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Water contamination, at source and during household storage, is a major cause of enterically
transmitted infections in developing countries. This study assessed contamination of the
municipal water in a south Indian town, which obtains its water intermittently from a
surface lake and by pumping subsurface water from a dry river bed, and monitored microbial
contamination during household storage. All samples of the `treated' municipal water were
contaminated when freshly pumped, and on household storage, 25/37 (67%) showed
increased contamination during storage periods from 1 to 9 days. Household storage in
brass, but not in containers of other materials significantly decreased contamination of water
(p� 0.04). This was confirmed in the laboratory by testing water seeded with 103 to 105
Escherichia coli per 100 ml stored in containers of different materials (p� 0.01). Despite the
requirements for provision of safe drinking water in municipal areas, in practice the water
supplied in Vellore is contaminated and current household storage practices increase the level
of contamination in at least two-thirds of households. The implementation of locally
appropriate point-of-use disinfection and safe household storage practices in developing
countries is an urgent need to ensure a safe, reliable year-round supply in areas where clean
water is not available.
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Diarrhoeal diseases, due to bacterial, viral and
parasitic agents of gastroenteritis and viral hepatitis
are the most important groups of water-related
infections and are a leading cause of childhood
morbidity and mortality (Bern et al., 1992). The
WorldHealthOrganization estimates that diarrhoea
can be reduced by 35%, when basic water hygiene

and sanitation are provided. However, 40% of the
world's 6 billion people have no acceptablemeans of
sanitation andmore than 1 billion people draw their
water from unsafe sources (Younes and Bartram,
2001). The optimal approach to preventing water
borne diseases includes the protection of water
sources from contamination, construction of water
disinfection and delivery systems and sewage treat-
ment facilities, and is expensive and time consuming.

1438-4639/04/207/03-1 $ 30.00/0

Corresponding author: G. Kang, MD, MRCPath, PhD, Department of Gastrointestinal Sciences, CMC Vellore
632004, India. Fax: 00914162232035, e-mail: gkang@cmcvellore.ac.in



In tropical developing countries, even if facilities are
developed, their maintenance and monitoring may
not be carried out due to a variety of factors.
In tropical developing countries, in addition to the

unsafe water collected for drinking purposes, the
situation is complicated by the need for household
storage ofwater due to the infrequent availability. In
India, this is a particular problemeven inurban areas
with piped supply because of the dependence on
sources of water that vary with the season. The
intermittent and infrequent supply result in a need to
store water for drinking, food preparation, washing
and bathing. Household storage of water has been
associated with evidence of increased contamina-
tion, with levels of contamination depending on a
number of factors including the site of storage, type
of container and handling practices. Within coun-
tries, the practices used for collection, household
storage and dispensation of water differ with geo-
graphic area and culture. It is important to assess
both attitudes and practices before designing inter-
ventional strategies aimed at provision of safer
drinking water and prevention of infection. This
studywas designed to assess water contamination in
Vellore during two seasons, when water supply is
intermittent and prolonged household storage is
required.
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Vellore, the sixth largest town in Tamil Nadu state in
southern India, is approximately 135 km from the Cor-
omandel coast, and has a population of 400,000. This
consists of approximately 190,000 individuals living
within the 49 wards of the municipal limits and 210,000
people living in the areas surrounding the municipality
wards. About 10% of the population consists of children
under 5 years of age. Vellore and surrounding areas fall in
the rain shadow area of the southwest monsoon, which
supplies the Malabar coast and the Indo-Gangetic plain.
The northeast monsoon in December-January and inter-
mittent showers during the remaining months of the year
account for rainfall in this area. The water supply of
Vellore is derived from surface and subsurface water as
shown in Figure 1. The major source of piped water is
from underground water pumped from 50 m deep bor-
ewells on the Palar riverbed and from Otteri Lake. The
Palar river is dammed upstream of Vellore and hence is a
dry river bed at all times of the year. The river bed is used
for agriculture, waste disposal and defecation by the
people resident on the banks. The water pumped from the
bore wells is passed through gravel and slow sand filters
before being pumped into the main overhead tank (OHT)
where it is supposed to be chlorinated by addition of

bleaching powder. The water is heavily contaminated at
source because of the practice of human and animal waste
disposal in the river bed, which then contaminates ground
and subsurface water when it rains as has been previously
demonstrated (Ramakrishna et al., 1996). Individual
neighbourhoods and houses also use open wells and
bore holes from which water is drawn to the surface by
pumps. This study was carried out in August-September
2001 and repeated in March 2003, during periods when
water was supplied once every 7 to 10 days.

