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Abstract. The endemicity of cholera in India has been well researched. Among the other endemic areas, Indian sub-
continent appears to be the cradle of Vibrio cholerae genovariants, which subsequently spread worldwide. In contrast,
all the cholera cases recorded in Russia are of imported origin. In the past century, such importations might result in epi-
demics, which, however, ended with elimination of toxigenic V. cholerae (TVC) from the affected areas. Currently, the
incidence of TVC in water reservoirs or infected returnees from Asian countries are rare events, mostly due to constant
surveillance activities. Furthermore, the climatic conditions in the majority of Russian regions are unfavorable for long-
term environmental survival of the pathogen. On the other hand, global shifts in climate accompanied by unexpected
anomalies in previously stable climatic zones may promote dissemination of imported TVC and emergence of cholera. In
some regions of Russia, seasonal weather patterns are pretty similar to Indian. Molecular studies of isolates from diverse
territories show that TVC have been introduced into new areas and acquired additional traits, absent in their ancestors.

This article describes genomic characteristics of TVC isolates from Russia, India and some other countries. The
review is complemented by bioinformatics analysis of important genetic markers to discriminate between clones that
emerged in endemic regions and were imported into cholera-free locations. We have found more evidence in support of
primary Indian origin of recent genovariants and their ongoing transformation, including the emergence of a new rtxA4
gene allele with a 60 bp deletion in addition to the previously known null mutation. In certain conditions, TVC could
pose a potential threat of spreading epidemic cholera into Russia and other territories. Cholera control requires joint ef-
forts of researchers to learn more about the pathogen at the molecular level for developing effective strategies to protect
the humankind throughout the world.

Key words: Vibrio cholerae, genovariants, Haitian strains, endemicity, genetic markers.

Conflict of interest. The authors declare no conflicts of interest, either of a financial or non-financial character, related to the present
article.

Corresponding author: Elena V. Monakhova, e-mail: monakhova_ev@antiplague.ru.

Citation: Monakhova E.V., Ghosh A., Mutreja A., Weill F.-X., Ramamurthy T. Endemic Cholera in India and Imported Cholera in Russia: What is Common? Problemy

Osobo Opasnykh Infektsii [Problems of Particularly Dangerous Infections]. 2020; 3:17-26. (In English). DOI: 10.21055/0370-1069-2020-3-17-26
Received 20.08.20. Revised 01.09.20. Accepted 09.09.20.

Monakhova E.V., ORCID: https://orcid.org/ 0000-0002-9216-7777
Ghosh A., ORCID: https://orcid.org/0000-0003-2323-8735
Mutreja A., ORCID: https://orcid.org/0000-0002-1118-8075

Weill F.-X., ORCID: https://orcid.org/0000-0001-9941-5799
Ramamurthy T., ORCID: https://orcid.org/0000-0001-7999-5036

E.B. MonaxoBa', A. Ghosh?, A. Mutreja®, F.-X. Weill‘, T. Ramamurthy?

QHOEMUYHAA XOJEPA B UHAUN U 3ABO3HAA XOJIEPA B POCCUN: YTO OBLUEI0O?
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OHIEMUYIHOCTH X0Jepsl B Hanu xopomo u3ydena. Cpenu psjia Ipyrux SHASMAYHBIX pernoHOB HAncKnii CyOKOH-
THUHEHT, MI0-BHMMOMY, SIBJISIETCSI MECTOM (DOPMHUPOBAHUS HECKOIIBKUX BAPHAHTOB XOJIEPHBIX BUOPHOHOB, BIOCIEACTBHN
pacnpocTpaHHUBIINXCS 10 BceMy Mupy. Hanpotus, B Poccun Bce 3aperucTpupoBaHHbIE CIIydad XOIepbl HIMETH 3aBO3HOE
MIPOUCXOXK/ICHUE. B mponuiomM crojeTuu Takue 3aB0o3bl MOIVIM NPUBOJMTH K SITUIEMHSIM, KOTOPbIE 3aKaHYMBAJIHNCh BME-
CT€ C NMMHHAIMEH TOKCUTCHHBIX mTaMMoB Vibrio cholerae (TVC) n3 mopaxxeHHBIX pernoHoB. B HacTosimee Bpems
BeiienieHne TVC kak W3 BOIOSMOB, TaK M OT BO3BPATHBINUXCS M3 a3MATCKUX CTPaH OONBHBIX, SBISICTCS PEAKOCTHIO, B
OCHOBHOM Oy1arozaps MOCTOSTHHOMY MOHHTOPHHTY W KOHTpOIf0. Kpome Toro, KIMMMaTn4ecKue yCIOBHS OONBITMHCTBA
obmnacrteli Poccuy HeOaronmpusTHEI JUIst JTTUTEIBHOTO BEDKUBAHUS BO30YIUTENS BO BHeIIHEeH cpene. OmHako T1o0anbHbIe
M3MEHEHHUS KJIMMara, CONPOBOXK/IAIOIINECS HEOXKUAAaHHBIMA aHOMAJIMSIMHU B pPaHee CTaOMIIbHBIX KIMMAaTHYECKUX 30HaX,
MOTYT CIIOCOOCTBOBAaTh PaclpOCTPAHEHHIO OTIEIbHBIX 3aBO3HBIX TVC, 4TO MOXKET NPUBECTH K SITUIO0CIOKHEHUSIM O
xonepe. B HexoTophIx permonax Poccun ce30HHBIE MOTOIHBIE YCIOBHS OYEHb MOXOKH Ha MHIMKCKUE. MoJeKymspHbIe
WCCIICIOBAaHMS IITAMMOB M3 PAa3HBIX MECT BBIJICIICHUS MMOKa3bIBaIOT, 4To TVC pactpoCcTpaHIINCh HAa HOBBIC TEPPUTOPHU
¥ TIPHOOPENH JOTOTHUTENBHBIE CBOWCTBA, OTCYTCTBYIOIINE Y MX HEJAaBHUX IPEIIICCTBEHHUKOB.

