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ABSTRACT

BACKGROUND: The seventh cholera pandemic is accompanied by the formation of Vibrio cholerae clones with new genetic
properties, including those with the ability to spread pandemically and cause diseases with a more severe clinical course.
The widespread distribution of such genetic variants of Vibrio cholerae and the possibility of their introduction into the territory
of the Russian Federation necessitate constant comprehensive monitoring using modern molecular genetic technologies.
AIM: To improve INDEL typing of ctx+ strains of V. cholerae of the seventh pandemic by using additional INDEL loci.
MATERIALS AND METHODS: A bioinformatic analysis of 2105 full-genome sequences of toxigenic ctxAB+tcpA+ strains of Vibrio
cholerae 01 El Tor from open databases was carried out in order to search for INDEL loci for molecular typing. Based on the
convenience criterion for allele size identification, eight INDEL loci were selected. Three loci have been described previously,
and five were identified as a result of this work. The designed primers formed amplicons ranging in size from 67 to 390 base
pairs, which made it possible to confidently identify them during gel electrophoresis.

RESULTS: The distribution of alleles formed 11 unique INDEL clusters, which we designated A-K. Based on the number of strains
within the clusters, three types of clusters were identified: major (A, B and C) made up 89% of the total number of sequences
studied, intermediate (D, E, F, G and H) 10.5% of the genomes. Three minor clusters (I, J and K) were represented by single
strains. Four clusters united strains isolated in the 20t century (A — in 1941, F —in 1957, G — in 1993, E — in 1999), and
seven clusters — in the 215! century in the period from 2003 to 2016. In the period from 2019 to 2023, representatives of INDEL
clusters were active: A, B, D and E.

CONCLUSIONS: The study of the timing of circulation suggested that representatives of different clusters have different
epidemic potential, which was manifested in the absence of isolation of strains of some clusters in recent years. A comparative
study of INDEL typing with SNP typing in the in silico analysis of 378 genomes of strains isolated on the African continent
indicates that the proposed INDEL typing method is not inferior to SNP typing in terms of resolution.
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Paspaborka cucrembl INDEL-TunupoBanus
ctx+ wrammoB Vibrio cholerae cepbMoit naHgemMuu

C.0. BoponbsaHos, A.C. BogonbaHoB

PoctoBckuii-Ha-[loHy opAeHa Tpynosoro KpacHoro 3HameHn HayyHo-MCCeA0BaTeNbCKUIA NPOTUBOYYMHBIA UHCTUTYT, PocToB-Ha-[loHy, Poccus

AHHOTALIMA

06ocHoBaHue. CeabMas NaHAeMUs Xonepbl CONPOBOXKAAETCA GOPMUPOBAHMEM KIIOHOB XOJIEPHOTO BUOPUOHA C HOBBIMM re-
HETUYeCKUMM CBOWCTBaMM, B TOM yucrie 0bnajatowmx cnocobHOCTbH K NaHAEMUYECKOMY pPacrpoCTPaHEHUHO W BbI3bIBAIOLLMX
3aboneBaHus ¢ bonee TAHKENBIM KIIMHUYECKUM TeueHueM. [loBceMecTHoe pacrpocTpaHeHne NoA0BHbIX reHETUYECKUX Bapu-
aHToB Vibrio cholerae n Bo3MoxHoCTb X 3aB03a Ha Tepputopuio Poccuiickon Mefiepaummn 0bycnoBMBaOT HE0BX0AUMOCTb
MOCTOSIHHOTO KOMMEKCHOTO MOHUTOPUHTA C NPUMEHEHUEM COBPEMEHHBIX MOMIEKYNAPHO-TEHETUYECKUX TEXHONOTUA.

Llenb pabotbl — coBepLueHcTBoBaHue INDEL-TnupoBaHms ctx+ wrammoB V. cholerae cepbMoi naHaeMum NyTEM MCMOSb30-
BaHusa pononHuTenbHblx INDEL-nokycos.

Marepuanbl u MeToabl. [poBeEH BromHbopMaLmoHHbIN aHanu3 2105 NoSHOreHOMHBIX CUKBEHCOB TOKCUreHHbIX CEXAB+tcpA+
wrammoB Vibrio cholerae 01 El Tor u3 oTkpbITbiX 633 AaHHbIX ¢ Lenbio noucka INDEL-noKycoB ans MoneKynsipHOro TMnm-
poBaHus. Ha ocHoBe KpuTtepusa ynobcTBa uaeHTMdUMKaLmm pa3Mepa annenen otobpaHo BoceMb INDEL-nokycoB. Tpu noky-
ca onucaHbl paHee, a NATb bbiIM MAEHTUOULMPOBaHbI B pesynbTaTe npoBefEéHHON paboTbl. CKOHCTpyMpOBaHHbIE npaiiMe-
pbl GOPMMPOBaNM aMMJIMKOHbI pa3mMepoM oT 67 o 390 map oCHOBaHWM, YTO MO3BOSIAO UX YBEPEHHO MAEHTU(HULMPOBATL
npu NpoBeAeHUM 3neKTpodopesa B rese.

Pesynbtatbl. Pacnpesenenue anneneii cdopmmposano 11 yHukanbHbix INDEL-knacTepoB, 0603HaueHHbIX Hamu A—K. Mo Ko-
JIMYECTBY LUTaMMOB B COCTaBe KI1acTepoB BbISIBIEHO TpW TUMa KiiactepoB: MaxopHble (A, B n C) coctaunm 89% n3yyeHHbIx
nocneposarenbHocTel, npomexyTtouHble (D, E, F, G u H) — 10,5% reHomoB. Tpu MuHopHbIx knactepa (I, J u K) 6biim npea-
CTaBMeHbl eAMHUYHBIMK LUTaMMaMK. YeTbipe KnacTepa 0bbeauHAM WTaMMbl, BoigeneHHble B XX Beke (A — B 1941 roay,
F — B 1957 ropy, G — B 1993 rogy, E — B 1999 roay), a cemb knactepos — B XXl Beke (c 2003 no 2016 rog). B nepvuoa
¢ 2019 no 2023 rog aktueHocTb nposensnu npeacrasutenu INDEL-knactepos: A, B, D u E.

