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ARTICLE INFO ABSTRACT

Handling Editor: Jose L Domingo Many patients with cholera emerge in Kolkata, India throughout the year. Such emergency indicates that cholera

toxin-producing Vibrio cholerae O1 (toxigenic V. cholerae O1) are widespread in Kolkata. This suggests that the

Keywords: suitable conditions for replication of toxigenic V. cholerae O1 is provided in Kolkata. In previous studies, we
Environmental water found that the replication rate of toxigenic V. cholerae O1 is low in the low ionic aqueous solution. Then we
fon measured the ion concentration in the environmental water of Kolkata. As a control, we measured them in
Prevalence . . L . -

Survival Japanese environmental water. The ion concentration in the environmental water of Kolkata was significantly

high. Then, we examined the survival of toxigenic V. cholerae O1 in groundwater from Kolkata and found that
V. cholerae O1 survive for long time in the solution but not in the solution diluted with Milli Q water. In addition,
we found that V. cholerae O1 proliferated in environmental water of Kolkata to which a small amount of nutrient
was added, but did not grow in the environmental water diluted with water to which the same amount of
nutrient was added. These results indicate that the environmental water from Kolkata is suitable for survival of

Vibrio cholerae

V. cholerae O1.

1. Introduction

Cholera is a life-threatening acute secretory diarrhea that is caused
by cholera toxin-producing Vibrio cholerae O1 (toxigenic V. cholerae O1)
and has been reported around the world for the last 200 years. The
number of patients with cholera disease has decreased in developed
countries in recent years; however, large epidemics still have appeared
in developing and underdeveloped countries of South Asia, Latin
America, and Africa (Ali et al. (2015); Kaper et al. (1995). Historically,
seven distinct pandemics of cholera have occurred since the onset of the
first recorded pandemic in 1817. The 1st through 6th pandemics were
shown to originate from the Bengal region of India, near Kolkata (Far-
uque et al., 1998; Kaper et al., 1995). In contrast, the 7th pandemic was
thought to have originated from Indonesia. However, a recent genomic
study has shown that the V. cholerae O1 isolate that triggered the 7th
pandemic also was present in the Kolkata area (Hu et al., 2016; Weill
et al., 2017). Therefore, the region around Kolkata is considered to be a
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hotbed area for cholera.

Because toxigenic V. cholerae O1 is regarded as a bacterium that lives
in environmental water (Alam et al., 2007; Islam et al., 2020), we
postulated that toxigenic V. cholerae O1 is able to inhabit environmental
water in Kolkata, permitting these bacteria to overwinter in this area.
This hypothesis suggests that environmental water in Kolkata is favor-
able for the maintenance of toxigenic V. cholerae O1.

In the previous study, we examined the survival of toxigenic
V. cholerae O1 in the artificial low ionic strength aquatic solution (Paul
et al., 2020). The solution used was Page’s solution diluted to a con-
centration of 4.6 mg/L for Na'. In this solution used, the viability of
toxigenic V. cholerae O1 was extremely low. From the result, we thought
that the ion concentration in the environmental water had a great in-
fluence on the survial of toxigenic V. cholerae O1.

People in Kolkata have many opportunities to contact with the
environmental water. In Kolkata, many households store well water in
their jars and use it as domestic water. People often swim or wash in the
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ponds.

The Kolkata area consists largely of run-off land from the Ganges
River. The Kolkata area often is inundated by sea water, and the soils in
this area frequently have been polluted with sea water. Thus, the
groundwater in the Kolkata area is expected to contain components of
sea water (Bricheno et al., 2016). The components of the water in the
ponds are also affected by the components of groundwater. In Kolkata,
V. cholerae excreted from feces has a great chance of contaminating
these environmental waters. The survival and growth of V. cholerae in
the environmental water have a great influence on the transmission of
V. cholerae in this area.

In the present study, we examined the characteristics of environ-
mental water from the Kolkata area and the activity of the water in
supporting the survival and growth of V. cholerae O1.

