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Abstract. Household members of cholera patients are at a 100 times higher risk of cholera infections than the general
population because of shared contaminated drinking water sources and secondary transmission through poor household
hygiene practices. In this study, we investigated the bactericidal concentration of free chlorine required to inactivate
Vibrio cholerae in household drinking water in Dhaka, Bangladesh. In laboratory experiments, we found that the con-
centrations of free chlorine required to inactivate 105 colony-forming units (CFU)/mL of V. cholerae serogroups O1
and O139 were 0.1 mg/L and 0.2 mg/L, respectively. The concentration of free chlorine generated by a single chlorine
tablet (sodium dichloroisocyanurate [33 mg]) after a 30-minute reaction time in a 10-L sealed vessel containing Dhaka city
municipal supply water was 1.8 mg/L; and the concentration declined to 0.26 mg/L after 24 hours. In field measurements,
water collected from 165 households enrolled in a randomized controlled trial (RCT) of a chlorine and handwashing with
soap intervention (Cholera-Hospital-Based-Intervention-for-7-Days[CHoBI7]), we observed significantly higher free chlo-
rine concentrations in the 82 intervention arm households (mean = 1.12 mg/L, standard deviation [SD] = 0.52, range =
0.07–2.6 mg/L) compared with the 83 control households (0.017 mg/L, SD = 0.01, range = 0–0.06 mg/L) (P < 0.001) during
spot check visits. These findings suggest that point-of-use chlorine tablets present an effective approach to inactivate
V. cholerae from drinking water in households of cholera patients in Dhaka city. This result is consistent with the findings
from the RCT of CHoBI7 which found that this intervention led to a significant reduction in symptomatic cholera infec-
tions among household members of cholera patients and no stored drinking water samples with detectable V. cholerae.

BACKGROUND

Cholera is an acute dehydrating diarrhea, transmitted through
contaminated drinking water, with an annual estimate of
3–5 million cases and 120,000 deaths worldwide1 In Bangladesh,
cholera is endemic causing an estimated 250,000 cases annu-
ally.2 Vibrio cholerae, the bacteria that causes cholera, is fre-
quently isolated from the stool of diarrhea patients presenting
in hospitals in Bangladesh.3–5 Furthermore in Dhaka city,
millions are estimated to reside in slum areas that lack access
to improved water supplies.6 These individuals instead rely
on a communal stand pipe which is often an illegal connection
to the municipal water supply and highly susceptible to fecal
contamination.7,8 Unsafe drinking water and poor sanitation and
hygiene is estimated to contribute to over 840,000 deaths every
year,9 with 90,000 of these deaths occurring in Bangladesh.10

Therefore, interventions are urgently needed to improve these
environmental conditions.
Point-of-use (POU) chlorination of drinking water is a

widely used low-cost method for disinfecting bacteriological
contamination, and has been shown to reduce disease mor-
bidity from waterborne diseases in low-income countries.11–14

In addition, chlorine has the advantage of reducing the risk
of recontamination of drinking water during storage in
the home, through the chlorine residual which remains over
time.15 There is an extensive literature demonstrating the effi-
cacy of POU chlorination of household drinking water in
reducing the incidence of pediatric diarrheal diseases.14,16

However, previous studies have also found that the effective-

ness of chlorine in reducing microbial contamination can vary
based on source-water turbidity, source-water baseline con-
tamination levels, and in-home contamination.16,17 In rural
Ecuador, only 17% of households with high source-water tur-
bidity (> 10 NTU) were able to achieve the World Health
Organization guideline for safe drinking water after chlorine
treatment with a sodium hypochlorite (NaOCl) solution of
1.875 mg/L.17 In alignment with this finding, a study which
analyzed water samples collected from 13 African countries
recommended a dosage of 1.875 mg/L NaOCl for water
sources with an NTU less than 10, and 3.75 mg/L for water
sources between 10 and 100 NTU to meet a free available
chlorine concentration greater than 0.2 mg/L after 24 hours of
storage.16 Therefore, the chlorine concentration needed to
deactivate pathogens in drinking water varies by setting and
is based on source-water quality parameters and household
drinking water storage and use practices.
The objective of this study is to determine the free chlorine

concentration required to inactivate pandemic serogroups of
V. cholerae in municipal water used in Dhaka city and to
determine whether this chlorine concentration could be
achieved in a field setting to inactivate V. cholerae.