����� ����	� ��		������ �� ����	�
Six areas receiving municipal water supply were included
in this investigation. Areas A ±E derived their water from
the town's main system, comprising two wells located in
the Palar riverbed, and a reservoir.Water is pumped to one
main and two smaller overhead tanks, where it is stored

��� ! Water supply of Vellore town. Areas in which the study
was carried out are shown in bold lettering

Open single squares indicate bore wells sited on the dry riverbed
of the Palar which draw water from a depth of 50 m
The double square indicates Otteri lake, which is a man made
tank for holding run off water from the surrounding hills. This
source is usually dry during the summer.
Arrows indicate pipelines through which water is pumped.
Double circles indicate pumping or booster stations where water
is pumped to reach the main holding tanks or overhead tanks
(OHT).
Indicates the two-level tank at Filterbed Road where chlorination
is carried out for the whole town except Krishnanagar OHT
water which is chlorinated at Krishnanagar
Indicates overhead tanks (OHT) from which water is distributed
through municipal pipes to houses and pipe-stands in different
areas
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awaiting distribution. Area F is supplied by a separate
overhead tank, which is in turn supplied by a third well in
the Palar riverbed.Water is pumpedperiodically to each of
the areas, at intervals varying from 7 to 28 days in
areas A ±E, and for two hours every 1 to 3 days in area F,
during March ±April and August ± September.
Samples of water were collected frommunicipal taps or

pipes as water was being pumped from the main site at
which houses in each area obtained their water. All
households included in the study collected their water
from this source in their own containers and then carried
them home for household storage. For sampling of the
source water, metal pipes and taps were flamed for one
minute and the water allowed to flow for one minute
before collection into two sterile stoppered 250 ml flasks,
one containing sodium thiosulphate and the otherwithout
additives, for estimation of coliform counts and assess-
ment of chlorine, respectively.

����� ����	� ��		������ ������ �������
As shown in Figure 1, 5 houses in each of areas A ±E and
12 houses in area F were included in the study, giving a
total of 37 households. Samples of stored water were
collected from the houses enrolled in the study on days 1,
3, 5, and 7 after collection for household storage in
areas A ±E. In area F, water was collected on the day of
pumping and the following day. The respondent in each
household was asked to provide the cup usually used for
dipping into the water container. The cup was dipped into
the water container by the respondent and then poured
into the sterile flask. Households were asked to provide
draw water from the well in their usual manner. The
shape, size and material of the containers used for storage
was noted by observation. At the time of collection, the
amount ofwater remaining in the container was recorded.
For the second part of the study, earthenware, plastic,

aluminium, steel and brass containers, similar to those
observed in the study households, were washed and filled
with 4 litres of sterilewater seededwithEscherichia coli at
concentrations of 103 to 105 per 100 ml and sampled at 1,
3 and 5 days after storage. Thewater was not chlorinated,
but was kept covered. Water was removed for sampling
using sterile glassware. The pH of the water stored in the
jars was measured at the time of sampling. The water
stored in the brass jar was also submitted for estimation of
lead and zinc concentrations after adjusting the pH to 5.0,
6.0 and 7.0, and storing water at these pHs for four hours.

"�	���������
Estimation of residual chlorine by the orthotoluidine test
was carried out for each piped water sample collected.
According to the municipality, the water was passed
through gravel and slow sand filters, pumped to overhead
tanks and chlorinated adequately before pumping to
supply areas.