2. Materials and methods
2.1. Sampling of environmental water

Groundwater and pond water samples were collected as environ-
mental water in 2 countries, India and Japan. In India, these water
samples were collected in Kolkata, and in Japan from Okayama and
Tokyo. In Kolkata, groundwater samples were collected from 2 tube
wells in the Beliaghata district (Site-1 and Site-2); pond water was
collected from 2 ponds (Pond A in the Sector V district, and Pond B in the
Sector A district). In Japan, groundwater was collected from 4 under-
ground springs as Omachi-water in Takashima, Okayama (Site-3);
Yamadori-water in Akaiwa, Okayama (Site-4); Otomeyama park-water
in Shinjuku, Tokyo (Site-5); and Megurofudoson-water in Meguro,
Tokyo (Site-6). Japanese pond water samples were collected from 3
ponds in Okayama (Pond C in the Sawada district, Pond D in the Hara
district, and Pond E in Akaiwa). These waters were sampled in October
2018 (Pond A, Pond B), June 2019 (Pond C, Site 1, Site 2, Site 3),
September 2019 (Pond D, Pond E, Site 4) and October 2019 (Site 5, Site
6).

2.2. Measurement of the concentrations of ions in water

Water samples were sterilized using a membrane filter (pore size,
0.45 pM). The ion concentrations of these samples were determined by
the Indian and Japanese analytical institutions described below. The
kinds of ions examined included Na*, K* Ca?*, Mg?*, Ag*, zn?*, A%,
NHZ, CI~, NO3 and SO% .

Samples procured in India were analyzed by SGS India Pvt., Ltd.
(Kolkata, India). Analyses were carried out using the methods described
in Standard Methods for the Examination of Water, 23rd ed. (American
Public Health Association, American Water Works Association, Water
Environment Federation) and Indian Standard Methods of Sampling and
Testing (physical and chemical) for water and wastewater (Bureau of
Indian Standard, 1988; 1986, 1991).

Samples procured in Japan were analyzed by OML Ltd. (Okayama,
Japan). Analyses were carried out using the methods described in
Testing Methods for Industrial Wastewater (Japanese Standard Associ-
ation, 2016) and Standard Methods for the Examination of Water (Japan
Water Works Association, 2011).

2.3. Bacterial strains and preparation of bacterial suspension to evaluate
the survival of bacteria

V. cholerae N16961 was used as a standard strain of V. cholerae O1
(Heidelberg et al., 2000). Other strains used in this study (V. cholerae
IDH11791, V. cholerae IDH11494, Escherichia coli 1, E. coli 2, E. coli 3)
were isolated in Kolkata, India, by our laboratory. V. cholerae were
isolated from diarrhea patients and E. coli were isolated from a healthy
person. Isolation of these strains was carried out as reported previously
(Nair et al., 2010). The serotype of V. cholerae was determined using a
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slide agglutination test with polyvalent antiserum against the O1 anti-
gen of V. cholerae (Denka-Seiken, Tokyo, Japan). The results showed
that these two strains (V. cholerae IDH 11494 and IDH 11791) are
serotype 1 (O1). The species of E. coli used was confirmed by the
determination of the nucleotide sequences of the 16S rRNA genes (data
not shown).

Water samples used in the survival experiment were derived from the
groundwater from Site-1 in Kolkata. Bacteria were cultured in LB-broth
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at 37 °C for
4-5h with shaking. The cultures then were centrifuged for 10 min at
10,000xg to collect the bacteria. The resulting bacterial pellet was
suspended in either a filter-sterilized stock solution of groundwater from
Site-1 or a 10% solution of the groundwater to give a McFarland
turbidity of 2.2. A portion (0.8 mL) of one of these suspensions was
added to 9.2 mL of groundwater, or adequately diluted groundwater, or
Milli Q water. The final concentrations of groundwater in these samples
were 100%, 40%, 10.0%, 4.0%, or 0.8%.

2.4. Number of viable bacteria in solution

The number of viable bacteria in the suspension was determined by a
plating method. A 100-pL sample of the serially diluted suspension was
plated on LB-agar plate (Becton, Dickinson and Company) and the plate
was incubated for 20h at 37 °C. The number of colonies formed was
counted, and colony-forming units (CFUs) of the original suspension
were calculated from the number obtained. The CFU was used as the
number of viable bacteria in the inoculum.

2.5. Growth of bacteria in the diluted groundwater containing limiting
nutrients

The bacteria were cultured in LB-broth at 37 °C for 4-5h with
shaking. The cultures were centrifuged for 10 min at 10,000xg to collect
the bacteria. The resulting bacterial pellet was suspended in LB-broth to
give a McFarland turbidity score of 8.0.