METHODS

Laboratory experiments to determine the bactericidal
concentrations of free chlorine to inactivate V. cholerae O1
and O139. Preparation of bacterial stock culture. Pure colo-
nies of V. cholerae O1 and O139 from gelatin agar plates
were separately inoculated in 10 mL Luria-Bertani broth
and then incubated at 37°C in a horizontal shaker at
120 rpm for 3 hours. After centrifuging 1 mL culture broth
at 5,000 rpm for 5 minutes, pelleted bacterial cells were
resuspended in 1 mL phosphate-buffered saline to remove
the media. Viable bacterial load in the stock was then
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cultured on agar plate and using the following formula: stock
bacterial load colony-forming units (CFU/mL) = (no. of colo-
nies × dilution factor)/volume of water plated. The stock
broth of both V. cholerae O1 and O139 had 107 CFU/mL
bacterial cells.
Preparation of different concentrations of chlorine

solution. Previous studies have shown that high turbidity can
affect free available chlorine in drinking.17 Therefore, to ensure
that our experiments were representative of the drinking water
sourceusedby themajority of households inDhaka city,wepre-
pared chlorine stock solutions using Dhaka Water Supply and
Sewerage Authority (DWASA) water. The DWASA water
used for laboratory experiments had a turbidity of < 1 NTU, a
pH of 7.2, and free available chlorine concentration below the
detection limit (< 0.01 mg/L). To prepare the chlorine solutions,
5 L of autoclavedDWASAwater were collected in a 10-L sealed
water vessel and one chlorine tablet (Aquatabs sodium
dichloroisocyanurate [NaDCC, 33 mg]; Medentech, Wexford,
Ireland] was added to the water. After dissolving the tablet for
10minutes,500mLchlorinatedwaterwas transferred toaconical
flask containing 500 mL autoclaved DWASA water. Then,
500mLwater fromthis conical flaskwasmixedwithnext dilution
flask containing 500 mL autoclaved DWASAwater. Following
this method, 2-fold dilutions were performed to produce the fol-
lowing free chlorine concentrations for theV. choleraeO1 inacti-
vation experiments: 2.0, 0.95, 0.47, 0.24, 0.1, 0.05, 0.025, 0.12,
0.006, and 0.003mg/L. The same procedure was also followed to
produce the following free chlorine concentrations for the
V. cholerae O139 serogroup inactivation experiments: 1.7, 0.8,
0.4, 0.2, 0.09, 0.045,0.022,0.11, 0.005,and0.002mg/L.Afinal flask
containingonlyautoclaved tapwaterwasusedasacontrol.Water
in containers 11 and 22 were free of chlorine and used as control
(Table 1) and all 22 containers were holding 500 mL water. The
free chlorine concentrations of stock solutions were measured
using a HACH Pocket Colorimeter™ II (cat. no. 59530-00, CO)
whichhas a detectable rangeof 0.02 to 5.0mg/L. The instructions

provided in the manufacturer’s manual were followed and con-
centrations below the detection limit were calculated as half of
thepreviousdilution.
Experiments to inactivate 105 CFU/mL of V. cholerae O1

and O139 cells using 10 chlorine stock solutions. Previous
studies have found environmental water that contains
101–104 CFU/mL V. cholerae cells.18 Therefore, we decided to
evaluate the efficacy of chlorine in deactivating V. cholerae
one log higher at 105 CFU/mL. Each flask containing 500 mL
water with different chlorine concentration was inoculated
with 1 mL bacterial stock (107 CFU), which generated a
105 CFU/mL concentration of V. cholerae O1 (containers 1–11)
or O139 (containers 12–22) in each flask. After the 30-minutes
reaction time recommended by the chlorine tablet
manufacturer, 1 mL water from each flask was serially diluted,
and 100 μL water from each dilution was spread on Luria
agar (LA) plate. The LA plate was incubated at 37°C over-
night. The next day, available bacterial load after 30 minutes
of treatment was calculated using the formula: stock bacterial
load (CFU/mL) = (no. of colonies × dilution factor)/volume of
water plated. In addition to directly plating 100 mL water
from each flask, water from each flask was also filtered
through a 0.22-μm filter paper and the filtrates were enriched
in alkaline peptone water (APW, 20 mL) overnight at 37°C.
The next day, enriched broths were cultured on LA agar
plates for detection of viable bacteria. All experiments were
repeated thrice.
Laboratory experiments to determine the free chlorine

concentrations over a 24-hour period after the use of a chlorine
tablet in DWASA water. We selected three drinking water ves-
sels: a 16-L locally made plastic bucket with lid, a 10-L alumi-
num kalshi with no lid (both commonly used in Bangladesh),
and a 10-L Topaz™ (Lion Star Plastic, Jakarta, Indonesia)
drinking vessel, used in our Cholera-Hospital-Based Interven-
tion for 7 days (CHoBI7) intervention study.19 Topaz is a con-
tainer made of high-quality plastic that can be sealed by a lid