"�	����� ������
Contamination of water samples was assessed by themost
probable number technique by using McCready's tables
and further identification of coliforms, and confirmation

of thermotolerant coliforms as Escherichia coli was
carried out by standard tests (Senior, 1989). Since
preliminary studies had shown that piped water supply
was likely to be contaminated, each sample was diluted
1 :20, to give 3600 coliforms per 100 ml as the upper limit
of accurate estimation. Each water sample was vortexed
before dilution and inoculation to ensure that the organ-
isms present in the water were uniformly distributed.

������ #������������
A hygiene questionnaire was developed to address collec-
tion methods, security of stored water, washing and
cooking practices. This was administered to the respon-
dent in each household. As far as possible, the respondent
chosen was the person primarily responsible for storage
and use of stored water in the household. The question-
naire was administered on the last day of collection of
samples to prevent bias and change of practice during the
period ofwater sampling. A scoring systemwas developed
based on the questionnaire and households were assigned
a hygiene score from 1 to 10, with the score inversely
correlated to the level of hygiene.

$��� ����� ��� ���	����
Data were entered and analysed using EpiInfo 6 and SSPS
v.9.

%���	��

All water collected from the municipal supply in
areas A ±E was contaminated, with the levels of
contamination ranging from 440 to �3600 E. coli/
100 ml in 2001 and 2003 (Table 1).Overall, 93%of
all coliforms tested could be confirmed as E. coli
based on thermotolerance and biochemical reac-
tions (individual data not shown). Samples were
collected for this study at different time points, and
after each set of collections, the municipal autho-
rities were asked about chlorination and stated that
the water had been chlorinated before pumping,
although they had no written records and were
unwilling to give a statement on their chlorination
practices.
Area B,which receives itswater from the two river

wells via a booster station and then two overhead
tanks, was the most highly contaminated (Table 1,
Figure 1). Area F, which had the least contaminated
water, is a newly developed area of Vellore and the
water supply system was constructed in 1980. This
area receives its water supply from a separate river
well via an overhead tank (Figure 1) and water is
pumpeddaily at a fixed time for twohours.Of the 12
houses sampled in this area, all obtained water from
a domestic connection. The mean E. coli count was
38.25/100 ml (s.error� 21.6, n� 12) on the day of
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pumping. Overall, the level of contamination corre-
lated with the distance of the area from the source
(correlation coefficient� 0.698) and with the num-
ber of tanks that the water was stored in prior to
pumping (Correlation coefficient� 0.892).
No evidence of chlorination was found in samples

of municipal supply water from areas A ± F. The
majority of households (76%) used pipedmunicipal
supply without further treatment. Only 4 families
regularly filtered or boiled their drinking water.
When this water was tested in the laboratory, there
was no reduction in the coliform count of the filtered
water and a two-log reduction in the coliform count
in the boiled water. On questioning, it was found
that the water was boiled for between 1 and
3 minutes. Ceramic filter candles, which are com-
mercially available, but have nopore size given in the
product description were used for filtration, these
were rarely cleaned and were replaced when they
were blocked.
The 25 households in areas A ±E reported having

324 containers for storing water (range 5 ± 25, mean
13). These were all wide-mouthed pots made of
aluminium (no. of households� 2), brass (no. of
households�18), plastic (no. of households� 10),
steel (no. of households� 33) and earthenware (no.
of households�1). In area F, the 12 households
reported 42 containers for storingwater (range 2 ± 5,
mean3.5). In this area, the containersweremainly of
steel (no. of households� 15) and plastic (no. of
households�8), with only one household posses-
sing a brass container and no houses using alumi-
nium and earthenware. A total of 89 containers of
water were sampled at different time points from 1
to 7 days after collection of water. Samples from 34
houseswere obtained afterwater hadbeen stored for
24 hours, from 20 houses after 3 and 5 days, and
from 15 houses after 7 days (Table 2). Of these, on
Day 1, 85% showed a stable or increased E. coli
count over the municipal supply the previous day.
The percentage of pots with contamination similar
to or more than the municipal supply was less on

subsequent days, but not less than30%(Table 2).Of
the 89 pots fromwhich samples of storedwaterwere
collected, 47 were steel containers, 27 brass, 13
plastic and 2 aluminium (Table 3). Water was only
collected frompots thatwere beingused for drinking
purposes on the day of follow up. Water stored in
brass pots was found to be significantly less con-
taminated than water stored in other materials (p�
0.04). The degree of contaminationwas not affected
by the level ofwater remaining in the container at the
time of sampling.
Analysis of the hygiene questionnaire suggested an

association between low hygiene scores and an
increase in stored water contamination (p� 0.05).
Of the 12 householdswith a decrease inE. coli count
after 24 hours of water storage, 8 had high hygiene