3aksioueHme. M3yyeHne CpoKOB LMPKYNALMM NO3BOMKMIO NPELNONOXKUTb, YTO MPeACTaBUTENM pasHbIX KnacTepoB obnaga-
10T PasfMYHbIM 3NUAEMUYECKUM MOTEHLMANOM, YTO MPOSIBUNOCH B OTCYTCTBMM BbILENEHWS LUTAMMOB HEKOTOPBIX KNacTepoB
B nocnegHue rogbl. CpaBHutensHoe usydvenne INDEL-tunupoBaHms ¢ npuémMom SNP-TunupoBaHusa npu aHanuse in silico
378 reHOMOB LITaMMOB, W30/MPOBaHHbIX Ha AQPUKAHCKOM KOHTUHEHTE, CBMAETENbCTBYET, YTO NpejsiaraeMbld cnocob
INDEL-TnupoBaHusa no paspeLuatoLueii cnocobHocTu He ycTynaeT npuémy SNP-TunmpoBaHus.

KnioueBble cnoga: Vibrio cholerae; MonekynspHoe tunuposanue; INDEL-nokycol; INDEL-reHoTUnMpoBaHuMe.
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BACKGROUND

The seventh cholera pandemic involved the formation
of clones of Vibrio cholerae with new genetic properties,
including those with the ability to spread worldwide and
cause diseases with a more severe clinical course [1-3].
The widespread distribution of such genetic variants
of V. cholerae and the possibility of their occurrence in Russia
require continuous comprehensive monitoring using modern
molecular genetic technologies that provide accelerated
diagnostics and timely identification with determination of
the epidemic significance of the cholera pathogen for making
prompt management decisions [4—6].

Molecular genetic monitoring of V. cholerae is based on
the analysis of several well-studied genetic markers. The
analysis of variable number tandem repeats (VNTR) and
INDEL loci have become widespread. In determining VNTR,
a complex and labor-intensive method of VNTR typing of
toxigenic V. cholerae isolated in various regions worldwide has
been proposed and is widely used [7-11]. The high stability of
VNTR loci contributes to obtaining valid results [12]. Recently,
VNTR typing has been successfully used in combination with
whole-genome sequencing [10, 13-15].

The INDEL typing method is simpler and more accessible
and includes determining the presence of “insertions—deletions”
in various genes [16]. The INDEL and VNTR typing methods
has its own advantages; however, the most informative results
were obtained by combining the two typing methods [17].

The relatively easy-to-use method of INDEL typing of
V. cholerae is suitable for studying non-toxigenic strains [17],
but cannot be used for intraspecific typing of toxigenic strains,
because all ctx+ cultures with the used set of INDEL loci form
only one INDEL genotype [16].

This study aimed to improve INDEL typing of ctx+ strains
of V. cholerae of the seventh pandemic by using additional
INDEL loci.

MATERIALS AND METHODS

This study used data from whole-genome sequencing of
toxigenic (ctxAB+tcpA+) V. cholerae 01 El Tor strains obtained
on the Illumina MiSeq platform during the implementation of
the strategic initiative of socio-economic development of Russia
until 2030 “Sanitary shield of the country is the health safety
(prevention, detection, response)” (40 strains), 1531 genomes
from the NCBI database, and 534 genomes from the European
Nucleotide Archive database, presented in the form of reads,
which assembly was performed using the Spades program [18].
Information on the date and place of isolation of the strain was
obtained from the attached description [19].

For the analysis, we used our own scripts written in
the Java and Python programming languages. Geocoding
of the places of strain isolation was performed using the
Nominatim API service. The online geographic information
system was developed using the programming languages
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HTML, JavaScript, and PHP. The freely distributed Leaflet
library written in JavaScript was used as the core, and maps
obtained from the Open StreetMap community were used as
cartographic data.

RESULTS

Following bioinformatics analysis, over 40 promising
INDEL loci were tested for intraspecific typing of toxigenic
strains of V. cholerae. Each INDEL locus in the chromosome
was represented by two alleles; hence, the allele size
could be determined by the results of electrophoresis after
the polymerase chain reaction (PCR) in the presence of an
in vitro culture or in silico according to the bioinformatics
analysis of the nucleotide sequence from databases. Based
on the test results, eight INDEL loci were selected for further
study. They included the already described loci (i.e., 7095 [20],
3186 [16], and rtxA4 [21]) and those identified in this study
(i.e., 2566, 0667, 1446, 730, and 834). Primers were designed
for the identified loci (Table 1), which formed amplicons
of 67-390 base pairs in size when conducting PCR, which
allowed them to be identified during gel electrophoresis.
The distribution of alleles of eight INDEL loci among the
2105 studied ctx+ genomes formed 11 unique INDEL clusters,
which were designated as A-K (Table 2).

Based on the number of strains in the clusters, three
clusters (A, B, and C) were major, and they accounted for
89% of the studied sequences. Clusters D, E, F, G, and H were
intermediate and constituted 10.5% of the studied sequences.
Three clusters (I, J, and K) were represented by single strains
(Table 3). INDEL clusters ctx+ V. cholerae differed in the time
of formation. The strains in the first four clusters were isolated
in the twentieth century (A in 1941, F in 1957, G in 1993, and
E in 1999), whereas the remaining strains, isolated in the
twenty-first century (from 2003 to 2016), were included in
seven clusters, among which, B and C were two major ones.

DISCUSSION

In 2019-2023, representatives of four INDEL clusters,
namely, A, B, D, and E, have been active, with only isolates
from clusters A, B, and D recorded over the past 3 years.
For representatives of different clusters, the circulation time
(isolation period) of the strains ranged from 4 to 21 years.
We believe that clusters F and G can be considered “extinct,”
because no strains with such genotypes have been isolated
over the past 20 years (Table 3).

