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Abstract: In communities where people lack on-demand, safely managed drinking water, stored
household water often becomes contaminated by fecal bacteria, regardless of the source-water quality.
The objectives of this paper are to assess and control bacterial contamination in stored household water
in Toamasina, a rapidly urbanizing city in eastern coastal Madagascar. We collected samples of source
water and stored household water from 10 representative households that use different water sources
and different storage strategies, and we analyzed the samples for several fecal indicator bacteria.
We also tested three methods that residents of Toamasina could realistically employ for cleaning
their household water storage vessels, assessing the effect of the cleaning methods on measured
bacterial levels in the water. Consistent with the previous literature, we found that concentrations
of total coliforms in stored household water were significantly higher than in the corresponding
source water (p < 0.05). In 100% of households that stored their water in 20 L polyethylene jerrycans
(n = 4), biofilms on the walls of the jerrycan harbored total coliforms and Enterococcus. The use of a
closed storage container was, on its own, not found to provide a meaningful protective effect against
bacterial regrowth; to be protective, closed storage containers must be combined with high-quality
source water and/or with adequate cleaning to prevent biofilm formation. A dilute solution of
sodium hypochlorite, known locally as Sûr’Eau or Manadio Rano, was both the most effective and
the least expensive method for cleaning household water storage containers. We conclude that
regular and effective cleaning of storage containers is an essential component of safe water storage.
Because household storage of collected water is common in many low- and middle-income countries,
these results are important towards the worldwide achievement of the United Nations’ Sustainable
Development Goal 6.

Keywords: drinking water; household water storage; regrowth; recontamination; biofilms; Sûr’Eau

1. Introduction

In low- and middle-income countries (LMICs), safely managed water is often not
available to households on demand. Thus, in many LMICs, people rely heavily on self-
supply strategies to meet household water needs [1–3], including the need for drinking
water. Gathered water might or might not be treated to improve quality [4] and is often
stored in the household in a bucket, jerrycan, or other container [5–8].

Unfortunately, the biological quality of gathered water often deteriorates during transport
from the collection point to the household and/or during storage in the home [9–13]. This
deterioration can be due to “regrowth” (bacteria present in the water at the time of collection
grow from initially low levels over time), “recontamination” (water free from measurable
levels of fecal indicator bacteria at the time of collection becomes contaminated during
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handling, perhaps from contact with contaminated hands, utensils, or the container), or both.
It is not always clear which mechanism, regrowth or recontamination, is responsible for an
observed degradation of water quality.

The severity of bacterial regrowth and/or recontamination in stored household water
has been observed to depend on many different factors. These include the source of the
water [14], the material of which the storage container is made [15,16], the shape or structure
of the storage container [17], the use of unwashed hands or utensils to access water from
the storage container [18,19], the presence of biofilms on the walls of the container [20], and
the duration of the storage period [21,22]. However, not all these factors are necessarily
important in all contexts, and there may be interplay between these factors.

Generally speaking, the physical design of the storage container is believed to be a
particularly important factor in preventing or promoting recontamination during house-
hold storage. Of particular interest is whether the storage container is open (e.g., an
uncovered bucket) or closed (e.g., a screw-cap jerrycan or a bucket with a lid and spigot).
Mintz et al. [5] proposed that containers with narrow necks, tight lids, and a spigot improve
the quality of stored water compared to uncovered wide-mouthed containers. Subsequently,
Roberts et al. [17] found that improved buckets with a lid and spigot resulted in better than
a 50% reduction in fecal coliforms compared to unimproved buckets, and Jensen et al. [23]
observed that the use of narrow-necked storage pitchers led to a significant reduction in
Escherichia coli contamination compared to the use of wide-necked pitchers. Based on find-
ings such as these, the U.S. Centers for Disease Control (CDC) have recommended storage
of water in “containers with a narrow mouth, lid, and a spigot to prevent recontamination”
as part of their Safe Water System [24], and they presently advocate for containers that
have “a single small (5–8 cm) opening that has a cover or can be closed tightly” and “a
narrow neck or opening so water can be poured out without hands or objects entering the
container” [25] (cf. [5]). Similarly, the World Health Organization (WHO) has recommended
that household storage containers should include “a secure, tight-fitting lid” to protect
against recontamination [9]. However, a handful of studies have observed that the quality
of stored water did not significantly depend upon whether the container was covered or un-
covered, nor upon whether the container was wide-necked or narrow-necked [8,11,14,26].
Thus, although it is generally espoused and widely accepted that “water is safer from
contamination in containers with a small opening than in those with a wide opening” [6],
it may be that such wisdom holds only under certain circumstances, in which case these
circumstances require further elucidation.