&��	� ! Contamination of municipal supply water sampled at the point of distribution

Site Escherichia coli count/100 ml Distance from source Supply interval

2001 2003

A (BTC Road) 3220 �3600 7 km 9 days
B (Salvanpet) �3600 �3600 9 km 9 days
C (Velapadi) 1840 �3600 8.5 km 7 days
D (Kasba) 900 1840 7.5 km 9 days
E (Kalasapalayam) 440 680 5.5 km 7 days
F (Sathuvachari) 0 ± 260 (mean 36) ND 1.75 km 1 day

ND Not done

&��	� ' Contamination of drinking water during storage as
determinde in a field study in Vellore

Day No. of
houses

Change in Escherichia coli count with storage

No E. coli Decreased Constant Increased

1 34 3 (9%) 2 (6%) 9 (26%) 20 (59%)
3 20 5 (25%) 9 (45%) 2 (10%) 4 (20%)
5 20 4 (20%) 6 (30%) 5 (25%) 5 (25%)
7 15 5 (33%) 4 (26%) 1 (7%) 5 (33%)

&��	� ( Effect of different container materials on development of
microbial counts of contaminated drinking water during a field
study in Vellore

Type of
container

No.
sampled

Escherichia coli count

No E. coli Decreased Constant Increased

Aluminium 2 0 0 0 2
Brass 27 14 7 2 4
Plastic 13 0 4 1 8
Steel 47 3 10 14 20
Total 89 17 21 17 34
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scores, andof the 25householdswith an increasedE.
coli count, 17 had low hygiene scores. However, no
single variable could independently be correlated
with water contamination on storage. All houses
used wide-mouthed containers for storage, and no
long handled dippers were in use. All households
used glasses or tumblers for removingwater from the
containers for drinking and cooking. All washed
containers before refilling them.
Based on the results of the field study which

showed decreased contamination in brass pots, a
second set of experiments was carried out in the
laboratory with E. coli seeded water samples.
Similar results were found (Table 4) with levels of
contamination dropping more rapidly in brass pots
than in pots made of other materials (p� 0.01). The
E. coli counts in pots other than brass decreased over
time, with the slowest decrease seen in earthenware
pots. A new earthenware pot hadbeen purchased for
the purpose of the study, and although itwaswashed
before use, non-fermenting Gram negative bacilli
andProteus spp.were grown in culture in addition to
the E. coli with which the water in the earthenware
pot had been seeded. An older, used pot was
obtained, washed and tested by seeding with E.
coli, and noorganisms other thanE. coliwere found.
E. coli counts were lower than with the new pot and
these results have been reported in Table 4. Brass
pots in southern India are `tinned' with a mixture of
metals known to contain lead, copper, zinc and
antimony. Lead vessels in South India were histori-

cally used for preparing certain acidic foods, but use
of lead is discouraged because lead can leach into
water at an acidic pH. However, the practice of
tinning brass vessels with amalgams containing lead
continues, and in order to assess whether this was
occurring with water storage, pH levels of water
weremeasured after storage. The pHofwater stored
in brass pots ranged from 6.7 to 6.94, and was
consistently 0.2 to 0.4 lower than in pots of other
materials, but this difference was not statistically
significant. Measurement of lead and zinc levels in
the water showed no lead and zinc levels of 185, 364
and 394 �g/ml at pH 5.0, 6.0 and 7.0, respectively.