Representatives of major INDEL clusters A, B, and C have
caused several serious outbreaks on various continents,
indicating that the strains that form these clusters have
a high epidemic potential. Thus, epidemic complications in
Haiti and propagations to Africa in 2009-2012 were caused
by representatives of cluster B, and the outbreak in Yemen
was caused by strains of cluster C (Table 4). In 2023, three
toxigenic strains were isolated in Russia: one representative
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Table 1. INDEL loci for ctx+ Vibrio cholerae typing
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. S " Allele size
No. Locus Primers Position in the genome of INDEL loci
1 1095 ceatcagtetgcetctgacac CP028828: 1053056—1052964 87/95
ttcgacaatcgtcagtageg
2 A tgcaactgggtataacccaatggg CP028827: 1533766—1533377 330/390
tggtgtaccaagacgttcgccaa
3 VC2566 lggttatggatigctgcaagt CP028827: 333608333522 87/171
agtcagtgcgtccagcattt
4 VCAD667 gacggatatgtigcagtcage CP028828: 606894606795 88/100
ctcccgagatactccatgtace
5 VC1446 gectatcaagetigeatgtg CP028827: 1540677154070 94/100
tggccaaatacggtattgcg
6 3186 agttggagtgcegtcaaca CP028827: 212759212693 67/74
gcagggtgatagacggtgat
7 VCAO730 ggggatgaagtaaatgticcga CP028828: 677974677879 90/96
aacaactctacgcaggcttg
8 VCAO834 tcgcgataaaaggtitagtgatc CP028828: 781715-781810 89/9

aaggatccacttcgegtee

* Position is indicated according to the reference genome of Vibrio cholerae El Tor N16961 (NCBI accession numbers: CP028827 and CP028828).

Table 2. INDEL genotypes of ctx+ Vibrio cholerae and allele sizes of eight INDEL loci

INDEL Sizes of amplicons, base pairs
genotype 1095 rtxA4 VC2566 VCA0667 VC1446 3186 VCA0730 VCA0834
A 95 390 87 100 94 67 96 96
B 87 390 87 100 94 67 9% 96
C 87 330 87 100 94 67 9% 96
D 87 330 87 88 94 67 96 96
E 95 390 71 100 94 74 9% 96
F 95 390 171 100 94 67 9% 96
G 95 390 87 100 94 67 96 89
H 95 390 87 100 94 67 90 96
I 95 390 71 100 100 74 9% 96
J 95 390 87 100 100 67 9% 9%
K 87 389 87 100 94 67 96 96

of cluster A (Rostov-on-Don) and two representatives of
cluster D (Tambov, Moscow).

A study of the circulation periods of ctx+ V. cholerae,
which are part of INDEL clusters (Tables 3 and 4), showed
that representatives of different clusters have different
epidemic potential. Thus, strains of cluster F that circulated
in Indonesia and Australia until 1997 were isolated in the
USA as a result of studying three single introductions. This
may indicate the “extinction” of this branch, owing to the low
epidemic potential of the ctx+ strains included in it. The low
number of pathogen removals from circulation foci indicates
a low epidemic potential of strains in the intermediate
and minor INDEL clusters E-K. According to this criterion,

DOI: https://doiorg/1017816/EID631523

strains of INDEL clusters A, B, and D are characterized by
an increased epidemic potential and may displace previously
formed strains [2, 22].

It is interesting to evaluate in silico the efficiency of
the proposed INDEL typing scheme for ctx+ V. cholerae
with a similar system based on the use of SNP analysis
of whole-genome sequences.

Analysis of 1757 SNPs revealed three waves and at least
eight different phylogenetic lineages of V. cholerae, with isolates
of the classical biotype forming a separate, highly clustered
group, distant from the isolates from El Tor of the seventh
pandemic [22, 23]. In the present study, the strains of the major
INDEL cluster A may correspond to the strains of wave 1, which
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Table 3. Characteristics of the duration of circulation of ctx+ strains of Vibrio cholerae of various INDEL clusters

No. INDEL cluster . Number of strains Yea_rs of .strain .Time 9f active
in the INDEL cluster isolation circulation, years

1 A 1284 1941-2023 Active since 1941
2 B 415 2004-2022 19

3 o 161 2012-2018 7

A D 101 2016-2023 Active since 2016
5 E 55 1999-2021 22

6 F 36 1957-1997 41

7 G 27 1993-2000 8

8 H 15 2003-2017 15

9 I 2 2006-2010 5

10 J 2 2015-2017

11 K 7 2011-2014 A

Table 4. Characteristics of the geographical distribution of ctx+ strains of Vibrio cholerae of various INDEL clusters

No. INDEL cluster Characteristics of the main focus Infection introduction from the main focus
Pandemic spread on all continents.
1 A India, 1941 Introduction in Russia (34 pcs): 1970-1973, 1993-1994, 1999,
2001, 2005, 2011, 2014, 2023
Haiti, 2010-2022; Africa, 2009-2012.
2 B India, 2004 The last isolation of 26 strains was in England, 2019.
Introduction in Russia: 2010, 2011
3 C India, 2012 Africa, 2015-2018; Yemen, 2016, 2017
India, 2016; Bangladesh, 2018 Iraq, 2017; USA, 2019, 2021-2022; Australia, 2022;
4 D 91 isolates of 101 strains were Pakistan, 2022; South Africa, 2023
isolated in India and Bangladesh Introduction in Russia: 2023 (Tambov, Moscow)
Taiwan, 2007
5 E 45 out of 55 strains were isolated South Africa, 2018-2020; China, 2021
in Taiwan
Indonesia, 1957; Australia, 1977-1997
b F 30 of 36 strains were isolated USA, 1974, 1978, 1986
in Australia
7 G China, 1993 Introduction in Russia: 1999
8 H Nepal, 2003 Taiwan, 2004-2017; Iraq, 2017; South Korea, 2016
9 | China, 2006 No introduction
10 J Congo, 2015 Haiti, 2017
" K Nigeria, Togo, 2011 Ghana, 2014

are characterized by the absence of the integrative conjugative
element ICE, which distinguishes them from the strains of
wave 2 [22]. However, INDEL cluster A includes ICE-positive
and ICE-negative isolates. In the future, if necessary, additional
INDEL markers to differentiate subgroups within the pandemic
INDEL cluster A is recommended.