Another factor implicated in bacterial recontamination is the presence of biofilms on
the interior walls of the storage container. Biofilms can form on household water storage
containers made of polyethylene, polyvinyl chloride (PVC), steel, or clay [15,18,20]. These
biofilms typically harbor coliform bacteria and can also harbor a variety of other fecal
indicator bacteria [15,20,22]. There is ample evidence that even if water is of acceptable
quality upon collection, the presence of biofilms in the collection containers or storage
containers—i.e., the use of “dirty” containers—can lead to bacterial recontamination [27,28],
presumably by bacteria sloughing off from the biofilm and entering the water. Formation
of biofilms can be rapid [29,30] and can be promoted by repeated use of the same contain-
ers [31], which is problematic because many people who practice household water storage
do not have the financial resources to frequently change their collection or storage contain-
ers. Biofilm formation and bacterial recontamination can be partially mitigated by treating
either the water or the container prior to collection and storage [29,32,33], but once biofilms
are formed, they usually cannot be removed by simple rinsing of the container [18,34].
What is not yet clear is the degree of frequency or ubiquity of biofilm formation on storage
vessels in communities where household storage is common.

Because the use of “dirty” containers can be a significant contributor to bacterial
recontamination, it is important that people are regularly able to clean their collection and
storage containers [22,29]. Meierhofer et al. [32], Steele et al. [35], and Gärtner et al. [36]
have reported that cleaning of water storage containers with chlorine solution mitigates
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recontamination; furthermore, they found that the chlorination of gathered water at the
point of distribution protects water quality at the point of consumption. However, many
people in LMICs do not have easy access to chlorine-based cleaning agents, or cannot afford
the cost of such cleaning agents, or have not accepted the use of such agents as part of their
local culture. String et al. [30,34] tested cleaning methods that are likely to be affordable
and locally available to most people, but those tests were performed on containers that
had been artificially contaminated in the laboratory, not on biofilms that had grown under
true storage conditions. Therefore, a need remains to assess the performance of affordable,
locally available, culturally acceptable cleaning methods when applied to water storage
containers under true field conditions. This need is particularly acute for narrow-necked
storage vessels such as jerrycans; it is difficult to access the interior surfaces that harbor
biofilms [28] and immersing the jerrycans for soaking is impractical [34].

The overall objective of this paper is to assess and control bacterial regrowth and re-
contamination in stored household water in Toamasina, a rapidly urbanizing city in eastern
coastal Madagascar. Many people throughout Toamasina store water in their homes, either
in buckets or in 20 L screw-cap polyethylene jerrycans, after gathering the water from a
self-supply groundwater pump or from a public water tap. Additional details about the
study site are provided subsequently in this paper. The specific objectives of this paper
are (1) to quantify the frequency and severity of bacterial regrowth/recontamination in
household water in Toamasina, (2) to determine if bacterial regrowth/recontamination is
correlated with the type of water source and/or with the type of household storage con-
tainer, (3) to test the hypothesis that biofilms on the walls of the jerrycans are a ubiquitous
source of bacterial recontamination, and (4) to test the efficacy of locally available cleaning
methods to mitigate the bacterial recontamination caused by jerrycan biofilms.

These objectives respond to important research needs: determining the conditions
under which regrowth/recontamination depends on the type of the storage vessel; deter-
mining the prevalence or ubiquity of biofilms as a source of recontamination; and finding
an affordable, effective, locally available method for cleaning storage containers. For Toa-
masina, these needs are particularly acute in light of a recent report [37] that found drinking
water to be an important route of exposure to fecal bacteria for children in southeastern
Madagascar. Also, the quantification of bacterial contamination in water in Toamasina is
important because such quantification is relatively rare in Madagascar, perhaps because
of challenges associated with the scarcity of laboratory facilities capable of performing
such analysis, lack of availability of necessary equipment and chemical reagents, and high
costs of reagents when they are available; these are issues that frequently hinder microbio-
logical research in many parts of sub-Saharan Africa [38,39]. Finally, although the work
described herein was performed in only one community, the water collection and storage
practices in Toamasina are similar to those reported from many LMICs worldwide [40]. The
ability to understand and mitigate bacterial regrowth and recontamination in Toamasina
will therefore help to prevent such contamination—and its accompanying gastrointestinal
illnesses—in thousands or perhaps millions of households worldwide.