$���������

This study identifies fecal contamination of munici-
pal water supplies both at supply and during house-
hold storage in a South Indian town. The water
supply is obtained from a combination of ground
and surface water. Despite the statements of the
municipal authorities regarding chlorination, no
evidence of chlorination was seen in the waters
tested during the course of this study, and this has
been noted whenever testing has been carried out in
previous years (data not shown). From the results
reported, the distance that the water is pumped is
inversely proportional to the level of contamination,
with houses in area F receiving water that was less
contaminated than in other areas. The increase in
population and the decreased availability of water
resources has resulted in the inability to provide
continuous water supply, a situation that may
promote the growth of bacteria within piped water
systems and overhead tanks during the intervals
wherewater is not being pumped.Although it can be
argued that urban water supply pollution should be
controlled by disinfection at source, repeated at-
tempts at following up water safety issues with
municipal authorities in Vellore have been unsuc-
cessful. Until the government can ensure a safewater
supply, consumers can only improve the safety of
their drinking water by taking on responsibility
themselves.
Epidemics of acute diarrhoea occur frequently in

tropical developing countries and several diarrhoeal
epidemics have been reported earlier from the rural
areas of Vellore District. Epidemiological investiga-
tions implicated water sources as the cause of the
epidemic in at least three outbreaks (Pai et al., 1997;
Kang et al., 2001). In rural areas, drinking water is
obtainedmainly fromsemi-protected openwells and
bore wells, which are easily contaminated by

&��	� ) Effect of different containers on storage of contaminated
drinking water as measured by seeding containers in the laboratory
(mean of three experiments for aluminium, plastic and steel, mean
of six experiments for brass and earthenware)

Type o
container

E. coli count per 100 ml

Day 0 Day 1 Day 3 Day 5

Aluminium 10,000 10 0 ND
50,000 92 0 ND

100,000 200 2 1
Brass 10,000 0 0 ND

50,000 0 0 ND
100,000 0 0 0

Plastic 10,000 54 4 ND
50,000 140 12 ND

100,000 1800 54 1
Steel 10,000 4 0 ND

50,000 12 0 ND
100,000 180 0 0

Earthenware 10,000 180 180 ND
50,000 7200 180 ND

100,000 9600 1200 92

ND not done
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unhygienic water-drawing practices and by contam-
ination of ground water after rain. In urban areas,
the water supply is presumed to be safer because it is
treated by filtration and chlorination and is distrib-
uted through a system of overhead tanks and pipes.
However, during an outbreak of cholera in Vellore
town in 1994, contamination of a primary source
and domestic water supply in affected households
was demonstrated (Ramakrishna et al., 1996). At
the time, it was found that chlorination had been
discontinued due to a lack of financial resources.
In addition, while identification of a single pre-

dominant enteric pathogen in the laboratory sup-
ported by epidemiological studies can assign a cause
to an epidemic and help in formulating control
measures (Ramakrishna et al., 1996), in some epi-
demics, no single predominant organism is found. In
an environment where asymptomatic carriage and
excretion of enteric pathogens is known to occur in
children and adults (Mathew et al., 1991; Mathan
and Rajan, 1986), it can be difficult to identify the
cause of endemic or epidemic diarrhoeal illness.
Asymptomatic enteric infections have also been
implicated in long termdeleterious effects on growth
and development (Steiner et al., 1998), again em-
phasizing the need to prevent acquisition of or
repeated exposure to enteric pathogens.
The levels of contamination in the piped water

supply fromVellore during the dry season are similar
to those reported from Liberia and Sudan (Molbak
et al., 1989; Musa et al., 1999), and are higher than
those reported from other parts of Africa, Asia and
South America (Lindskog et al., 1988; Han et al.,
1989). As has been demonstrated in other studies
(Molbak et al., 1989; Sandiford et al., 1989), stored
water was more contaminated than tap or piped
water, indicating that interventions must be applied
to decrease contamination of water at source and
during household storage.
Although studies have advocated a number of