The groundwater was serially diluted 5-fold with Milli Q water.
These water samples (original groundwater, diluted groundwater, and
Milli Q water) and the prepared bacterial suspensions were combined at
a ratio of 9:1. These mixtures were cultured at 37 °C with shaking (140
rpm), and the McFarland turbidity of each sample was measured at
regular intervals.

3. Results
3.1. Ion concentration in environmental water

Groundwater and pond water were chosen as environmental water
sources. Groundwater from six sites (2 in the Kolkata area and 4 in
Japan) and pond water from 5 sites (2 in the Kolkata area and 3 in
Japan) were collected and filtered through a sterile filter with a pore size
of 0.45 pM. The concentrations of 11 ions (Nat, K2, ca®*, Mg?*, Ag™,
Zn?*, AI®*, NHJ, CI~, NO3, and SO ") in these samples were measured
using standard methods. In the groundwater samples, the concentrations
of these ions in the samples from Kolkata were higher than these of
samples from Japan. Among these ions, the concentrations of Na*, Ca2+,
Mg?*, and Cl~ in Kolkata groundwater were remarkably high (Fig. 1a).
Similarly, the concentration of these ions in the pond water were higher
than those of Okayama, Japan (Fig. 1b). Therefore, we thought the high
ion concentration might relate to the outbreak of cholera disease in this
area.

3.2. Survival of V. cholerae O1 in groundwater in Kolkata
To examine the effect of groundwater from Kolkata on the survival of

V. cholerae O1, the survival of V. cholerae N16961 in the water samples
containing groundwater from Site-1 in Kolkata at various ratios was
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Fig. 1. Ion concentrations of groundwater (a) and
pond water (b). Groundwater and pond water sam-
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examined. Kolkata was characteristic of V. cholerae O1, samples for E. coli 1 were

V. cholerae N16961 were suspended in a solution containing
groundwater at various concentrations. The cell suspension was pre-
pared as described in [Preparation of bacterial suspension to evaluate
the survival of bacteria] in the section of Materials and Methods. The
final concentrations of groundwater in these samples were 100%, 40%,
10.0%, 4.0%, or 0.8%.

The number of bacteria in these samples just after inoculation with
V. cholerae N16961 was 2.1 x 107/mL (bar labeled “Oh” in Fig. 2a).
These samples were incubated (without shaking) at 37 °C for 20h. After
incubation, the number of cells in these samples was counted using a
plating method. The number decreased in every sample. Especially,
almost all the bacteria had fallen to the point of death in samples con-
taining low proportions of the groundwater such as 4.0% and 0.8%
(Fig. 2a).

To examine whether the decrease observed in V. cholerae N16961
incubated in solutions containing low proportions of groundwater from

prepared in the same way. After incubation for 20h, the number of E. coli
cells in these samples was measured (Fig. 2b). The number of E. coli cells
decreased in every sample. However, the phenomenon that the viable
cell count disappeared did not occur. That is, a considerable number (1%
or more) of bacteria survived even in a 0.8% or 4.0% solution (Fig. 2b).
This result suggested that cell death in samples containing low pro-
portions of groundwater from Kolkata was a distinctive feature of
V. cholerae O1.

The water temperature of Pond A of Kolkata was between 20 °C and
32 °C during our survey (December 2017-June 2018). Then, in order to
investigate the survival of toxigenic V. cholerae O1 in the field envi-
ronment water of Kolkata, the survival of the bacteria at 25 °C, which is
close to the average water temperature throughout the year in Kolkata,
was examined. After incubation for 20h at 25 °C, the number of cells was
counted (Fig. 2c). A decrease in viable cell count was observed in all
samples, but the decrease was particularly significant in water
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Fig. 2. Survival of V. cholerae O1 and E. coli in so-
lutions containing groundwater diluted to various
concentrations with Milli Q water. Bacteria grown to
logarithmic phase in LB-broth at 37 °C were collected
by centrifugation and suspended in either a sterilized
groundwater from Site-1 in Kolkata or a 10% solution
of the groundwater. The density of these bacterial
suspensions was adjusted to give a McFarland
turbidity of 2.2. A portion (0.8 mL) of one of these
suspensions was added to 9.2 mL of groundwater,
adequately diluted groundwater, and Milli Q water.
The final concentrations of groundwater in each
sample were 100%, 40%, 10%, 4.0%, and 0.8%.
These bacterial suspensions were incubated at 37 °C
for 20h (a and b) or 25 °C for 20h (c). The numbers of
viable bacteria in the cultures were determined by
plating. Samples (100 pL) of the serially diluted cul-
tures were plated on LB-agar plates and the plates

