ERR579054 Didelot et al. PLoS Genet 2015
2783-CDC 1964 China ERR579063 Didelot et al. PLoS Genet 2015
CNRV(C930066 1964 India ERR1879566 Weill et al. Science 2017
CNRV(C930036 1962 India ERR1879562 Weill et al. Science 2017
CNRV(C950100 1973 Malaysia ERR1879580 Weill et al. Science 2017
CNRV(C930029 1971 Myanmar ERR1879559 Weill et al. Science 2017
CNRVC950641 1972 Myanmar ERR1879587 Weill et al. Science 2017
3014-CDC 1969 China ERR579052 Didelot et al. PLoS Genet 2015
CNRVC961077 1963 Thailand ERR1879633 Weill et al. Science 2017
6310-CDC 1961 Indonesia ERR576982 Didelot et al. PLoS Genet 2015
CNRV(C930067 1963 Cambodia ERR1879567 Weill et al. Science 2017
CNRV(C961129 1964 Vietnam ERR1879634 Weill et al. Science 2017
CNRV(C950161 1966 Vietnam ERR1879581 Weill et al. Science 2017
CNRV(C950165 1968 Vietnam ERR1879582 Weill et al. Science 2017
CNRV(C950172 1969 Vietnam ERR1879583 Weill et al. Science 2017
642345-CDC 1964 China ERR7135491 Benamrouche et al. Emerg Infect Dis 2022
CNRV(C960800 1965 Iran ERR1879604 Weill et al. Science 2017
CNRVC960778 1966 Iraq ERR1879602 Weill et al. Science 2017
CNRVC960768 1966 Iraq ERR1879601 Weill et al. Science 2017
CNRV(C961005 1964 Pakistan ERR1879630 Weill et al. Science 2017
CNRV(C960799 1965 Iran ERR1879603 Weill et al. Science 2017
CNRV(C930076 1965 Iran ERR1879568 Weill et al. Science 2017
CNRV(C960842 1965 Iran ERR1879605 Weill et al. Science 2017
CNRV(C960871 1965 Iran ERR1879606 Weill et al. Science 2017
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