B nacrosimeii pabote onrcanbl reHOMHbIe XapakTepucTiku TV C, BeiaeneHHbIx B Poccnn, HANM 1 HEKOTOPBIX JIPY-
rux crpanax. O030p MOMOJHEH OHOMH(POPMATHUCCKAM aHAIM30M TCHETUYCCKHX MapKepOB, 3HAUUMBIX s JuddepeH-
LUALUH KJIOHOB, ITOSBUBILUXCS B 9HAEMHYHBIX PETMOHAX M 3aBE3CHHBIX Ha TEPPUTOPHH, TIIE X0Jepa MPEexk/Ie OTCYTCTBO-
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BaJia. MBI HAlUTK JOOABOYHbIE CBUICTENILCTBA B IOJIB3Y MIEPBUYHOTO HHIUHCKOTO MTPOUCXOXKICHHS HEIaBHO BOSHUKIIHNX
TeHOBAPHUAHTOB M MX IIpOJOJDKarolieiics TpaHcdopManny, BKIIOYAs IMOSBICHUE HOBOTO aJulelis TeHa rixA ¢ nenenueit
60 1.H. B IOTIOJIHEHHE K paHee u3BecTHOH null-myTtarun. B onpenenennbix yeiaoBusx TVC MOTYT npencTaBisiTh MOTESH-
LUAJILHYIO YTPO3y pacrpoCTpaHeHHs dIHIeMUYecKoil Xonepbl B Poccun u Ha npyrux tepputopusix. bopeba ¢ xonepoi
TpeOyeT COBMECTHBIX YCHIINI NCCIIeI0BaTeleH, HallpaBICHHBIX Ha MOyYeHHE 3HaHHUH 0 BO30OyANTEIIe HAa MOJIEKYIISIPHOM
YPOBHE, B LIEJSIX pa3paboTKu 3Q(PEKTHBHBIX CTPATeTHid 3alMThI YEIOBEYECTBA BO BCEM MHPE.

Knwouesvie crosa: Vibrio cholerae, reHOBapHaHTbI, TaUTAHCKHE MITAMMBI, SHAEMHYHOCTD, TEHETHUECKHUE MapKEPBL.
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The problem of cholera remains acute in many de-
veloping countries mainly due to poor sanitation and
hygiene, inadequate healthcare and lack of surveillance
structures. In the developed countries, however, the risk
of infection remains extremely low, mainly due to cholera
control measures. Nevertheless, mass migration of hu-
man population, international travel and maritime move-
ment bring about the danger of importation of toxigenic
V. cholerae (TVC) to cholera-free locations. Current
global shifts in climate accompanied by unexpected
anomalies in previously stable climatic zones may pro-
mote dissemination of occasionally imported TVC and
emergence of cholera outbreaks. The global spread of
V. cholerae strains with detailed molecular characteris-
tics have been described in numerous publications, but
in those studies only a few Russian isolates have been
included in the bioinformatics analysis of whole genome
sequences (WGSs) [1-5].

While cholera is endemic in the Indian subconti-
nent, in Russia it is usually associated with the intro-
duction of TVC from abroad. Considering this public
health challenge of both the countries, in this article, we
focus on the characteristics of TVC isolates from India,
Russia and some other affected countries to determine
their origin and possible routes of transmission, as well
as to estimate the risks of outbreaks in case of new im-
portations. We used relevant published information and
performed bioinformatics analysis of certain genes to
obtain a comprehensive view on the cholera scenario in
Russia and India.

Brief historical account on emergence
and spread of cholera: origins and importations