2. Materials and Methods
2.1. Study Area, Context, and Households Sampled

Toamasina (also known as Tamatave in French) is Madagascar’s second-largest city,
with over 300,000 people. Over the past decade, Toamasina has experienced rapid urbaniza-
tion, which has been accompanied by a rise in peri-urban settlements that are typically not
serviced by safely managed water available on residential premises. The national electric
and water utility of Madagascar is Jiro Sy Rano Malagasy (JIRAMA), which provides
piped treated water throughout the country [41]. However, only 64% of urban dwellers in
Madagascar have access to a piped water source on their premises [42], and the percentage
is likely much lower in peri-urban areas of Toamasina. Therefore, many households in
Toamasina collect water from communal JIRAMA taps and/or from paompy tany (hand
pumps that access shallow groundwater) that are not located on their premises. In these
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cases, most people use 20 L polyethylene jerrycans for collecting water and transporting it
to their homes. In the home, water is either stored in the jerrycan until usage or transferred
to a separate household storage vessel such as an open bucket.

In recognition of such factors, a national initiative called Diorano WASH was launched
in Madagascar in 2002. Diorano WASH was an IEC/BCC (information, education, and com-
munication/behavioral change communication) campaign that aimed to “reduce poverty
by addressing the issues of water supply, sanitation, and hygiene” [43,44]. One of the
key target areas of this campaign was safeguarding the water supply between the source
and point of use. Diorano WASH provided some guidance regarding household water
storage practices, but messaging was focused more strongly on promoting point-of-use
water treatment through boiling, chlorination, or solar disinfection [43]. Furthermore,
the guidance provided on household water storage did not emphasize the importance
of regular cleaning of water collection and storage containers. In practice, water stor-
age vessels in Toamasina are typically used over and over without cleaning or mainte-
nance, and users are generally not aware of the risk of developing biofilms on the vessels
over time.

For this project, our team generated a list of possible households for water sampling
based on our knowledge of the community. From this list, 10 households were selected
based on their water source, type of storage container, and availability and willingness to
participate in this study. Household participation was voluntary. Of the ten households
selected, five principally used paompy tany as a water source and five principally used
JIRAMA tap water. Also, half of the households used a closed container (jerrycan or bottle)
for water storage and the other half used an open bucket. Additional information about
the participating households is provided by Judah [45].

2.2. Collection of Water Samples

Water samples were collected from the 10 households in 207 mL sterile Whirl-Pak®

bags (Nasco Sampling, Pleasant Prairie, WI, USA) containing sodium thiosulfate to neu-
tralize any residual chlorine [46,47]. Two sampling campaigns were conducted over a
two-week period in late June and early July, 2022. During each campaign, 1 L was collected
from each household’s water storage container (jerrycan, bottle, or bucket) and 1 L was
collected from each household’s associated water source (JIRAMA tap or paompy tany).
The age of the water samples from the households (i.e., the extent of time that the water had
been stored in the household after collection from the source) is not known, but because
most families collect water at least once per week, it can be estimated that the stored water
was sampled within one week of collection. JIRAMA taps and paompy tany spigots were
disinfected with alcohol-soaked cotton before collecting source water. For closed household
storage containers, the caps were disinfected with alcohol before being removed to collect
water, and container water was poured directly into Whirl-Pak® bags. For open household
storage buckets, the water was poured directly into Whirl-Pak® bags. Following collection,
samples were immediately taken in a cooler with ice to the Ranontsika laboratory for
analysis and were analyzed immediately upon arrival at the laboratory.

2.3. Quantifying Bacterial Concentrations in Water

Samples expected to have high bacterial concentrations (paompy tany samples or
samples from visibly dirty storage containers) were diluted with distilled water by a factor
of 10, 100, or 1000 prior to analysis. Water was distilled via the Stuart W4000/120V Merit
Water Still (Cole-Parmer Ltd., Staffordshire, UK) and was verified to be sterile. Distilled
water was used for dilution because phosphate-buffered saline solution was unavailable,
and we wanted to ensure that a sterile water source was used for dilution.