Subsequently, another study used the same SNP
typing technique to analyze 1070 V. cholerae 01 strains
isolated in 45 African countries over a 49-year period using
9300 single-nucleotide substitutions [24]. The typing
scheme was expanded when analyzing 1203 genomes

DOI: https://doiorg/1017816/EID631523

using 9986 SNPs [25]. A subsequent study [26] used
10,679 SNPs, which resulted in the identification of
15 sublineages (AFR1-AFR15). The number of SNPs used
was increased to probably increase the method reliability,
as cases of significant discrepancies in the results of SNP
typing have been described using different sets of SNPs [27].

To compare two different molecular typing methods,
a comparative study of cholera outbreaks on the African
continent was conducted using the INDEL typing method
developed in the current study and SNP typing technique
(24, 25] (Table 5).
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Table 5. Comparative study of ctx+ strains of Vibrio cholerae isolated in the African continent by INDEL typing and SNP analysis

Number of strains Years of strain isolation INDEL cluster SNP sublines according to the scheme [24, 25]
322 1981-2017 A T1-T12
23 2009-2012 B T12
18 2014-2018 o T13
7 2018-2020 E No
1 2015 J 7
7 2011-2014 K T12

SNP typing showed that epidemic complications were
associated with strains of one extended lineage, which was
brought at least 11 times since 1970. Overall, 12 sublineages
of V. cholerae (T1-T12) were identified using SNP typing;
subsequently, sublineage 13 was discovered, which caused
a cholera outbreak in Yemen [24, 25].

INDEL typing results showed that the introductions into
the countries of the African continent were caused by strains
included in eight clusters A, B, C, E, J, and K out of 11 clusters
described and not a single SNP lineage. Representatives of
INDEL clusters D, F, G, and H in Africa were not detected.
The major INDEL cluster A included representatives of all
12 sublineages identified by SNP analysis (T1-T12). The minor
INDEL cluster J corresponded to sublineage T7. Sublineage
T12 strains were part of INDEL clusters A, B, and K
(Table 5). Interestingly, the scheme of Weill in 2017 did not
include strains of INDEL cluster E, which caused repeated
introductions in South Africa in 2018, 2019, and 2020 (Table 4).

~

Analysis of strains isolated on the African continent indicated
that the proposed method of INDEL typing of ctx+ strains of
V. cholerae is not inferior in resolution to the SNP typing
technique [24, 25]. The advantage of the proposed method is
the simplicity and clarity of the presentation of the results.

Based on the distribution of eight INDEL loci identified, the
geoinformation system “INDEL genotypes of V. cholerae 01
strains” was created, located on the geoinformation portal of
the Rostov-on-Don Anti-Plague Institute of Rospotrebnadzor
(http://gis.antiplague.ru/s_Vcholerae_INDEL.php). The
integrated convenient system of filters and search allows for
prompt molecular monitoring of ctx+ strains from available
databases for various requests, displaying the locations of
isolation and number of isolated cultures on the map (Fig. 1).

SNP typing is extremely labor-intensive and requires
high-quality sequencing and significant computer time to
process whole-genome sequencing data. Its result depends
on the number of SNPs used. The proposed INDEL typing

Fig. 1. Appearance of the geographic information system “INDEL genotypes of V. cholerae 01 strains”. The result of a query on the
geographical distribution of strains of the major INDEL cluster A is presented. The circles show the places where the strains were isolated,
the number in the circle corresponds to the number of isolated strains. The color of the marker and its shape reflect the number of isolated
cultures: single strains — with an star; from 2 to 10 — green circle; from 10 to 100 — yellow circle, over 100 — orange circle.

00l https://doiorg/1017816/E1D631523
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method at eight loci can be quickly performed using routine
PCR, if necessary, without resorting to labor-intensive and
expensive sequencing. The advantage of the proposed method
of INDEL typing of ctx+ V. cholerae is the ability to conduct
research in vitro in the presence of a pathogen culture and in
silico when analyzing the whole-genome nucleotide sequence
for the purpose of molecular monitoring of cholera.

CONCLUSION

The obtained INDEL typing data enable to consider the
ctx+ V. cholerae population as a complex biological system
characterized by several genetically different INDEL clusters.
Moreover, the formation and extinction of individual clusters
have been noted [22]. Clusters A and D, which caused the
introduction of viruses in Russia in 2023, can be considered
active at present. In the future, it is recommended to search
for additional loci that potentially allow intracluster typing of
major INDEL clusters. Promising targets for analysis may
be ICE elements or genes that provide resistance to the

REFERENCES

1. Ramamurthy T, Mutreja A, Weill FX, et al. Revisiting
the Global Epidemiology of Cholera in Conjuction With the
Genomics of Vibrio cholera. Front Public Health. 2019;7:203.
doi: 10.3389/fpubh.2019.00203 Erratum in: Front Public Health.
2019;7:237. doi: 10.3389/fpubh.2019.00237

2. Smirnova NI, Rybalchenko DA, Lozovskiy YV, et al. Analysis of
changes in the genome of Vibrio cholerae 01 El Tor genovariants
during the current period of the cholera pandemic. Journal of
Microbiology, Epidemiology and Immunobiology. 2023;100(5):346-357.
(In Russ.) doi: 10.36233/0372-9311-389