Though severe enteric diseases closely resembling
cholera were known in the Indian subcontinent from an-
cient times, the first recorded cholera epidemic happened
in Bengal in 1817. It then spread subsequently to many
neighboring Asian countries. All six cholera pandemics
of the 19th and 20th centuries, caused by V. cholerae
of classical biotype, reached Russia entering from the
south through the Volga river system causing millions
of deaths [6]. Epidemic cholera reached northern and
central Europe, including Russia, by 1829. Later, both
Americas were affected as well. Although the pathogen
was “traveling” from country to country by multiple
routes, initial source of infection was primarily undi-
vided India [7].
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In spite of the fact that the emergence of the El
Tor biotype and the start of the 7" pandemic (7P) has
traditionally been attributed to Indonesia [7-10], some
“grey areas” remain regarding its primary origin in the
absence of sequence information of the “old” strains
isolated in different countries. It was presumed that af-
ter its initial appearance in the Middle East the ances-
tor of the 7P lineage migrated to Indonesia, where it ac-
quired the Vibrio seventh-pandemic islands (VSP-I and
VSP-II) [9]. Indeed, the two VSPs are absent from the
WGSs of Indonesian 1937 isolates (JZCBO1, JRBDO1
and others), but are present in 1957 Indonesian isolates
A6 (CVSGO1) and C5 (CP013301), the “oldest” of the
7P strains that could be obtained [4, 11, 12]. However,
an “older” strain, AIM (SRR6027668), isolated from
a cholera patient in Thailand in 1956, with all EI Tor
attributes and both VSPs has been recently sequenced
and used in genomic analysis [12, 13]. In the light of
above finding is seems that the 7P lineage could have
emerged in another country and eventually found favor-
able conditions for epidemic spread from Indonesia in
1961. On the other hand, Pham et al. [12] presumed that
this strain in fact might be isolated in 1961-1962, as on
the phylogenetic tree it grouped with isolates of these
years. Unfortunately, till now, there are no more El Tor
WGSs of strains (including Indian) isolated before 1961
in NCBI databases, they have not been described in any
publications either. Islam e al. [14] pointed out that the
role of the Middle East and/or Indonesia in the evolution
of the 7P strains is highly speculative as it is based on
the analysis of a very few genomes. Hence, WGS-based
studies using an old collection of strains, if available, is
likely to be of much help in identifying the “lost links”
in the origin of 7P strains.

During early 1990s, emergence and spread of a new
serogroup V. cholerae O139 was reported from the Indian
subcontinent, which soon disseminated across Asia and
reached a number of other countries [10]. However, the
expected beginning of the eighth pandemic of O139
cholera did not occur [7].

Tracing the history of cholera in Russia makes it
evident that both classical and El Tor as well as O139
strains were imported into Russia from abroad. The
last recorded classical cholera epidemic in Russia hap-
pened in 1942-1943, caused by an attenuated clone
with low epidemic potential due to genomic alterations
[15]. The source of importation of this strain was not
known, but as during the Second World War people from
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many USSR Republics and other territories moved with
armies through the country, it is most likely that the mass
movement of population would have been the source of
the strain. El Tor reached Russia in 1969 and caused a
few local outbreaks, but in 1970 and onwards it began to
spread intensively into many regions and the Republics
of the former USSR. This spread was due to importation
of cholera from a number of Asian countries, including
India [16]. Since early 2000s, no outbreaks had been re-
corded in spite of a few sporadic importations through
infected returnees from Asia or the rare occurrence of
TVC of unknown origin in natural water reservoirs
[17, 18]. However, the risk of outbreaks in the future
still exists, which demands not only a constant update
on cholera morbidity in other countries but also data on
the characteristics of dominant pandemic strains.

Endemicity of cholera

Cholera is known to be endemic in the South Asian
countries, especially in India and Bangladesh, where in-
fections occur every year [19]. An area is considered to
be endemic for cholera, if diarrheal samples from a pop-
ulation there are positive for V. cholerae at least in 3 out
of the past 5 years [20]. During 1990-2007, 11 of the 28
Indian States were found to be endemic for cholera [21].
A previous report indicated sporadic cholera cases and
outbreaks in 35 States in India between 1997 and 2006
[22]. Further analysis of morbidity of cholera during
2010-2015 identified 13 States as endemic [23]. In sum-
mary, while the endemic status of certain States in India,
such as West Bengal, Maharashtra, Andhra Pradesh ap-
peared to be perennial, in others (Gujarat, Karnataka,
Chandigarh, Odisha, Punjab etc.) it could change in dif-
ferent periods of time. Cholera cases appeared sporadi-
cally in “non-endemic” States as well. Totally, 78 dis-
tricts in 15 States were identified as “hotspots” (with an
increased risk of the disease) based on observational data
and 111 districts in 9 States from model-based predicted
number of cases by 2015 [23]. However, from scattered
yearly reports, it seems that the entire Indian subconti-
nent may be considered as endemic for cholera.

In Russia, the previous cholera outbreaks, as well as
the more recent sporadic cases, were caused by imported
V. cholerae O1 El Tor. In the 20th century, such impor-
tations occurred frequently, followed by the fast spread
of the pathogen, which resulted in outbreaks of cholera
with different levels of morbidity in many Eurasian re-
gions of Russia and other USSR Republics; in Ukraine
and Siberia in 1970s, in the Far East in 1990s, and in the
Republic of Dagestan in 1994 [3, 16, 24]. Only 4 im-
ported V. cholerae O139 cholera cases were recorded in
1993 in Rostov region. Of these, 3 were from India, the
origin of the remaining one was unknown. However, all
isolates had the same genotype as the Indian “prototype
0139”.

In 2001, an outbreak of El Tor cholera with 52 clini-
cal cases and 18 carriers occurred in Kazan city in the
Republic of Tatarstan [3]. Occasional cholera due to in-
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fected returnees from Asian countries, presumably from
India, was also reported (Bashkortostan, 2004; Tver,
2005; Murmansk, 2006; Moscow, 2010, 2012, 2014).
However, cholera has not spread from these sporadic cas-
es. In 2011, an outbreak of cholera took place in neigh-
boring Ukraine (33 patients and 24 carriers) due to visit
of tourists and/or seamen. The disease occurred as mul-
tiple sporadic cases and did not extend outside Mariupol
city; the infection was controlled and eliminated in about
3 months. Nonetheless, more than 50 % of patients dis-
played severe symptoms of cholera [25, 26].