Water samples were analyzed for concentrations of five fecal indicator bacteria: total
coliforms, Escherichia coli, Enterococcus, Pseudomonas aeruginosa, and Clostridium perfringens.
The selection of this combination of fecal indicators was based on multiple considerations.
First, each type of bacteria has strengths and weaknesses, and no single indicator is sufficient
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on its own, as reviewed elsewhere [48]. Second, over the past few decades, the use of total
coliforms has generally become less recommended than Enterococcus and/or E. coli, but
many LMICs still rely upon total coliforms and fecal coliforms as their principal indicator
organisms for monitoring water quality. E. coli exhibit many of the desired characteristics of
a fecal indicator but, importantly for our study, are more sensitive to inactivation than many
pathogenic bacteria, viruses, and protozoa. Furthermore, Kohn et al. [49] have provided
evidence that fecal coliforms and Enterococcus exhibit similar disinfection behavior as
bacterial pathogens, suggesting their use in combination with E. coli. In addition, it has
been suggested that combining the use of intestinal enterococci with E. coli will increase
the confidence in results related to the presence/absence of fecal pollution. While the
anaerobic C. perfringens will not multiply in the environments tested in this study, it is a
spore-forming bacterium and behaves in a treatment environment more like a difficult-
to-treat pathogen such as protozoa, arguing for its utility as an indicator. Because of its
anaerobic nature, C. perfringens should be used in conjunction with E. coli or fecal coliforms,
not individually. Next, water-based pathogens such as P. aeruginosa are important because
they are known to grow and thrive in engineered water systems, growing via biofilms [50].
A final consideration was selecting indicator organisms for which the Ranontsika laboratory
had developed reliable protocols for detection and quantification.

Concentrations of total coliforms and E. coli were determined via membrane filtration,
following Standard Method 9222B [51] and using Harlequin® Chromogenic Coliform Agar
(CCA; Neogen, Ayr, Scotland, UK). Adapted versions of Standard Method 9222B were used
to test samples for Enterococcus (m-Enterococcus Agar; Neogen), P. aeruginosa (Pseudomonas
Agar Base; Neogen), and C. perfringens (Perfringens Agar Base; Neogen). All samples were
filtered through 0.45 µm microdisc membrane filters (Membrane Solutions), which were
then placed in Petri dishes filled with the corresponding agar. Petri dishes were incubated
for 24 h at 36 ◦C for coliforms and C. perfringens, and for 48 h at 35 ◦C for Enterococcus
and P. aeruginosa. Also, Petri dishes with C. perfringens were placed in a container with
a 2.5 L AnaeroGen™ pack (Thermo Scientific, Waltham, MA, USA) to provide anaerobic
conditions during incubation. Membrane filtration for P. aeruginosa was performed with
250 mL samples, instead of the 100 mL samples used for the other fecal indicators. One
Petri dish (or “plate”) was prepared for each water sample collected.

After incubation, all filters were counted visually for colony forming units (CFU) to
calculate the bacterial concentration in the water sample (CFU per 100 mL). In CCA dishes,
E. coli were distinguished from total coliforms by color. E. coli colonies were dark blue
or violet and other coliform colonies were pink or red. Additionally, E. coli colonies were
confirmed following the American Society for Microbiology’s indole spot test [52] with
indole spot reagent (Hardy Diagnostics, Santa Maria, CA, USA). Colonies of the other
fecal indicators were confirmed via the American Society for Microbiology’s gram stain
procedures [53]. In samples that had been diluted, the CFU counts were multiplied by their
corresponding dilution factor to calculate the original bacterial concentration in the water.

All analyses were performed in the Ranontsika laboratory in Toamasina and did not
require shipment of samples to external laboratories; this is important from the standpoint
of building research capacity within Madagascar [38,54].

2.4. Measuring Biofilms on Interior Surfaces of Jerrycans

Following the two-week period described above, the four households that used jer-
rycans for household water storage voluntarily surrendered their jerrycans to our team
for further analysis. New jerrycans were provided to these four households in exchange
for their surrendered jerrycans. The four collected jerrycans were tested for the presence
of biofilms on the interior, following an adapted sterilized swirl protocol [8,17], described
as follows. Containers were poured out to remove any remaining household water, then
rinsed with 1 L of distilled water to remove any bacteria not associated with the biofilms.
The rinse water was then poured out and an additional 2 L of distilled water was intro-
duced to the jerrycan. Distilled water was confirmed to be free of any fecal indicators via
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membrane filtration. Each jerrycan was vigorously shaken by hand for 15 s in an up/down
direction, 15 s in a left/right direction, and 15 s in a front/back direction. Effluent was
then emptied into sterilized containers, diluted if necessary, and tested for Enterococcus,
total coliforms, E. coli, P. aeruginosa, and C. perfringens via membrane filtration, as described
above. Any fecal indicators detected were attributed to the jerrycans’ internal biofilms.