37°C for 20h

101

100 40 10 4.0 0.8
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containing only 0.8% groundwater. The survival rate was 0.4% or less in
the 0.8% aqueous solution. On the other hand, more than 15% of the
bacteria remained as live bacteria in the undiluted groundwater. From
these results, it was considered that Kolkata’s environmental water
effectively acts to promote the survival of V. cholerae in the environ-
mental water throughout the year.

3.3. Survival of V. cholerae O1 in diluted groundwater at low bacterial
density

In the above experiments (Fig. 2), suspensions containing more that
4.0 x 10° cells/mL of V. cholerae O1 were used. Contamination with
such high numbers of V. cholerae O1 is unlikely in a normal living
environment. Therefore, the survival of V. cholerae O1 at a bacterial
density of approximately 300 CFU/mL in suspensions containing Site-1
groundwater at various ratios was examined.

The number of viable bacteria fell in every sample (Fig. 3). However,
the decrease was small in the undiluted groundwater, and the decrease
was larger in diluted groundwater. These data showed that groundwater

100 40 10 4.0 0.8
Conc. of groundwater (%)

were incubated for 20h at 37 °C. The number of
colonies formed was counted, and number of viable
bacteria in the original suspension was calculated
from the number obtained. The bar in the region
indicated by Oh in the figure shows the number of
viable bacteria at the time of addition of the original
bacterial solution.

from Kolkata increases the survival of V. cholerae O1 even if the density
of bacteria is low.

3.4. Growth of bacteria in groundwater supplemented with limiting
nutrients

In Kolkata, pond water and groundwater are often eutrophicated by
human waste and feed for farmed fish. To investigate the survival and
growth of V. cholerae in the water contaminated these materials, the
growth of V. cholerae in Kolkata groundwater supplemented with
limiting nutrients was examined. The nutritional value of these samples
was 1/10 of that in standard LB-broth. Bacteria in this medium were
incubated at 37 °C with shaking. The growth of bacteria was measured
using McFarland turbidity. To determine the contribution of ground-
water to cell growth, sample solutions containing various amounts of
groundwater from Site-1 in Kolkata were prepared. The concentrations
of groundwater in these sample solutions were as follows: 90.00%,
18.00%, 3.60%, 0.72%, 0.14%, 0.03%, and 0.00% (Fig. 4). The growth
of E. coli was also examined and compared with that of V. cholerae.
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Fig. 3. Survival of V. cholerae O1 inoculated at low density in solutions con-
taining groundwater diluted to various concentrations with Milli Q water.
V. cholerae N16961 was suspended in filter-sterilized Site 1 groundwater to give
a McFarland turbidity of 2.2. The bacterial solution was diluted 103-fold with
the undiluted groundwater from Site-1 in Kolkata. A portion (0.1 mL) of the
suspension was added to 9.9 mL of groundwater, adequately diluted ground-
water, and Milli Q water. The final concentrations of groundwater in each
sample were 100%, 20.8%, 5.0%, 1.8% and 1.0%. After incubation at 25 °C for
5h, the number of viable bacteria in these cultures was measured by plating.
The bar in the region indicated by Oh in the figure shows the number of viable
bacteria at the time of addition of the original bacterial suspension to each tube.

V. cholerae N16961 grew well in the 90.00% and 18.00% solutions,
but did not grow in the 0.72%, 0.14%, 0.03% or 0.00% solutions. Slight
growth was observed in the 3.60% solution after incubation for 5h
(Fig. 4a). A similar relationship between growth and concentration of
groundwater was observed for the growth of other strains of V. cholerae
O1. These strains also did not grow in the 0.14%, 0.03%, or 0.00% so-
lutions (Fig. 4b and c).