A number of cases had been imported into the
Russian Federation and Ukraine from other Asian coun-
tries — Kazakhstan, Tajikistan, China, Bangladesh (via
Turkey), Syria and, presumably, from Iran or other
Middle East areas [3, 24, 27, 28]. Some of them share
endemic status and a few had originated in other endem-
ic regions, like China, which played an important role in
the global cholera expansion. Chinese isolates emerged
either from endemic sources of TVC within the coun-
try or from the transiently imported strains. China, thus,
acted as a “sink” or an “amplifier” of epidemic spread
[29]. Although unverified, a similar role of non-endemic
Asian countries cannot be ruled out. As for the Middle
East, it has always played a role in the dissemination of
V. cholerae due to mass visits of Muslim pilgrims (Hadj)
from many countries where cholera is endemic [7, 8].
The 1994 epidemic of cholera in Dagestan happened
due to the returnees from Hadj pilgrimage via several
Asian countries (Jordan-Syria-Turkey-Iran-Azerbaijan).
Retrospective molecular analysis revealed multiple im-
portations of diverse clones at different stages of the epi-
demic [3].

Toxigenic V. cholerae in the environment

An important factor that contributes to cholera en-
demicity is habitation of V. cholerae in the local envi-
ronments and independence of occurrence of the disease
in humans on the importation from outside. The mecha-
nism by which cholera becomes endemic is reliant on
the nature of environmental reservoirs [22]. The strate-
gies of survival of V. cholerae in natural water sources
are governed by associations with phyto- and zooplank-
ton, biofilm formation, transition to non-culturable state
etc. [30-32].

In endemic countries, cholera continues to occur
due to hot climate, poor sanitation and natural reservoirs
of infection. Survival of TVC in such environments is
thought to be the possible reason for recurrent annual
epidemics in the Indian subcontinent [33]. Several in-
vestigations carried out in India during cholera outbreaks
showed that TVC were present in samples collected from
the affected areas [34-36]. A similar trend was also ob-
served in Russia, where TVC strains were usually found
in the environment during the epidemic period and for
a short subsequent interval. It has been presumed that
Rostov region, Siberia and the Far East have unique
ecological niches conducive to the survival of both non-
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toxigenic V. cholerae and TVC [37]. Considering the
epidemics of cholera in the USSR (Astrakhan, Kerch,
Rostov-on-Don, Omsk, Barnaul) in the second half of
the past century as well as in 2001 (at Kazan), the term
“temporary enrooting” was used to describe such inter-
mittent epidemic outbreaks. However, the reason behind
the “temporary enrooting” of transient TVC in Russia
in the absence of epidemiological evidence still remains
elusive. The survival ability of the pathogen outside the
human host due to biofilm formation has so far been
studied only in experimental conditions, although close
to those normally existing in the Russian natural waters
[38]. Until now, only one evidence of environmental
survival of a toxigenic clone has been known, i.e. isola-
tion of clonal V. cholerae strains in Rostov-on-Don from
sewage and water from different sites within 2 weeks
in 2001. It appears that the pathogen might have origi-
nated from patients/carriers and escaped the wastewater
treatment process. It is worth mentioning here that even
in other cholera endemic regions like Haiti, the concept
of environmental TVC and their role in reemerging of
cholera after 2010 is not very clear. The sources of out-
breaks have not been fully ascertained due to insufficient
information. However, it seems reasonable to assume
that both water contamination and infected individuals
could be the prime factors for the transmission of chol-
era during outbreaks [39—41].

Based on the genome analysis, epidemic strains
circulating in the population during outbreaks are found
to be largely distinct from the other V. cholerae in the
aquatic environment [42, 43]. However, non-toxigen-
ic vibrios seem to help in the emergence of new TVC
clones via genetic transfer. Biofilms formed by V. cho-
lerae on chitinous surfaces provide favorable niches for
recombination events to take place [44]. It was hypothe-
sized, that clonal shifting in V. cholerae is driven chiefly
by environmental variations rather than by human-borne
dissemination [45]. This hypothesis seems relevant at
least for endemic countries where TVC are often present
in aquatic environments, while its extrapolation to non-
endemic areas is yet untimely.

Seasonality, climate, natural disasters
and human made calamities

In endemic countries cholera morbidity usually
reaches its peak during specific months every year, i.e.,
displays definite seasonal patterns [14, 46]. For instance,
in Bangladesh cholera maintains an annual cycle with
two infection peaks — before and just after monsoon,
which is linked to changing physico-chemical and biotic
factors. These seasonal outbreaks correlate with phy-
toplankton blooms, which, possibly aid in the increase
of cell number of zooplankton-associated TVC [14]. In
India epidemic periods also occur during warmer wa-
ter temperatures in combination with elevated pH and
plankton blooms. They are usually linked to pre-mon-
soon and/or monsoon periods as well. Also, non-sea-
sonal cholera outbreaks occur due to unforeseen sewage
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leaks from municipality pipelines and contamination of
drinking water sources [34, 36, 45]. In addition, cholera
outbreaks often follow natural disasters, such as earth-
quakes, cyclones, tsunami, floods and river erosion [47].
The Haitian epidemic in 2010 also occurred after a mas-
sive earthquake [8, 45, 48]. Nevertheless, according to
the recent reports (https://www.who.int/wer/en), cholera
morbidity has reduced significantly in India.