2.5. Measuring Efficacy of Jerrycan Cleaning Methods

In addition to the four jerrycans tested from the initial 10 households, eight more
were collected by our team from other households in the community, for a total of twelve
jerrycans used to test potential cleaning methods. The eight additional jerrycans were
collected from randomly selected households willing to surrender their jerrycan in exchange
for a new one. The twelve jerrycans were divided into four groups corresponding to four
candidate cleaning methods. The four candidate cleaning methods were soapy water,
baking soda and vinegar, Manadio Rano (a dilute solution of sodium hypochlorite that is
available in stores and markets in Toamasina, also sometimes known as Sûr’Eau), and a
control group with no cleaning method employed. Details of the cleaning protocols are
provided by Judah [45]. Each of the four groups contained three jerrycans of differing
apparent levels of biofilm growth, based on visual inspection, as described by Judah [45].

Prior to cleaning, each jerrycan was rinsed with 1 L of distilled water, poured out,
refilled with 2 L of distilled water, and then shaken vigorously for 15 s in each direction
(up/down, left/right, and front/back). Effluent was then collected and tested for fecal
indicators (as described above) to determine a pre-cleaning baseline bacterial concentration
for each indicator in each jerrycan. Next, each jerrycan was cleaned with its assigned
cleaning agent (soapy water, Manadio Rano, or baking soda and vinegar). No cleaning
method was performed on the control group. Following cleaning, the jerrycans were
rinsed with distilled water to remove any remaining cleaning agents (1 L rinse for the
baking soda/vinegar group, 1 L for the Manadio Rano group, 5 L for the soapy water
group). Following rinsing, each jerrycan was filled with 2 L of distilled water and shaken
vigorously for 15 s in each direction. Effluent was collected and tested for fecal indicators, as
described above. This provided a post-cleaning bacterial concentration for each indicator in
each jerrycan.

Efficacy of cleaning is quantified by percent reduction in the measured bacterial
concentrations:

% reduction =
(CFU/100 mL)pre-clean − (CFU/100 mL)post-clean

(CFU/100 mL)pre-clean
× 100%, (1)

and a negative value of percent reduction indicates that the measured bacterial concentra-
tion was higher after cleaning than it was before cleaning.

2.6. Statistical Tests

For the analysis of collected data, we used four types of statistical tests: (1) χ2 tests to
compare observed frequencies of regrowth/recontamination with expected or hypothetical
frequencies, (2) Kolmogorov–Smirnov tests to determine if groups of collected data were
normally distributed, (3) t tests to compare arithmetic means of groups of normally dis-
tributed data, and (4) Mann–Whitney U tests (equivalent to Wilcoxon rank sum tests) to
compare distributions of data that were not normally distributed. Unless stated otherwise,
a significance level of α = 0.05 was used as a threshold to determine statistical significance.
Kolmogorov–Smirnov tests and Mann–Whitney U tests were performed in MATLAB® (ver-
sion R2024a) using the kstest and ranksum functions, respectively; χ2 tests and t tests were
performed in Microsoft Excel (Version 2404, Build 16.0.17531.20152) using the CHISQ.TEST
and T.TEST functions, respectively.
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3. Results
3.1. Frequency of Bacterial Regrowth/Recontamination in Household Water

Some degree of regrowth or recontamination was observed in all the households
sampled in this study. In total, 10 households and their associated source waters were
each sampled twice; in 19 of the 20 overall sample pairs, the concentration of at least one
bacterial indicator was observed to be higher in the household water than in the source
water. Thus, in a general sense, bacterial regrowth or recontamination in household water
was observed to occur frequently in Toamasina, consistent with many other communities
in LMICs where water is gathered and stored in the household [10–12,55].