TABLE 1
Determination of the bactericidal concentration of free chlorine for 105 CFU/mL Vibrio cholerae in drinking water

Container number Serogroup
Water

volume (mL)

Cl con (mg/L) Bacterial count, log value (CFU/mL)
Revival after

APW enrichmentFree Total Before treatment After treatment

1 O1 500 2 2.2 105 0 −
2 O1 500 0.95 1.02 105 0 −
3 O1 500 0.47 0.49 105 0 −
4 O1 500 0.24 0.25 105 0 −
5 O1 500 0.1 0.11 105 0 −
6 O1 500 0.05 0.06 105 0 +
7 O1 500 0.025 0.026 105 104 +
8 O1 500 0.012 0.013 105 105 +
9 O1 500 0.006 0.007 105 105 +
10 O1 500 0.003 0.004 105 105 +

11 (control) O1 500 0 0 105 105 +
12 O139 500 1.7 1.9 105 0 −
13 O139 500 0.8 0.9 105 0 −
14 O139 500 0.4 0.41 105 0 −
15 O139 500 0.2 0.27 105 0 −
16 O139 500 0.09 0.11 105 0 +
17 O139 500 0.045 0.055 105 104 +
18 O139 500 0.022 0.027 105 105 +
19 O139 500 0.011 0.013 105 105 +
20 O139 500 0.005 0.006 105 105 +
21 O139 500 0.002 0.003 105 105 +

22 (control) O139 500 0 0 105 105 +
APW = alkaline peptone water; Cl = chlorine; con = concentration; CFU = colony-forming units. All experiments were repeated thrice; culture positive (+), culture negative (−).
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that screws on, and has a tap at the bottom to dispense water.
This type of container reduces the chances of secondary con-
tamination by the user and prevents evaporation of chlorine.
In contrast, the plastic bucket with a loosely attached lid and
the kalshi with no lid allow evaporation of chlorine and
recontamination from hands and objects going inside the water
vessel during water collection. The manufacturer of the chlo-
rine tablet we used for our experiments recommends the use
of one tablet for 3 L water. However, recent studies found
that one of these chlorine tablets (NaDCC [33 mg]) can pro-
duce a 2 mg/L dose of free chlorine residual in 10 L water.20

Therefore, we decided to use this chlorination ratio in our
experiment; each container was filled with 10 L DWASA
water and treated with one chlorine tablet. Then, free and
total chlorine concentrations were measured before treat-
ment and at seven time points (30 minutes, 1 hour, 2 hours,
4 hours, 6 hours, 12 hours, and 24 hours) after chlorine treat-
ment using the HACH Pocket Colorimeter™ II. The experi-
ment was repeated three times for each container type.
Field trial to determine the efficacy of chlorine tablets for

the inactivation of V. cholerae. Field activities. This study was
conducted as a part of a randomized controlled trial (RCT)
of a handwashing with soap and water treatment intervention
(CHoBI7) given to cholera patients and their household con-
tacts in Dhaka, Bangladesh, from June 2013 to November
2014. The detailed methods for this intervention and trial are
published elsewhere.19 The intervention arm received chlorine
tablets (NaDCC, 33 mg) for water treatment, a Topaz con-
tainer (sealed drinking water vessel with tap) for safe water
storage, and a handwashing station. The control arm received
no intervention hardware. Intervention households were ins-
tructed to add one chlorine tablet to 10 L water, and to
store this up to 24 hours. Environmental surveillance was
conducted in these households at days 1, 3, 5, 7, and 9
after the presentation of the index cholera patient at Dhaka
icddr,b Hospital. Household source and stored drinking
water was collected from a total of 165 cholera patient
households (83 control households and 82 intervention
households) at each of these household visits.
All water samples were collected in autoclaved Nalgene

bottles (Nalgene Nunc International, St. Louis, MO). The free
chlorine concentrations in stored drinking water were mea-

sured immediately after collection using a HACH Pocket
Colorimeter™ II. Then, the water samples were sent to the
laboratory for detection of V. cholerae by bacterial culture.
The detailed methods are described elsewhere.21 The find-
ings for V. cholerae in source and stored drinking water for
this field trial have been reported previously.19 A two-sample
t test was used to compare free chlorine concentrations
between the intervention and control arm at baseline and dur-
ing the intervention period.
Ethics approval and consent. Informed consent was obtained

from all study participants. All study procedures were approved
by the research Ethical Review Committee of the Interna-
tional Centre for Diarrhoeal Disease Research, Bangladesh
(icddr,b) and Institutional Review Board of the Johns Hopkins
Bloomberg School of Public Health.