In Russian Federation and neighboring Ukraine,
most recorded epidemic outbreaks of cholera took place
during hot seasons and were associated with pollution of
natural water reservoirs with sewage or fecal contami-
nation by infected humans [3, 17, 25, 26]. In Stavropol
the main cause of cholera outbreak was contamination
of a mineral spring by Syrian workers via waste waters
[16, 17]. In Tatarstan it happened due to an accident at
the gravity collector which resulted in the runoff of sew-
age into a pond used for bathing (http://healthynation.ru/
index.php?view=article&id=821). Although the source
of the appearance of TVC in sewage was not defined,
it could be a consequence of the importation by Hadj
returnees in Tatarstan regions (as in Dagestan in 1994).
A similar situation took place in 2014 in Kalahandi dis-
trict of Odisha, India, where fecal contamination of wa-
ter reservoir used for recreation led to a large cholera
outbreak [49].

Overall there is a vast climatic difference between
India and Russia. However, in southern parts of the
Russian Federation, the weather conditions closely re-
semble those of certain Indian States, especially during
summer months. Besides, against the backdrop of glo-
bal warming, climate abnormalities are becoming more
frequent with the increase in temperatures even in the
northern regions, or the submergence of large flood-free
locations due to heavy rainfalls. Seasonal floods, usual
for a number of riverine regions, and devastating hur-
ricanes occur every year in different areas in large ter-
ritory of Russia. Earthquakes, though not regular, have
been registered as well. These natural calamities cause
severe damage of infrastructures resulting in potable wa-
ter shortage, unsanitary conditions and thus enhance the
possibility of the spread of infectious diseases. Nearly
the same consequence may also be caused by techno-
genic disasters. Therefore, the possibility that the long-
term “inter-epidemic” period (from 2002 till today) may
come to an end in Russia cannot be totally ruled out,
particularly because the currently predominating highly
virulent new genetic variants of V. cholerae seem to pos-
sess better fitness for environmental survival [50].

Molecular insights into the variability
of main epidemicity markers in TVC

Regardless of the overall high plasticity of the
V. cholerae genome, certain mutations in essential
genes/gene clusters become conserved in 7P sublin-
eages, which replace each other and come to occupy a
dominant position in the epidemiology of cholera. These
markers, proposed by a number of authors, include al-
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leles of rstR, rstB, ctxB (classical or El Tor type) in the
CTX prophages, fcpA in the VPI pathogenicity island
(prototype El Tor or CIRS101 variants), rtx4, encoding
the synthesis of the multifunctional-autoprocessing re-
peat-in-toxin (MARTX) (prototype allele rtxA1 or trun-
cated rtxA4), numbers of heptad repeats (TTTTGAT) at
the ctxAB operon promoter region (from 3 to 5), muta-
tions in gyrA and parC genes responsible for quinolone
resistance, and structure of the VSP-II island (prototype
or with deletion of the central part — VSP-I[40495-0512)
[8, 51-53].

Table 1 summarizes existing information on sev-
eral genetic traits of toxigenic El Tor strains isolated in
the Russian Federation and a few other countries. These
data were added to our own analysis results to fill in dis-
crete traits, which are absent in the cited publications.
TVC 0139 are not included, because our examination
of two Russian 1993 isolates when compared with other
two strains received from India (1993) and one from
Kyrgyzstan (1994) showed the same genotype — ctxB3,
rstRE™T tep AT rixAl, prototype gyrd, parC, intact
VSP-II and 3 heptad repeats. After early 1990s there has
been no subsequent importations of O139 serogroup into
the Russian Federation.

TVC strains isolated in the last century in Russian
Federation from the cholera outbreaks were found to
contain prototype genetic traits (including ctxB3 al-
lele of El Tor type) commonly present in TVC strains
worldwide. The last Russian strain of such genotype was
isolated in 2000 from river water. Based on the amino
acid arrangement in the deduced products of ctxB gene
of V. cholerae, more than ten CT genotypes (ctxB alleles)
have been reported [10]. V. cholerae O1 strains isolated
during the Siberia and the Far East cholera epidemics
in 1970s, had ctxB3 allele, whereas the strains isolated
during 1990s possessed ctxB1 (classical genotype) [24].
Classical ctxB1I was also identified in the 1990s isolates
from the environment, sporadic imported cases, out-
breaks in Tatarstan and epidemics in Dagestan. Although
this CT genotype was almost displaced all over the world
by new sublineages, some of them still managed to con-
tinue till 2016, as evidenced by their isolation from 3
indigenous cholera cases associated with raw seafood
consumption in South Korea and also from the sea water
collected from the coastal area near the affected places
(UWOX01, UWOZ01, UWOQ01 UWOYO01) [54]. In
Bangladesh, during 2013-2014, strains of similar CT
genotype (ctxB1) briefly outcompeted the currently pre-
vailing lineage (ctxB7), which had been dominant in
the country since 2008 [55]. The ctxBl allele was also
shared by strains isolated during 2012-2017 in Iran
(ERR2269835-2269838), Iraq (ERR2265655-2265660),
Democratic Republic of the Congo (ERR2265650-51)
and South Sudan (ERR2265667-2265673) [56].