The growth of E. coli in the same conditions was examined. E. coli
grew in all of conditions examined. E. coli grew well in solutions con-
taining high ratios of groundwater and grew to a certain level in solu-
tions containing low ratios of groundwater. E. coli even grew in the
solution that did not contain any groundwater (0.00% solution) (Fig. 4d,
e and 4f).

3.5. Bacterial growth in pond water

As shown in Fig. 1b, pond water from the Kolkata area contained
higher levels of ions compared to water from ponds in other areas. To
examine whether the Kolkata pond water, like Kolkata groundwater,
possesses any activity to promote the growth of V. cholerae O1,
V. cholerae N16961 was cultured in diluted pond water from Pond A of
Kolkata supplemented with limiting nutrients, with conditions matching
those used for the experiment shown in Fig. 4.

V. cholerae N16961 grew in samples containing a high proportion of
pond water, but not in samples containing a low proportion of pond
water (Fig. 5a). In contrast, and as observed in the cultures using
groundwater, E. coli 1 grew even in solutions containing a low propor-
tion of pond water (Fig. 5b).
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4. Discussion

As shown by the measurements in this manuscript, ion concentra-
tions in groundwater and pond water in Kolkata were higher than those
in Japanese water which we examined (Fig. 1). Furthermore, the com-
parison with the ion concentrations of environmental waters f reported
from around the world showed that the ion concentrations of the envi-
ronmental waters examined in Kolkata were higher than those reported
(Chen et al., 2019; Mora et al., 2017; Nwankwo et al., 2020; Saeki and
Tase, 1988; Yamanaka, 2017; Yoshikawa et al., 2020). Subsequently,
our study in this manuscript presented that groundwater in the Kolkata
area is suitable for the survival of V. cholerae O1 (Fig. 2a, c, and 3).
Furthermore, it was shown that V. cholerae O1 grows in groundwater
from Kolkata supplemented with limiting nutrients (Fig. 4). The survival
and growth of V. cholerae O1 was observed in undiluted Kolkata
groundwater, but not in diluted groundwater. Given the elevated con-
centrations of some ions (including Na*, Ca?*, Mg?*, and C17) in Kol-
kata groundwater compared to water from other areas (Fig. 1), some of
these ions may be responsible for the longer survival and growth of
V. cholerae O1.

It has been reported that V. cholerae O1 does not grow in low-nutrient
medium in the absence of added NaCl (Kaper et al., 1979; Singleton
et al., 1982) and maximal growth of V. cholerae O1 occurs in medium of
2.5% salinity (Grant et al., 2015; Singleton et al., 1982). In addition, we
have found and reported that V. cholerae O1 cells in low ionic strength
aquatic solutions die within a short interval (Paul et al., 2020). Thus, it
indicates that the concentration of salt greatly affects the growth of V.
cholerae O1 in vitro. It is also known that temperature and salinity have a
great influence on the survival of Vibrionaceae in the natural world, but
the properties and condition of water in the natural world are influenced
by various factors in a complicated manner depending on the region. Its
complexity affects the kinds of bacteria inhabiting the area (Takemura
et al., 2014). Under such circumstances, V. cholerae O1 sometimes has
been isolated from brackish water (Islam et al., 2020; Nair et al., 1988).
However, to our knowledge, few studies have reported on the isolation
of V. cholerae Ol from seawater or freshwater, though
non-01/non-0139 V. cholerae frequently are isolated from such water
sources (Ceccarelli et al., 2015; Colwell et al., 1977; Daboul et al., 2020;
Fernandez and Waters, 2019; Kaper et al., 1979). These observations
indicate that V. cholerae O1 is an autochthonous resident of estuaries and
support our hypothesis that the ions contained in the groundwater
around Kolkata permit the survival and growth of V. cholerae O1.

The occurrence of cholera patients usually shows explosive growth in
a fixed period. However, after a few years, the outbreak of cholera cases
from the infected area disappears. Such mode of cholera epidemic has
been the mode of cholera outbreaks around the world since John Snow
first reported outbreaks of cholera (Grant et al., 2015; Snow, 1856).
Cholera patients in Kolkata, however, have been reported as emerging
throughout the year. Additionally, the type of occurrence is not explo-
sive. The number of patients decreases in the winter season (from
December to February), but a certain number of the patients appear
throughout the year, even in winter (Nair et al., 2010). In addition, the
emergence of cholera patients is sporadic, and the collective outbreak of
cholera disease in a certain area has not been observed in Kolkata.
However, cholera patients occur annually (Kanungo et al., 2010; Nair
et al., 2010). Such a type of occurrence of cholera patients indicates that
the source of infection of cholera disease, namely toxigenic V. cholerae
01, is widely scattered in the Kolkata area and the V. cholerae O1 live on
in secret.