RESULTS

Determination of bactericidal concentration of free chlorine
for V. cholerae O1 and O139. We found that after the
30-minute recommended chlorine tablet reaction time, flasks
spiked with free chlorine concentrations ranging from
0.05 mg/L to 2 mg/L and 105 CFU/mL of V. cholerae O1
showed no V. cholerae growth (containers 1–6) (Table 1).
For flasks spiked with 105 CFU/mL of V. cholerae O139,
those with a free available chlorine concentration ranging
from 0.09 mg/L to 1.9 mg/L showed no bacterial growth after
the 30-minute reaction time (containers 12–16). However, after
overnight enrichment in APW, viable V. cholerae cells were
detected in water at chlorine concentrations of 0.05 mg/L for
V. cholerae O1 and 0.09 mg/L for V. cholerae O139 (containers
6 and 16). Therefore, the bactericidal concentrations of free
chlorine for V. cholerae O1 and O139 were 0.1 mg/L and
0.2 mg/L, respectively.
Free chlorine concentration over time after treatment with

chlorine tablets. For the experiments to track free chlorine
over time, the DWASA water used had an average turbidity
of 2.1 NTU, pH.7.7, and a free chlorine concentration of
0.06 mg/L. In the Topaz container, the concentration of free
chlorine 30 minutes after adding a single chlorine tablet
(NaDCC, 33 mg) was 1.8 mg/L and gradually decreased to
0.26 mg/L after 24 hours (Figure 1). The total chlorine was

FIGURE 1. (A) Change of free chlorine concentration and (B) change of total chlorine concentration over time. Three containers, Topaz (10 L),
plastic bucket (16 L), and aluminum kalshi (12 L) were filled with 10 L of Dhaka Water Supply and Sewerage Authority water using a measuring
cylinder and treated with one chlorine tablet (sodium dichloroisocyanurate [33 mg]). Free and total chlorine concentrations were measured with
HACH device at different time points (30 minutes [30m], 1 hour [1H], 2 hours [2H], 4 hours [4H], 6 hours [6H], 12 hours [12H], and 24 hours [24H]).

1301CHLORINATION TO PREVENT TOXIGENIC V. CHOLERAE TRANSMISSION



slightly higher than the free chlorine concentration in water,
ranging from 2.0 after 30 minutes to 0.54 mg/L after 24 hours.
When a single chlorine tablet was added to a 10-L plastic
bucket, the free chlorine ranged from 1.6 (after 30 minutes)
to 0.145 mg/L (at 24 hours) and total chlorine ranged from
1.8 to 0.37 mg/L over this period. For the aluminum kalshi, the
free chlorine and total chlorine concentration was 1.55 mg/L
and 1.75 mg/L, respectively, at 30 minutes, and declined to
0.1 mg/L and 0.255 mg/L, respectively, after 24 hours.
Field trial to determine efficacy of chlorination treatment. A

total of 808 stored water samples (407 control samples and
401 intervention samples) were collected over the study
period during the RCT. At the baseline visit before the inter-
vention was delivered, the control and intervention arm had a
mean free chlorine concentration for stored drinking water of
0.0175 mg/L and 0.0171 mg/L, respectively (P = 0.81). During
the intervention period (surveillance days 3–9), free chlorine
in stored drinking water was significantly higher in the inter-
vention arm (1.12 mg/L, standard deviation (SD) = 0.52)
compared with the control arm (0.0176 mg/L, SD = 0.01;
P < 0.001) (Figure 2).

DISCUSSION

Despite cholera being endemic in Bangladesh, this is the
first study, to our knowledge, to investigate the free chlorine
concentrations required to inactivate V. cholerae in DWASA
water. We found that 0.1 mg/L of free available chlorine was
needed to inactivate V. cholerae O1. The Topaz water stor-
age container was able to achieve a free chlorine concentra-
tion of 0.2 mg/L after 24 hours, the Center for Disease
Control recommended cutoff, with a single chlorine tablet
(33 mg/L). Furthermore, intervention households given chlo-
rine tablets as part of the CHoBI7 intervention had signifi-
cantly higher free chlorine in the stored drinking water.
These findings suggest that POU chlorine tablets present an
effective approach to inactivate V. cholerae from Dhaka city
municipal drinking water.
Free available chlorine in household stored drinking water

in the control arm was very low (mean = 0.0175 mg/L), and
was below the threshold found to inactivate V. cholerae. This