In early 2000s, the second altered trait accompa-
nying the first one (ctxBI) — VSP-II*"30512 was iden-
tified in a few Russian environmental isolates. This
was followed later by the identification of “CIRS101-
like” genotype containing along with ctxBI and
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VSP-1140950512 peyy alleles of tepA™®S!O! and rixA with a
null mutation G13602A in the strains sporadically im-
ported into the country. Such strains appeared in India
in 2004 and within the same year moved to Russia. The
SNP in r#xA gene in these strains led to the formation of
a premature stop codon, completing synthesis of the pro-
tein, the C-terminus of which is shortened by 12 amino
acid residues (aa). This variant has been designated as
rtxA4 and shown experimentally to have lost its biologi-
cal activity against eukaryotic cells [57]. It was suggest-
ed that the acquired ability to produce CT of classical
type makes the functioning of high molecular weight
MARTX redundant due to its elevated energy expendi-
ture, and its inactivation is likely to be in favor of energy
conservation to ensure rapid cell multiplication and suc-
cessful dissemination [57].

“Haitian” strains and identification
of a new allele of the rtxA4 gene

A new variant of V. cholerae El Tor possessing the
ctxB7 allele, which differed from the classical ctxB1 by
an additional mutation at position 58 of ctxB, was first
identified in the strains that caused the large-scale epi-
demic in Haiti of 2010 and was designated as Haitian
ctxB [51]. However, later on it was proved that this new
type of ctxB allele actually first emerged in Kolkata,
India during 2006 and then probably moved to other
parts of India and then via Nepal reached Haiti [58]. The
58" position mutation resulted in His20Asn substitution
in the signal peptide of the CtxB7 protein which was
shown to play a pivotal role in heightened CT produc-
tion by “Haitian” strains as compared to other TVCs,
hence enhancing their epidemic potential [59]. In 2010,
the rare imported cholera cases in Russia as well as the
2011 outbreak in neighboring Ukraine were caused by
the “Haitian variant” strains [1, 2, 60, 61]. These strains
as well as the other isolates from India, Bangladesh and
Russia from 2010 also harbored tcpA“™®S1!, rtxA4 and
VPSIIA#5-0512 (Table 1). Along with these common genet-
ic markers, some traits unique to Haitian isolates, which
were absent in the Indian isolates, were described that
included 3-nucleotide deletion in the rs¢B gene absent in
Indian isolates and a difference in the number of heptad
repeats in the ctx4 promoter regions (4 in Indian and 5
in Haitian strains) [52]. This deletion mutation in rs¢B is
a characteristic of the rs¢tB 1 of the RS1 prophage present
in most of the El Tor strains. Our analysis of WGSs (data
not shown) further confirmed this. Some of the Russian
isolates had both rstR1 (classical type) and rstR2 (El
Tor type), while others, including the Haitian isolates,
contained 2 copies of rstR2. We further confirmed that
they belonged to CTX and RS1 when both prophages
were arranged in the same contig (Table 1). Presence of
a single copy of prophage in some of the isolates might
reflect the incompleteness of their genome assembly. As
for the heptad repeats, 5 repeats were found in one isolate
imported to Moscow from India in June 2010 [1], before
the start of Haitian outbreak (in late October) and also
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Table 1
Distribution of genetic markers among V. cholerae strains of different origin
Gene alleles
Strain Origin B | topd | rixd IR o parC VSP-II [TR No.| Ref.
5g79PeBQ! Tﬁam"g'n‘_USSR lranorl 5 BEp | 1 |2k | pt pt 4 -
§228ERRISTS614 Kerch-74«Iran or [ndid 3 ET 1 2 pt pt 4 4
GP1520Wex India-79 3 | ET 1 2 pt pt 4 4
1445(FRRISTEONS 14451 ERRISTS66 | Stavropol’-90«—Syria 3 ET 1 2,2 pt pt 4 4
18252 Rostov-00 3 181 1 2 pt pt 4 -
PRL64VOM! India-92 1 ET 1 2.2 C254T pt 4 4
reg.-94«— -
I-1181%UCN? ngég;;%a;;h o 1 ET 1 2,1 pt pt 4 24
I-1187-YXT®2 Barnaul-94«—India 1 ET 1 2 pt 4 24
112637172 Irkutsk reg.-97 < Kazakhstan 1 ET 1 2 A495-498 24,28
R17644"%TV0! ‘;;E‘Eakz/fl:ﬁ:fa‘l’lymk =l 1 | ET 1 2 A495-498 27
1-13007%°<* Sakhalin-99«—China 1 ET 1 2,1 pt pt 4 24
16228, 17261,17290 Dagestan-94«Asia 1 ET 1 2,1 pt pt 4 3
17296 Dagestan-94«—Asia 1 B 1 2 pt 4 3
18329, 18336 Kazan’-01 1 ET 1 2 pt 4 3
18337 Kazan’-01 1 ET 1 2,2 pt 4 3
18847 St.Petersburg-05 1 B 1 2,1 pt pt 4 -
18367,18368,18369 Rostov-01 1 ET 1 2 A495-512 4 -
18588 Rostov-03 1 ET 1 2,1 pt 4 -
CIRS1014¢VW Bangladesh-02 1 R 2 A495-512 51
M1420tAEMO! gf}f{fgﬁi‘:gk"msmn' 1 R 2 C254T | A495-512 4 27
18826"YOM! Tver-05«Tajikistan 1 R 2 C254T | A495-512 4 27
18899"AKMO! Murmansk-06—India 1 R 2 C254T | A495-512 4 27
0707MYMQ! China-07 1 R 2 C254T | A495-512 4 9
30142 Taganrog-11 1 R 2 C254T | A495-512 4 18
THSTI_31698RR269927 India-12 1 R 2,2 C254T | A495-512 4 56
§17RQVOLIPOROL Rostov-14 1 R 2,2 C254T | A495-512 4 18
IDHO1_726“V" India-09 7 R 2,2 C254T | A495-512 4 4
ERR1880727