The frequency of regrowth/recontamination differed somewhat from one fecal indicator
to another, as shown in Figure 1. For all five indicators, an increase in bacterial concentration
between collection and storage (i.e., regrowth or recontamination) was more frequent than a de-
crease in concentration. In this sense, we reiterate the finding that regrowth/recontamination
of household water in Toamasina is a prevalent occurrence. However, only for Enterococcus
(15 occurrences) and total coliforms (18 occurrences) is regrowth/recontamination more likely
to occur than not (χ2 test to determine if there is a statistically significant difference between
the observed frequency of regrowth/recontamination and a hypothetical frequency of 50%;
p = 0.03 and 0.0003, respectively).
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Figure 1. Frequency at which measured bacterial concentration increased, decreased, or stayed the
same between water source and household storage. A total of 10 households and their corresponding
water sources were each sampled twice, for a total of 20 pairs of concentrations (i.e., 20 overall
sampling occasions). For each of the 20 sample pairs, bacterial concentration was considered to
increase if the measured level of the indicator was higher in the household water than in the source
water by at least 1 CFU/(100 mL) and was considered to decrease if the measured level of the indicator
was lower in the household water than in the source water by at least 1 CFU/(100 mL).

It is not surprising that the different fecal indicators exhibited different frequencies
of regrowth/recontamination: Jagals et al. [20] also observed that the extent of recontam-
ination differed between E. coli, C. perfringens, and total coliforms; Meierhofer et al. [28]
observed differences in the growth of E. coli and total coliforms. An interesting question is
why the different indicators behave differently. It is reasonable to expect that some of the
indicators survive and grow better than others in the environment under consideration, i.e.,
in household water containers at ambient temperature; differences in growth and survival
could be related to temperature [56] or to the composition of assimilable organic carbon in
the water [57], for example. However, here, we hypothesize that the different frequency and
severity of bacterial regrowth/recontamination is due mainly to the presence or absence
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of the bacteria in biofilms on the interior surfaces of the water storage containers cf. [20].
Evidence supporting this hypothesis will be presented subsequently.

The relatively infrequent occurrence of E. coli regrowth/recontamination (Figure 1)
is interesting in light of a recent study in southeastern Madagascar [37] that found more
than 60% of drinking water samples were contaminated by E. coli at relatively high con-
centrations. The difference between our results and those of the previous study could be
caused by a difference in context: the regions of Madagascar studied by Poulin et al. [37] are
predominantly rural and agricultural, whereas Toamasina is urban and peri-urban. Water
sources in the rural southeast are more likely to be impacted by animal feces [37]. Also, in
the present study, for many of the samples from both source water and household water,
E. coli were not detected, resulting in an apparent situation of “bacterial concentration
stayed the same” in Figure 1 (i.e., the source water and the household water both appeared
to be 0 CFU/(100 mL)). However, the non-detection of E. coli could possibly be a “false neg-
ative” result caused by a high dilution factor. This is because E. coli and total coliforms are
quantified from the same water sample on the same Petri dish (see Section 2.3), and the wa-
ter sample often must be diluted by a factor of 10, 100, or 1000 to yield a reliable estimate of
the total coliform concentration. Therefore, in Figure 1, the estimate of 14 incidents of “bac-
terial concentration stayed the same” for E. coli might be an overestimate, and it is possible
that household water in Toamasina is more susceptible to E. coli regrowth/recontamination
than is suggested by Figure 1. Finally, it is possible that the underlying mechanism of
water-quality deterioration (regrowth or recontamination, as defined previously) could
differ between the two study sites.

3.2. Severity of Bacterial Regrowth/Recontamination in Household Water

If, instead of examining frequency, we examine the actual bacterial concentrations
in source water and in household water (i.e., the severity of regrowth/recontamination),
similar findings emerge. Figure 2 shows the distributions of measured concentrations for
the two most common indicators, Enterococcus and total coliforms, in both source water and
stored household water. In Figure 2, the central mark of each distribution is the median
measured concentration, and the edges of the box are the 25th and 75th percentiles of the
measured concentrations.
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From Figure 2, it can be clearly seen that the bacterial concentrations increased between
the water source and the household for both Enterococcus and total coliforms. Similar results
were also observed for the other three indicators [45]. Based on a Mann–Whitney U test,
the observed differences in bacterial concentrations were statistically significant for total
coliforms (p = 0.0009), for Enterococcus (p = 0.011), and for C. perfringens (p = 0.0018). This
finding is generally consistent with the results for frequency of regrowth/recontamination
(Figure 1 and Section 3.1).

3.3. Correlation of Regrowth/Recontamination with Type of Water Source

People in Toamasina who store water in their homes gather that water from a variety
of sources. Two of the most common sources of gathered water are self-supply groundwater
pumps, known locally as paompy tany [58], and public or semi-private taps managed by
JIRAMA, the national utility service. Of the ten households monitored in this study, five
households used paompy tany as their water source, four households used JIRAMA taps as
their water source, and one household used both (paompy tany during the first sampling
campaign and JIRAMA during the second sampling campaign). We wanted to know if the
frequency or severity of bacterial regrowth/recontamination is correlated with the source
of the household water (paompy tany or JIRAMA).