techniques for prevention of contamination of
stored water, any intervention must consider local
practice before behavioural change. The reason for
household storage of water in most studies in
developing countries is the distance from the source
(Gorter et al., 1991). In this study, the household
storage of water was required because of the
intermittent supply, not because of the distance
from the source. Prevention of contamination was
limited to covering containers, and no other inter-
ventionswere applied in 33households.Whenwater
was reported as having been boiled or filtered,
testing showed that microbiological contamination
was still present. Ceramic candle filters are widely
marketed and used in south India among middle-

class households, but in this study were found to be
completely ineffective, possible because they are of
an inadequate pore size to prevent microbial con-
tamination. Boiling decreased the contamination
load, but was carried out for too short a duration, a
practice that is frequently due to the high cost of fuel
for heating water.
Other interventions are also difficult to implement

for a number of reasons. Chlorine additives are
frequently not accepted because of the change in the
taste of the water. The use of narrow necked vessels
for collection and storage is a practical problem in
south India, because the lowpressure atwhichwater
is pumped necessitates the use of a motor or hand
pump to ensure that containers are filled quickly.
When these are used, the flow of water is a stream
that is larger than the mouth of the conventional
™surahi∫ used in North India and water falls outside
the container and is wasted, hence these are not
commonly used in South India. The use of a long
handled dipper to withdraw water from wide-
mouthed containers has been advised but was not
in use in any of the households surveyed, because the
practice is to use a steel tumbler to remove water
from the pot, with the tumbler being placed on the
covered pot when not in use. Assessment of water
security and safety as part of the hygiene question-
naire administration was difficult because most
households followed similar practices for collection,
household storage and use of drinking water. How-
ever, inclusion of questions on the use of water for
cooking and washing helped increase the range of
scores obtained for hygiene. The availability and
cleaning of toilet facilities has been reported to be
important in other studies (Roberts et al., 2001), but
could not be correlated with water quality in this
study.
The observation that water stored in brass pots

was less contaminated than inpots of othermaterials
was confirmed by laboratory experiments. It was
also surprising that water in earthenware pots
showed a much slower decline in E. coli counts,
because conventional belief in south India considers
water in these containers more `pure'. However,
increased contamination of water stored in earth-
enware containers has been previously reported
from Sri Lanka (Mertens et al., 1990). The finding
that water in brass pots is less contaminated during
storage was unexpected. Whether this decrease in
contamination would apply to other pathogens
transmitted by water, such as enteric viruses,
Campylobacter, hepatitis A and hepatitis E virus
would require further testing. The testing was not
carried out, because storage in brass may not be
practically applicable because of the high cost of

6 T. Brick et al.



such containers. In most homes, brass pots are no
longer used or purchased because of the fear of theft
when left in line while waiting for water to be
pumped.
The laboratory tests differed from the field studies

in that the decline in bacterial loads with time in all
types of containers wasmuch higher. This is likely to
be due to the lack of recontamination of water in the
laboratory, while during household storage, recon-
tamination occurs each time water is withdrawn
from the container using a hand held tumbler. The
decline may also be due to adsorption of bacteria on
the sides of an undisturbed container, although this
was not tested in the laboratory.
Although policies and procedures for provision

and treatment of water supplies have been estab-
lished in most countries, these are not always
followed, leaving communities at risk from water
borne disease. The WHO has highlighted the global
impact of unsafe water, emphasizing that diarrhoea
could be reduced by 35% if basic water, sanitation
and hygiene needs were met (Younes and Bartram,
2001). The water storage and treatment facilities
developed for Vellore townmeet with governmental
norms, but our results indicate water provided to
residents is grossly contaminated, likely due to a lack
of chlorination. The restriction on regular supply
may lead to growth of microorganisms within the
piped water system during the phase where water is
not flowing, since contamination appears to be
higher in areas further away from the source of
supply. With the increase in incidence of water
related diseases even in developed countries with
water supplies deemed safe, the implementation of
locally appropriate and culturally acceptable point-
of-use disinfection and safe hygienic household
storage practices in developing countries as have
been established in other parts of the world (McGui-
gan et al., 1999;Quick et al., 1999) is an urgent need
to ensure a safe, reliable year-round supply.
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