:;I;ill:?;g;mmssons [ndia-10 7 R 22 C254T | A495-512 4 4
NHCC-010FA"¢P" Bangladesh-10 7 R 2 C254T | A495-512 4 -
19187AYMO1 Moscow-10—India 7 R 2 C254T | A495-512 4 60
19188"NCU"! Moscow- 10« India 7 R 2,1 C254T | A495-512 60
19191"N¢™ Moscow- 10« India 7 R 2,1 C254T | A495-512 60
17924ELI01 1798 AELI0! Haiti-10 7 R 2 C254T | A495-512 51,52
2010AA-1517ST8" Haiti-11 7 R 2 C254T | A495-512 51,52
2012HC-35"""" Haiti-12 7 R 2 C254T | A495-512 -
31LJFF01, 76MPVL01’ . .

39LIFGoT | gPVBQI Ukraine(Mariupol)-11 7 R 2 C254T A495-512 4 2,61

ERR2269923

:ggg—ggggg“‘*m”“’ Indid-11 7 R 2,2 C254T | A495-512 ! 56
THSTI_26907FRR22699225 India-11 7 R 2,2 C254T | A495-512 4 56
THSTI_32676"RR269%28 India-12 7 R 2,2 C254T | A495-512 4 56
THSTI_33102"RR2692 India-12 7 R 2,2 C254T | A495-512 4 56
6878AYNL Moscow-12—India 7 R 2 C254T | A495-512 4 60
W4-13Nxou India-13 7 R 2 C254T | A495-512 4 -
f_,fg;"—gg;‘égg}g%&m India-13 7 R 22 C254T | A495-512 4 56
CNRVC1401765RR2265649

THSTI_41049, 41055, India-14 7 R 22 C254T | A495-512 4 56

41081ERR2269947-49
3265"ReL0! Moscow- 14« India 7 R 2 C254T | A495-512 4 61

Red font designates clinical strains; green — environmental, black — unknown origin; WGSs or ERRs from NCBI are supplied by accession numbers as
superscripts. ET — El Tor, C — classical, pt — prototype, TR No. — the number of tandem TTTTGAT repeats in the promoter region of ctx4. Genes rstR are
presented as found in WGSs which not necessarily properly reflect their real distribution.
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Table 2
Incidence of ctxB7 tcpA™™S rix4a VSP-II***'2 ATTTTGAT genotype in clinical V. cholerae strains isolated from 2014 to 2018
Year V. cholerae strains Country No.-WHO

CNRVC140176"RR226564 THSTI 41049 BRR269%47, .

2014 41055 ERR2269948 41081 ERR2269949 India 4031/21
I_DH08147S‘SQ°1, THSTI 45544, 45869, 45983, .
46073ERR2269950.53 = o — India 889/4

2015 UG026"YRH! Uganda 1461/33
77 14MSEO0L " Q4 MSENOL 1\ [oMSEMOI "3936 1 MSIVOL (1.1 @)+ Tanzania 11563/144
31 [FRR265% 460 1STDY 6714748, 6714749, 6714750, 6714758 FRS1572783-85.93 Kenya 13291/67
THSTI 52586, 52588, 52629, 526655 k227065538 India 841/3

2016 CNRVC170168°RR2263674 11701 7() FRR2263676 7] 73ERR2263677 1 7()] 74 FRR2263678 7)) 75 ERR2269613 | yrerapy 15751/164
UG020°YR! Uganda 516/11
4621STDY 6714780FRS!172813 Kenya 5866/80
THSTI 52712, 55199, 56650, 566955k8227065-62 India 385/3

2017 Ogawa OG1VOrA! Iraq NA
CNRVC170178, 170179ERR2269616-17 1170 ] g 5ERR2269640 11 7)1 88 1701 GERR2269643-44 (-5 Yemen 1032481/2276
KOL18B3-1"ACAADIL KO | §B2-2 ACAAE India 697/0

5018 NALMLE-(381VE0!_138IUO01 _ppSIUEOL ©_3SIVEOL (1.1 g)* Bangladesh 566/0
2018HL24VSLEY! (imported) China NA
YA00120881'A40%XH0! Zimbabwe 10692/65

Numbers of cholera cases/deaths reported to WHO (https://www.who.int/wer/en/).
*(Numbers of additional analyzed strains with r7zx4a from the same outbreaks).