The biological quality of JIRAMA tap water is typically superior to that of paompy
tany water at the respective collection points. Paompy tany access shallow groundwater
that is potentially impacted by a variety of sources of contamination [58], including
latrines, which are used commonly in Toamasina for the disposal of human excrement.
Also, the shallow groundwater accessed by paompy tany has not undergone any treat-
ment prior to its collection. In contrast, water from JIRAMA taps has usually undergone
some form of treatment and often contains a measurable concentration of chlorine
residual to protect against biological contamination (measurable free-chlorine resid-
ual in seven of the nine JIRAMA water samples collected, ranging from 0.02 mg/L to
0.17 mg/L; see Judah [45]). In paompy tany samples collected in this study, the 75th
percentile for measured Enterococcus concentrations was 87 CFU/(100 mL) and the 75th
percentile for measured total coliform concentrations was 4300 CFU/(100 mL). However,
in JIRAMA samples, the 75th percentiles for the concentrations of these indicators were
only 2 CFU/(100 mL) and 4 CFU/(100 mL), respectively.

Because of the difference in source-water quality, one might expect household water
collected from paompy tany to experience worse deterioration than water collected from
JIRAMA taps cf. [59]. However, that would likely only be the case if bacterial regrowth
(rather than recontamination) is the dominant cause of water-quality deterioration after
collection. If recontamination from contaminated hands, utensils, or containers is the
principal driver of water-quality deterioration, then the quality of the original source water
would be of less importance.

It can be seen from Figure 3 that the frequency of regrowth/recontamination does
not differ greatly based on the water source. For E. coli and Enterococcus, we can conclude
with 90% confidence (but not with 95% confidence) that regrowth/recontamination is more
frequent when a paompy tany is the source of the water than when a JIRAMA tap is the
source of the water (χ2 test; p = 0.095 and 0.069, respectively). Furthermore, when we
compare the measured increase in bacterial concentrations (i.e., the concentration in the
household water minus the concentration in the source water), only for Enterococcus is there
a significant difference between households using paompy tany and households using
JIRAMA taps (Mann–Whitney U test, comparing increases in JIRAMA-sourced water to
increases in paompy tany-sourced water; p = 0.0097).
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(paompy tany or JIRAMA tap).

Thus, although JIRAMA water is generally a higher-quality source water than shallow
groundwater from paompy tany, the frequency and severity of bacterial regrowth/recontam-
ination are approximately the same for both water sources. This suggests that recontami-
nation, rather than regrowth, might be the dominant driver of water-quality degradation
in household water. We still recommend that people in Toamasina should select JIRAMA
water over paompy tany water if both are equally available; in this study, stored household
water sourced from JIRAMA taps had significantly lower levels of Enterococcus and total
coliforms than did stored household water sourced from paompy tany (Mann–Whitney U
test; p = 0.015 and p = 0.0067, respectively). However, the selection of the water source, on
its own, does not prevent bacterial regrowth or recontamination of the collected water.

3.4. Correlation of Regrowth/Recontamination with Type of Storage Vessel

As summarized previously in this paper, conventional wisdom holds that closed
containers with a narrow mouth are more protective of water quality than open containers
such as buckets [5,6]. However, some studies have failed to find a correlation between water
quality and the physical shape of the storage container [8,11,14,26]. We therefore wanted to
know if the frequency or severity of bacterial regrowth/recontamination in Toamasina is
correlated with the type of household storage vessel (open or closed container). Of the ten
households monitored in this study, five households stored their water in closed bottles or
jerrycans and five stored their water in open containers (most commonly a bucket).

It can be seen from Figure 4 that regrowth/recontamination by all five fecal indi-
cators is more frequent in open containers than in closed containers. For E. coli and for
P. aeruginosa, but not for the other three indicators, the effect is statistically significant at
a 95% confidence level (χ2 test; p = 0.0034 and 0.025, respectively). Similar results arise if
we consider the severity of recontamination. When we compare the measured increase in
bacterial concentrations (i.e., concentration in the household water minus the concentration
in the source water), there is a significant difference between households using open con-
tainers and households using closed containers for both E. coli (p = 0.006) and P. aeruginosa
(p = 0.025; Mann–Whitney U test comparing increases in open container-stored water to
increases in closed container-stored water).
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Figure 4. Frequency of bacterial recontamination as a function of the type of household storage
container (open or closed).