As shown in this report, environmental water around Kolkata,
including groundwater and pond water, might facilitate the survival of
V. cholerae O1 (Figs. 2-5). V. cholerae O1 can survive for a long time in
the area around Kolkata. However, long-term survival may be difficult in
other areas where the ion concentration of environmental water is low.
The unique properties of environmental water around Kolkata may be
related to the habitat of V. cholerae O1 in the Kolkata area throughout
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Fig. 4. Growth of bacteria in diluted groundwater
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the year and the chronic generation of cholera patients in this area.

In India, cholera outbreak has been reported to occur frequently in
areas with coastlines (Muzembo et al., 2022). As described, V. cholerae
01 requires salt for survival and growth. Therefore, the high incidence
of cholera outbreak in areas with coastlines may be due to the influence
of seawater on the ion concentration of well water and pond water,
which are related to people’s lives. However, the relationship between
this outbreak of cholera diseases and the ion concentration of water
related to people’s lives has not been examined. In addition, the fre-
quency of small, sporadic onset of cholera disease in India, not large
outbreaks of cholera infection, is not well documented. The survey
across India has not been fully done.

Despite this situation, the work of Pal and Nayak in Odisha is valu-
able. Odisha, adjacent to Kolkata, is located on the eastern coast of India

and has a long coastal line. Kolkata and Odisha are geographically
similar. The large area in Odisha is affected by seawater (https://www.
researchgate.net/publication/331299104_Ground_water_quality_of Odi
sha_State). It has been reported that V. cholerae O1 was often isolated
from environmental water in Odisha, and cholera cases often occurred in
all seasons (Pal et al., 2021; Nayak et al., 2020). These reports support
our hypothesis that the quality of environmental water around this area
is related to chronic cholera outbreaks in this area.

On the other hand, the incidence of cholera patients in Japan is
extremely low. The Japanese water analyzed in this study was sampled
in 2019. The numbers of cholera patients in Japan in 2018, 2019 and
2020 were 4, 5 and 1, respectively. All patients are sporadic patients
(http://idsc.nih.go.jp/iasr/27/311/tpc311-j.html). Therefore, we can
conclude that “no situation has occurred in Japan in which many people
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Fig. 5. Bacterial growth in pond water. Bacterial suspensions containing diluted pond water and limiting nutrients were prepared as described in Fig. 4. The water
used for the experiment in Fig. 5 was obtained from Pond A, and the strains analyzed were V. cholerae O1 (N16961) (a) and E. coli 1 (b). The concentrations of the
pond water in each culture are shown in the figure. Bacterial growth was measured using McFarland turbidity.

have been infected with V. cholerae O1 through the environmental
water, and the water analyzed in this manuscript is not associated with
the transmission of V. cholerae O1”.

In addition, as shown by the measurements of water of Lake Biwa
(Hayakawa and Fujii. 2010), Lake Inawashiro (https://tenbou.nies.go.
jp/science/institute/region/journal/JELA_3501033_2010.pdf) and
groundwater (https://www.gytek.co. jp/news/hitokuchi_200812go.
htm), the ion concentration of environmental water in many places in
Japan is low. The values are at the same level as the ion concentrations
in the environmental waters which we analyzed in this manuscript and
are lower than those in the environmental waters of Kolkata. Therefore,
the environmental water used in daily life in Japan is not suitable for the
survival and growth of ¢ V. cholerae O1. The research on the ecology of
V. cholerae presented in this manuscript will contribute to research on
the eradication of cholera infections.

The effect of the groundwater from Kolkata on the survival of E. coli
was not as significant as that on V. cholerae O1. (Figs. 2b, 4d and 4e, 4f
and 5b). The ion requirement of E. coli is lower than that of V. cholerae
O1. Therefore, it was speculated that E. coli can live in environmental
water with low ion concentration, and that it may cause E. coli infection
even in areas with low ion concentration in environmental water
including Japan.
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