3. Jubyda FT, Nahar KS, Barman |, et al. Vibrio cholerae 01
associated with recent endemic cholera shows temporal changes in
serotype, genotype, and drug-resistance patterns in Bangladesh. Gut
Pathog. 2023;15(1):17. doi: 10.1186/s13099-023-00537-0

4. Onishchenko GG, Moskvitina EA, Vodop'janov AS, et al
Retrospective Molecular-Epidemiological Analysis of Cholera
Epidemic in the Republic of Dagestan in 1994. Problems of
Particularly Dangerous Infections. 2016;(4):33-41. (In Russ.)
doi: 10.21055/0370-1069-2016-4-33-41

5. Noskov AK, Kruglikov VD, Lopatin AA, et al. Results of cholera
monitoring in administrative territories of Russia from 2013 to
2019. Journal of Microbiology, Epidemiology and Immunobiology.
2021;98(2):163—175. doi: 10.36233/0372-9311-56

6. Mishankin BH, Vodopyanov AS, Lomav YuM, et al. Retrospective
VNTR-Analysis of Genotypes of Vibrio Cholerae 01 Strains Isolated,
During the 7t Cholera Pandemic, in Rostov Region. Molecular
Genetics, Microbiology and Virology. 2004;(4):28. (In Russ.)
EDN: OJXXPF

7. Danin-Poleg Y, Cohen LA, Gancz H, et al. Vibrio cholerae Strain
Typing and Phylogeny Study Based on Simple Sequence Repeats.
J Clin Microbiol. 2007;45(3):736-746. doi: 10.1128/jcm.01895-06

Vol. 29 (4) 2024

DOI: https://doiorg/1017816/EID631523

Epidemiology and Infectious Diseases

toxic effects of heavy metals. Additionally, we believe that
studies aimed at identifying new factors and determinants
of pathogenicity should focus on representatives of these
genetic groups. In this case, representatives of inactive
INDEL clusters can be considered as a negative control in
a comparative study of genomes.

ADDITIONAL INFORMATION

Funding source. This work was not supported by any external
sources of funding.

Competing interests. The authors declare that they have no
competing interests.

Authors’ contribution. All authors made a substantial contribution
to the conception of the work, acquisition, analysis, interpretation
of data for the work, drafting and revising the work, final approval
of the version to be published and agree to be accountable for all
aspects of the work. S.0. Vodopyanov — conducting bioinformation
analysis of a collection of strains, writing and editing the text of the
article; A.S. Vodopyanov — identification of INDEL markers, writing
the text of the article.

8. Lam C, Octavia S, Reeves PR, Lan R. Multi-locus variable
number tandem repeat analysis of 7% pandemic Vibrio cholerae.
BMC Microbiol. 2012;12:82. doi: 10.1186/1471-2180-12-82

9. Smirnova NI, Kul'shant' TA, Krasnov YM. MLVA Typing of Clinical
Vibrio Cholerae Strains Isolated During Different Periods of the
Current Cholera Pandemic. Molecular Genetics, Microbiology and
Virology. 2015;30(1):15-22. (In Russ.) EDN: TEWRYN

10. Bwire G, Sack DA, Almeida M, et al. Molecular characterization
of Vibrio cholerae responsible for cholera epidemics in Uganda by
PCR, MLVA and WGS. PLoS Negl Trap Dis. 2018;12(6):e0006492.
doi: 10.1371/journal.pntd.0006492

11. George CM, Hasan K, Monira S, et al. A prospective cohort study
comparing household contact and water Vibrio cholerae isolates in
households of cholera patients in rural Bangladesh. PLoS Negl Trop
Dis. 2018;12(7):e0006641. doi: 10.1371/journal.pntd.0006641

12. Mironova LV, Khunkheeva ZhYu, Basov EA, et al. Analysis
of Vibrio cholerae Genotype Stability at Low Temperature and
Nutrients Deficiency. Problems of Particularly Dangerous Infections.
2016;(3):52-56. (In Russ.) doi: 10.21055/0370-1069-2016-3-52-56
13. Rashid MU, Almeida M, Azman AS, et al. Comparison of
inferred relatedness based on multilocus variable-number
tandem-repeat analysis and whole genome sequencing of
Vibrio cholerae 01. FEMS Microbiol Lett. 2016:363(12):fnw116.
doi: 10.1093/femsle/fnw116

14. Ambroise J, Irenge LM, Durant JF, et al. Backward compatibility
of whole genome sequencing data with MLVA typing using
a new MLVAtype shiny application for Vibrio cholerae. PLoS One.
2019;14(12):e0225848. doi: 10.1371/journal.pone.0225848

15. Mwaba J, Debes AK, Murt KN, et al. Three transmission
events of Vibrio cholerae 01 into Lusaka, Zambia. BMC Infect Dis.
2021;21(1):570. doi: 10.1186/512879-021-06259-5

291


https://doi.org/10.3389/fpubh.2019.00203
https://doi.org/10.3389/fpubh.2019.00237
https://doi.org/10.36233/0372-9311-389
https://doi.org/10.1186/s13099-023-00537-0
https://doi.org/10.21055/0370-1069-2016-4-33-41
https://doi.org/10.36233/0372-9311-56
https://elibrary.ru/ojxxpf
https://doi.org/10.1128/jcm.01895-06
https://doi.org/10.1186/1471-2180-12-82
https://elibrary.ru/tewryn
https://doi.org/10.1371/journal.pntd.0006492
https://doi.org/10.1371/journal.pntd.0006641
https://doi.org/10.21055/0370-1069-2016-3-52-56
https://doi.org/10.1093/femsle/fnw116
https://doi.org/10.1371/journal.pone.0225848
https://doi.org/10.1186/s12879-021-06259-5

292

ORIGINAL STUDY ARTICLES

16. Vodop'yanov AS, Vodop'yanov SO, Oleynikov IP, Mishan’kin BN.
INDEL-genotyping of Vibrio cholerae strains. Epidemiology and Infectious
Diseases. 2017;22(4):195-200. (In Russ.) doi: 10.17816/EID40978