is alarming given that 30% of cholera patient households
had source-water samples with detectable V. cholerae during
the surveillance period.19 The majority of study households
resided in slum areas of Dhaka city, Bangladesh, and obtained
drinking water from illegal connections to the municipal water
supply that are susceptible to fecal contamination due to low
pressure and breaks in the pipes.22,23 These findings demon-
strate the urgent need for POU water treatment methods for
these households to prevent transmission of cholera which
causes significant morbidity and mortality each year. Further-
more, it is imperative to consider more comprehensive mea-
sures to stop illegal water connections, improve the municipal
water supply infrastructure, adequately chlorinate the munici-
pal water supply, and to conduct regular water quality moni-
toring of the distribution network.
In our recent RCT of the CHoBI7 intervention, 94% of

intervention households had free chlorine concentrations
above the cutoff recommended by the Centers for Disease
Control and Prevention of 0.2 mg/L, compared with less than
1% of control households.19 Consistent with this higher free
chlorine concentration in intervention households, no stored
drinking water samples had detectable V. cholerae in the
intervention arm compared with 6% in the control arm during
the intervention period. These findings demonstrate the effec-
tiveness of POU chlorine tablets in inactivating V. cholerae in
drinking water. Furthermore, we observed a significant reduc-
tion in symptomatic cholera infections and a 47% reduction in
overall cholera infections.19 Although it is not possible to
quantify the health impact of the chlorine tablets alone
because this intervention included handwashing with soap,
this finding in combination with no V. cholerae being found
in stored water in the intervention arms suggests that POU
chlorine can provide a promising approach for cholera con-
trol for high-risk cholera patient households in Dhaka city.
We determined the number of chlorine tablets to use in

our CHoBI7 RCT based the laboratory findings from this
study. After 30 minutes of chlorine treatment, water from all
three storage containers were found to have free chlorine
concentrations between 1.5 and 2 mg/L. Water in the Topaz
had slightly higher free chlorine concentration (1.8 mg/L)
compared with the plastic bucket (1.6 mg/L) and the alumi-
num kalshi (1.55 mg/L) at this time point. The lower free
chlorine concentration at 24 hours in the plastic bucket and
the aluminum kalshi compared with the Topaz was likely
attributed to these containers not having a lid with a tight
seal leading to evaporation of chlorine. There is also the pos-
sibility that the aluminum absorbed some of the chlorine. All
three containers retained a free chlorine concentration high
enough to deactivate V. cholerae O1 at 24 hours; however,
the Topaz performed the best among the three. Previous
studies where the kalshi was used for drinking water storage
found detectable thermotolerant coliforms by culture even
in the presence of higher levels of free chlorine.7 This could
be due to high turbidity or contamination level of the source
water. The high performance of the Topaz vessel in main-
taining a high free chlorine concentration over time suggests it
would be a promising water storage vessel to be used for
POU chlorination of drinking water in Dhaka city.
The bactericidal concentration of free chlorine was higher

for V. cholerae serogroup O139 (0.2 mg/L) compared to O1
(0.1 mg/L). One potential explanation is that the V. cholerae
serogroup O139 strains may have gained higher resistance

FIGURE 2. The baseline (Day 1) mean free chlorine concentration
was 0.175 mg/L and 0.171 mg/L in control and intervention household
stored water, respectively (P = 0.81). During the intervention period,
the free chlorine concentration was significantly higher (P = 0.001)
in the intervention arm (1.12 mg/L) compared with the control
(0.0176 mg/L). * P = 0.001.
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to chlorine because of the presence of extracellular capsular
polysaccharide.24 Future studies should investigate chlorine
resistance among V. cholerae strains.
This study has limitations. The first is that we did not assess

the presence of other enteric pathogens in the drinking water,
as the focus of the CHoBI7 RCT was to reduce cholera
infection among the household contacts of cholera patients.
Second, for bactericidal concentration determination, we only
collected DWASA water from one location in Dhaka. Future
studies should collect DWASA water from multiple locations
in Dhaka city with varying water quality parameters.

CONCLUSIONS

Recurrent cholera causes significant morbidity and mortality
in Dhaka city, which is a rapidly growing megacity estimated
to have a population of over 20 million. Due to paucity of
water, poor infrastructure, and illegal connection, ensuring
safe drinking water for such a large population is very chal-
lenging. In the present study, we provide data showing evi-
dence on the bactericidal concentration of free chlorine
needed to inactivate toxigenic V. cholerae in drinking water
in Dhaka city. Our study findings can serve as a guideline for
future studies to standardize experiments to assess the effi-
cacy of POU water treatment options using chlorine in other
urban settings in Bangladesh or other cities globally.
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