**Strain with 5 TTTTGAT.
Strain from a cholera case imported from India or Nepal [65].
NA — not available.

in a 2011 Indian isolate. The SNPs in the gyr4 (G248T)
and parC (C25T) did not appear to be unique for Haitian
strains, but seem to be common in Indian isolates identi-
fied in the late 1990s and they became conserved in most
of the succeeding isolates [4, 51, 52, 56, this study].

Interestingly, in two clinical Moscow isolates,
which were imported from India in 2012 and 2014, a
previously undescribed r#xA allele was detected with a
60 bp deletion in the proximal part of the gene (without
any frame shift) and the corresponding deletion of 20
aa (582-601) in the protein (in addition to the absence
of 12C-terminal aa due to the premature stop-codon).
This new allele, a variant of the previously described
rtxA4 [57], was designated by us rtxA4a. Apparently, the
new genovariants are gradually continuing to inactivate
MARTX in order to conserve energy. The 60 bp deletion
in rtxA4a is unlikely to affect gene expression, but pos-
sibly could have further suppressed biological activity of
the protein and thus reduced excess energy costs to the
bacterium. The deletion of 20 aa in RtxA4a falls into the
region of N-terminal repeats, whose function for V. chol-
erae MARTX is not precisely established. However,
similar deletion in MARTX of V. vulnificus completely
suppressed not only its biological activity, but also trans-
location of the toxin into eukaryotic cells [62]. Further
studies on the structure of r£x4 gene in the recent isolates
of V. cholerae and its relationships with virulence will be
of much interest.

The rtxA genotype rtxA4a was identified in one of
the two analyzed Indian 2012 isolates (Table 1). Using
Blast search in NCBI databases, we have identified r#x-
A4a allele in more recent isolates of V. cholerae (2013—
2018) not only from India, but also from a number of
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Asian and African countries (Table 2). All these isolates
belonged to the T13 sublineage of the 7P lineage [56, 63,
64]. This finding suggests that the novel rtxA4a allele
is an additional attribute of T13 “post-Haitian” outbreak
isolates. It is most likely that they were imported from
India which has trade and travel connections with many
countries listed in Table 2 (https://oec.world). At least,
one strain (China, 2018) is known to be isolated from
a patient with a recent travel history in Nepal and India
[65]. It is still unknown whether such V. cholerae strains
already reached the Americas, as the Blastn program did
not find rtxA4a in the available genomes besides those
shown in Table 2. However, the Haitian 2011-2012
isolates contained rtxA4 (Table 1). It should be noted
just as, that ctxB7 allele emerged on the background of
rtxA4, as the former was never detected in strains with
prototype rtxAI [57], while our analysis conducted so
far has shown that rtx44a most likely appeared on the
background of ctxB7, because no one strain with ctxB/
and rtxA4a was found. We have analyzed only a few rep-
resentative isolates from some outbreaks and hence the
real proportion of rtxA4a in majority of the V. cholerae
population is not known. Further investigation will re-
veal its influence in pandemicity or persistence potential
of TVC.

Conclusions

Present description of the spread of cholera in India
and Russia shows that in spite of different current epi-
demic situation in two countries, some common traits
may be found concerning the risks of the disease up-
surge. The emergence of new genotypic variants in
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India was rather quickly followed by their migration to
Russia, as well as to other countries worldwide, some
of which are endemic for cholera. Due to global war-
ming, climatic conditions of certain Russian territories
have become warmer, which helps the pathogen in its
survival, proliferation and transmission. Russia is also
struck by natural disasters which may lead to the short-
age of pure water and unsanitary conditions. Though the
chances of secondary dissemination of TVC imported to
Russia are extremely low owing to the urgent implemen-
tation of all the necessary anti-epidemic measures, the
influencing factors such as hot weather, heavy rainfalls,
plankton blooms, damage of local infrastructure etc.,
may favor spread of V. cholerae. Indisputably, cholera
is a global health problem, not only because of its pe-
rennial presence in endemic areas, but also its spread in
cholera-free countries with well-developed healthcare
and anti-epidemic systems. Epidemiological and other
control measures are being designed to contribute to the
achievement of the goal set by WHO, i.e. total eradica-
tion of cholera by 2030 [66]. Molecular studies will pro-
mote further progress in certain directions that include
checking the persistence of V. cholerae, its antimicrobial
resistance, development of new diagnostic methods and
effective vaccines [10, 67].

Here we used only a restricted set of genetic traits,
characteristic of V. cholerae El Tor strains isolated in
Russia and compared them with those from India and
other affected countries while many essential features,
such as the presence of additional genomic islands, in-
tact clusters for biofilm formation, sets of housekeep-
ing genes and, especially, the structure of ICE elements,
responsible for antibiotic resistance, were not included
in our analysis, as this will be the subject of a separate
investigation. The markers we selected, while they do al-
low to distinguish between the representatives of differ-
ent sublineages, are not adequate in establishing the full
picture of the pathogen’s evolution. Comparative bioin-
formatics analysis of WGSs (such as SNP-typing, maxi-
mum likelihood phylogeny) is much more discrimina-
tive and informative for monitoring of the global spread
of the pandemic lineages and hence ought to be carried
out with larger number of Russian isolates and compared
with Indian and other strains. This review highlights the
importance of joint efforts of researchers in India, Russia
and in other countries to learn more about the emergent
V. cholerae strains at the molecular level for the safety of
the population in both the countries as well as through-
out the world.
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