17. Vodopyanov AS, Vodopyanov SO, Oleynikov IP, et al. INDEL-
n VNTR-typing Vibrio cholerae strains, isolated in 2013 from the
environment objects in the Russian Federation. Public Health
and Life Environment — PH&LE. 2015;(5(266)):41-44. (In Russ.)
EDN: UCHPMN

18. Bankevich A, Nurk S, Antipov D, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing.
J Comput Biol. 2012;19(5):455-477. doi: 10.1089/cmb.2012.0021

19. Benamrouche N, Belkader C, Njamkepo E, et al. Outbreak of
Imported Seventh Pandemic Vibrio cholerae 01 El Tor, Algeria,
2018. Emerging Infectious Diseases. 2022;28(6):1241-1245.
doi: 10.3201/eid2806.212451

20. Vodop'yanov AS, Vodop'yanov SO, Oleynikov IP, Pisanov RV.
Identification of Vibrio cholerae Strains of the «Haitian» Group
by PCR Based on INDEL-Typing. Journal of Microbiology,
Epidemiology and Immunobiology. 2020,97(3):265-270. (In Russ.)
doi: 10.36233/0372-9311-2020-97-3-9

21. Monakhova EV, Ghosh A, Mutreja A, Weill F, Ramamurthy T.
Endemic Cholera in India and Imported Cholera in Russia: What

CMUCOK JIMTEPATYPbI

1. Ramamurthy T, Mutreja A, Weill FX, et al. Revisiting the
global epidemiology of cholera in conjuction with the genomics
of Vibrio cholera // Front Public Health. 2019. Vol. 7. P. 203.
doi: 10.3389/fpubh.2019.00203 Erratum in: Front Public Health. 2019.
Vol. 7. P. 237. doi: 10.3389/fpubh.2019.00237

2. CmupHoBa H.M., Puibanbyenko [.A., Jlosoeckuin 10.B., n ap.
AHanms naMeHeHus reHoMa reHoBapuaHToB Vibriocholerae 01 El Tor
B COBPEMeHHbII Nepuoa naHaemuny xonepbl // HypHan Muxkpobmo-
norvK, 3ANMAEMMONOrMK 1 UMMyHobuonormm. 2023. T. 100, N° 5.
C. 346-357. doi: 10.36233/0372-9311-389

3. Jubyda F.T. Nahar KS. Barman I, et al. Vibrio cholerae
01 associated with recent endemic cholera shows temporal
changes in serotype, genotype, and drug-resistance patterns
in Bangladesh // Gut Pathog. 2023. Vol. 15, N 1. P. 17.
doi: 10.1186/513099-023-00537-0

4. Onvwenko T.T., MockeutnHa 3.A., BomonbsHos A.C., v ap.
PeTpocneKTUBHbIA  MONEKYNAPHO-3MNMAEMUONOrMYECKNA  aHa-
M3 3nuaemun xonepbl B Pecnybnuke [arectaH B 1994 r. //
Mpobnembl 0cobo onacHbix MHdekumin. 2016, N 4. C. 33-41.
doi: 10.21055/0370-1069-2016-4-33-41

5. Hockos AK., Kpyrnmkos B.[., Jlonatvh AA., n ap. Pesynbtathl
MOHUTOPWHIa Xonepbl Ha aiMUHUCTPATUBHBIX TeppuTopusx Paccun
B nepvog, ¢ 2013 no 2019 roa // XypHan MuKpobuonoruu, anu-
JEeM1onorMm 1 uMMmyHobronorvm. 2021, T. 98, Ne 2. C. 163-175.
doi: 10.36233/0372-9311-56

6. MwuwanbkmH B.H., BogonbsHos A.C., Jlomos .M. ap. Petpo-
cnektuBHbIN VNTR-aHanu3 reHoTvnoB wrammoB Vibriocholerae 01,
BblJENeHHbIX Ha TeppuTopumM PocToBcKom obnactv B roabl VIl nax-
AeMun xonepsl // MoneKkynspHas reHeTvKa, M Kpobuosorus 1 Bu-
pyconorus. 2004, N° 4. C. 28. EDN: OJXXPF

Vol. 29 (4) 2024

DOI: https://doiorg/1017816/EID631523

Epidemiology and Infectious Diseases

is Common? Problems of Particularly Dangerous Infections.
2020;(3):17-26. doi: 10.21055/0370-1069-2020-3-17-26

22. Mutreja A, Kim DW, Thomson NR, et al. Evidence for several
waves of global transmission in the seventh cholera pandemic.
Nature. 2011;477(7365):462—465. doi: 10.1038/nature10392

23. Monir MM, Islam MT, Mazumder R, et al. Genomic attributes
of Vibrio cholerae 01 responsible for 2022 massive cholera
outbreak in Bangladesh. Nat Commun. 2023;14(1):1154.
doi: 10.1038/s41467-023-36687-7

24, Weill FX, Domman D, Njamkepo E, et al. Genomic history of
the seventh pandemic of cholera in Africa. Science. 2017;358(6364):
785-789. doi: 10.1126/science.aad5901

25. Weill FX, Domman D, Njamkepo E, et al. Genomic insights
into the 2016-2017 cholera epidemic in Yemen. Nature.
2019;565(7738):230-233. doi: 10.1038/s41586-018-0818-3 Erratum
in: Nature. 2019;566(7745):E14. doi: 10.1038/s41586-019-0966-0
26. Smith AM, Sekwadi P, Erasmus LK, et al. Imported Cholera
Cases, South Africa, 2023. Emerg Infect Dis. 2023;29(8):1687—1690.
doi: 10.3201/eid2908.230750

27. Kuleshov KV, Vodop'ianov SO, Dedkov VG, et al. Travel-
Associated Vibrio cholerae 01 El Tor, Russia. Emerging Infectious
Diseases. 2016;22(11):2006—2008. doi: 10.3201/eid2211.151727

7. Danin-Poleg Y., Cohen LA, Gancz H., et al. Vibrio cholerae
Strain Typing and Phylogeny Study Based on Simple Sequence
Repeats // J Clin Microbiol. 2007. Vol. 45, N 3. P. 736-746.
doi: 10.1128/jcm.01895-06

8. Lam C, Octavia S., Reeves P.R, Lan R. Multi-locus variable
number tandem repeat analysis of 7" pandemic Vibrio cholera //
BMC Microbiol. 2012. Vol. 12. P. 82. doi: 10.1186/1471-2180-12-82
9. CmupHoBa HM., Kynmbwane T.A., Kpactos AM. MLVA-tunu-
pOBaHME KNWHUYecKux WTammoB Vibriocholerae, n3onmMpoBaHHbIX
B pa3Hble nepuofbl TeKyLeh naHaemMun xonepsl // Monekynsp-
Has reHeTWKa, MuKpobronorus 1 supyconorus. 2015, T. 33, N2 1.
C. 15-22.EDN: TEWRYN

10. Bwire G., Sack D.A,, Almeida M., et al. Molecular characterization
of Vibrio cholerae responsible for cholera epidemics in Uganda by
PCR, MLVA and WGS // PLoS Negl Trop Dis. 2018. Vol. 12, N 6.
P. e0006492. doi: 10.1371/journal.pntd.0006492

11. George CM., Hasan K., Monira S., et al. A prospective
cohort study comparing household contact and water Vibrio
cholerae isolates in households of cholera patients in rural
Bangladesh // PLoS Negl Trop Dis. 2018. Vol. 12, N 7. P. e0006641.
doi: 10.1371/journal.pntd.0006641

12. MvipoHosa J1.B., XyHxeesa .10, bacos EA, n ap. AHanm3 cTa-
bunbHocTv reHotuna Vibriocholerae B ycnoBusix HIM3KoM Temnepartyphl
1 aeduumTa nuTatenbHbIX Belllects // Mpobnembl 0cobo onacHbIX UH-
dexumin. 2016. N2 3. C. 52-56. doi: 10.21055/0370-1069-2016-3-52-56
13. Rashid M.U., Almeida M., Azman AS., et al. Comparison
of inferred relatedness based on multilocus variable-number
tandem-repeat analysis and whole genome sequencing of Vibrio
cholerae 01 // FEMS Microbiol Lett. 2016. Vol. 363, N 12. P. fnw116.
doi: 10.1093/femsle/fnw116



https://doi.org/10.3389/fpubh.2019.00203
https://doi.org/10.3389/fpubh.2019.00237
https://doi.org/10.36233/0372-9311-389
https://doi.org/10.1186/s13099-023-00537-0
https://doi.org/10.21055/0370-1069-2016-4-33-41
https://doi.org/10.36233/0372-9311-56
https://elibrary.ru/ojxxpf
https://doi.org/10.1128/jcm.01895-06
https://doi.org/10.1186/1471-2180-12-82
https://elibrary.ru/tewryn
https://doi.org/10.1371/journal.pntd.0006492
https://doi.org/10.1371/journal.pntd.0006641
https://doi.org/10.21055/0370-1069-2016-3-52-56
https://doi.org/10.1093/femsle/fnw116
https://doi.org/10.17816/EID40978
https://elibrary.ru/uchpmn
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.3201/eid2806.212451
https://doi.org/10.36233/0372-9311-2020-97-3-9
https://doi.org/10.21055/0370-1069-2020-3-17-26
https://doi.org/10.1038/nature10392
https://doi.org/10.1038/s41467-023-36687-7
https://doi.org/10.1126/science.aad5901
https://doi.org/10.1038/s41586-018-0818-3
https://doi.org/10.1038/s41586-019-0966-0
https://doi.org/10.3201/eid2908.230750
https://doi.org/10.3201/eid2211.151727

ORIGINAL STUDY ARTICLES

14. Ambroise J., Irenge LM, Durant J.F., et al. Backward compatibility
of whole genome sequencing data with MLVA typing using a new
MLVA type shiny application for Vibrio cholera // PLoS One. 2019.
Vol. 14, N 12. P. €0225848. doi: 10.1371/journal.pone.0225848

15. Mwaba J., Debes A K., Murt KN., et al. Three transmission events
of Vibrio cholerae 01 into Lusaka, Zambia // BMC Infect Dis. 2021.
Vol. 21, N 1. P. 570. doi: 10.1186/s12879-021-06259-5

16. Boponbsaros A.C., BogonbsHos C.0., OnenHukos W.IM1., MuwaHs-
KuH B.H. INDEL-TMnmpoBanwve wrammos Vibriocholerae // 3nnpe-
Muonorus 1 uHdeKLmMoHHsle bonesnun. 2017.T. 22, N° 4. C. 195-200.
doi: 10.17816/EID40978

17. BogonbsHoB A.C., BogonbsHoB C.0., OneHukos WM., n ap.
INDEL- v VNTR-tvnupoBaHue wrammoB Vibriocholerae, BobineneH-
Hbix B 2013 rofy 13 06bEKTOB OKPYXKatoLLIEN Cpedbl Ha TEPPUTOpPUM
Poccuiickoin Menepaumm // 300poBbe HaceneHns 1 cpeda obuTa-
Hma — 3HKMCO. 2015. N 5 (266). C. 41-44. EDN: UCHPMN

18. Bankevich A., Nurk S., Antipov D., et al. SPAdes: a new
genome assembly algorithm and its applications to single-cell
sequencing // J Comput Biol. 2012. Vol. 19, N 5. P. 455-477.
doi: 10.1089/cmb.2012.0021

19. Benamrouche N., Belkader C., Njamkepo E., et al. Outbreak
of Imported Seventh Pandemic Vibrio cholerae 01 EL Tor, Algeria,
2018 // Emerging Infectious Diseases. 2022. Vol. 28, N 6.
P. 1241-1245. doi: 10.3201/eid2806.212451

20. BogonbsaHoB A.C., Boponbanos C.0., Onennukos W.I., Mu-
caHoB P.B. BuisBnenve wrtammos Vibriocholerae «rantaHcKoii»
PyNMbl C MOMOLLbIO MOMMMEPa3HON LIEMHOM PeakLMM Ha OCHO-
Be INDEL-tunupoBanms // XypHan Mwkpobuonoruw, anupe-

AUTHORS’ INFO

* Sergey 0. Vodopyanov, MD, Dr. Sci. (Medicine);

address: 117/40 M. Gor'kogo street, 344002 Rostov-on-Don, Russia;
ORCID: 0000-0003-4336-0439;

eLibrary SPIN: 4672-9310;

e-mail: serge100v@gmail.com

Alexey S. Vodopyanov, MD, Cand. Sci. (Medicine);
ORCID: 0000-0002-9056-3231;

eLibrary SPIN: 7319-3037;

e-mail: vodopyanov_as@antiplague.ru

* Corresponding author / ABTop, 0TBETCTBEHHbIN 3a NEPenmCKy

Vol. 29 (4) 2024

DOI: https://doiorg/1017816/EID631523

Epidemiology and Infectious Diseases

muonormm n ummyHobuonorum. 2020, T. 97, N° 3. C. 265-270.
doi: 10.36233/0372-9311-2020-97-3-9

21. Monakhova E.V., Ghosh A., Mutreja A., Weill F., Ramamurthy T.
Endemic Cholera in India and Imported Cholera in Russia: What is
Common? // Problems of Particularly Dangerous Infections. 2020.
N 3. P. 17-26. doi: 10.21055/0370-1069-2020-3-17-26

22. Mutreja A, Kim D.W. Thomson N.R. et al. Evidence for
several waves of global transmission in the seventh cholera
pandemic // Nature. 2011. Vol. 477, N 7365. P. 462-465.
doi: 10.1038/nature10392

23. Monir MM, Islam M.T., Mazumder R., et al. Genomic attributes
of Vibrio cholerae 01 responsible for 2022 massive cholera
outbreak in Bangladesh // Nat Commun. 2023. Vol. 14, N 1. P. 1154
doi: 10.1038/s41467-023-36687-7

24, Weill F.X., Domman D., Njamkepo E., et al. Genomic history of
the seventh pandemic of cholera in Africa // Science. 2017. Vol. 358,
N 6364. P. 785-789. doi: 10.1126/science.aad5901

25. Weill F.X., Domman D., Njamkepo E., et al. Genomic insights into
the 2016-2017 cholera epidemic in Yemen // Nature. 2019. Vol. 565,
N 7738. P. 230-233. doi: 10.1038/s41586-018-0818-3 Erratum in:
Nature. 2019. Vol. 566, N 7745. P. E14. doi: 10.1038/s41586-019-0966-0
26. Smith AM., Sekwadi P., Erasmus LK., et al. Imported Cholera
Cases, South Africa, 2023 // Emerg Infect Dis. 2023. Vol. 29, N 8.
P. 1687-1690. doi: 10.3201/eid2908.230750

27. Kuleshov K.V., Vodop'ianov S.0., Dedkov V.G, et al. Travel-
Associated Vibrio cholerae 01 El Tor, Russia // Emerging
Infectious Diseases. 2016. Vol. 22, N 11. P. 2006-2008.
doi: 10.3201/eid2211.151727

Ob ABTOPAX

* BoponbsiHoB Ceprevi Onerosuy, 1-p Mef. Hayk;

anpec: Poccus, 344002, PocToB-Ha-[loHy, yn. M. Topekoro, A. 117/40;
ORCID: 0000-0003-4336-0439;

eLibrary SPIN: 4672-9310;

e-mail: serge100v@gmail.com

BoponbsHos Anekceii CepreeBuy, KaH[. Mefl. HayK;

ORCID: 0000-0002-9056-3231;

eLibrary SPIN: 7319-3037;

e-mail: vodopyanov_as@antiplague.ru

293


https://doi.org/10.1371/journal.pone.0225848
https://doi.org/10.1186/s12879-021-06259-5
https://doi.org/10.17816/EID40978
https://elibrary.ru/uchpmn
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.3201/eid2806.212451
https://doi.org/10.36233/0372-9311-2020-97-3-9
https://doi.org/10.21055/0370-1069-2020-3-17-26
https://doi.org/10.1038/nature10392
https://doi.org/10.1038/s41467-023-36687-7
https://doi.org/10.1126/science.aad5901
https://doi.org/10.1038/s41586-018-0818-3Erratum
https://doi.org/10.1038/s41586-019-0966-0
https://doi.org/10.3201/eid2908.230750
https://doi.org/10.3201/eid2211.151727
https://orcid.org/0000-0003-4336-0439
https://www.elibrary.ru/author_profile.asp?spin=4672-9310
mailto:serge100v@gmail.com
https://orcid.org/0000-0002-9056-3231
https://www.elibrary.ru/author_profile.asp?spin=7319-3037
mailto:vodopyanov_as@antiplague.ru
https://orcid.org/0000-0003-4336-0439
https://www.elibrary.ru/author_profile.asp?spin=4672-9310
mailto:serge100v@gmail.com
https://orcid.org/0000-0002-9056-3231
https://www.elibrary.ru/author_profile.asp?spin=7319-3037
mailto:vodopyanov_as@antiplague.ru

	Эпидемиология и инфекционные болезни
	Development of an INDEL typing system 
for ctx+ strains of Vibrio cholerae 
from the seventh pandemic 
	ABSTRACT
	To cite this article:


	Разработка системы INDEL-типирования 
ctx+ штаммов Vibrio cholerae седьмой пандемии 
	АННОТАЦИЯ
	Как цитировать:

	BACKGROUND
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	CONCLUSION
	Additional information
	References
	Список литературы
	AUTHORS’ INFO
	ОБ АВТОРАХ