Interestingly, and importantly, the type of storage vessel does not have a significant
effect on the frequency or severity of recontamination by Enterococcus or by total coliforms,
the two indicators that most frequently exhibit recontamination in Toamasina households.
In fact, the average (mean) increase in both Enterococcus and total coliforms was higher
in households using closed storage containers than in households using open storage
containers (Table 1), although the effect was not found to be significant with 95% confidence.

Table 1. Average (mean) increase in bacterial concentrations in households using open and closed
storage vessels. An asterisk indicates that the difference between open and closed vessels was found
to be statistically significant with 95% confidence (Mann–Whitney U test).

Average Increase in Bacterial Concentration
in Households Using Open Storage Vessels

(n = 10)

Average Increase in Bacterial Concentration
in Households Using Closed Storage Vessels

(n = 10)

Total coliforms 7500 CFU/(100 mL) 16,000 CFU/(100 mL)
Enterococcus 280 CFU/(100 mL) 2300 CFU/(100 mL)
C. perfringens 2 CFU/(100 mL) 2 CFU/(100 mL)

E. coli * 270 CFU/(100 mL) 0 CFU/(100 mL)
P. aeruginosa * 2 CFU/(100 mL) –1 CFU/(100 mL)

We therefore conclude that the use of closed storage containers does not, on its own,
ensure protection against bacterial regrowth/recontamination. Closed containers do appear
to offer protection against E. coli and P. aeruginosa, suggesting that perhaps these bacteria
are introduced into the water by external sources such as animals or contaminated utensils.
However, closed containers do not offer significant protection against Enterococcus, total
coliforms, or C. perfringens. This might indicate that the presence of these bacteria in
household water is caused by regrowth of the bacteria if they were present in the original
source water, or that the household storage container itself is an important source of these
bacteria, a hypothesis that will be investigated subsequently. However, these findings
do not necessarily mean that closed storage containers might not be part of an overall
strategy for safe water storage cf. [24,25]. In the sections that follow, we explore what other
factors might be important and/or necessary towards an overall strategy of safe household
water storage.
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3.5. Combined Effects of Water Source and Storage Vessel

In the preceding sections, we found that neither the selection of the water source
nor the use of a closed storage vessel is, on its own, sufficient to protect against bacterial
regrowth/recontamination. It is also worth considering if there is any synergy between
these two factors.

Three of the ten households considered in this study used both JIRAMA source
water and a closed storage vessel [45]. These three households exhibited significantly less
recontamination by total coliforms (p = 0.0034) and Enterococcus (p = 0.0083) than the other
seven households (Mann–Whitney U test). This result is shown graphically in Figure 5
for total coliforms. For the other three indicators besides total coliforms and Enterococcus,
recontamination was also less severe in the three households using JIRAMA water and
closed vessels than in the other seven households. However, for those three indicators,
the effect was not found to be significant with 95% confidence (Mann–Whitney U test,
α = 0.05).
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Figure 5. Measured distributions of concentrations of total coliforms in source water and in household
storage containers; (A) distributions for the three households that used JIRAMA source water and
stored the water in a closed storage vessel (n = 6); (B) distributions for the other seven households
(n = 14). For each distribution, the central mark is the median measured concentration, and the edges
of the box are the 25th and 75th percentiles. Whiskers extend to the furthest measured concentration
that lies within 1.5 times the interquartile range from the edge of the box. Note that the concentration
scales of the two panels differ by a factor of 10. Also, note that the right-hand panel of Figure 2,
which shows the distributions of concentrations of total coliforms for all 10 households (n = 20), is an
amalgamation of the two panels of Figure 5.

These findings are in general agreement with the recommendations of the CDC [24,25]
that safe water storage should include treatment of water with disinfectant followed by
storage in a closed vessel. Furthermore, this might represent important information for
the community in Toamasina: using JIRAMA water as a source and storing it in closed
containers appears to be correlated with a significant improvement in quality of household
water (and, presumably, a concomitant decrease in gastrointestinal disorders). The sample
size here is small (n = 6), so even though the effect was found to be significant with 95%
confidence, we still consider the finding tentative until a larger data set can corroborate the
result. We also tentatively hypothesize that the observed relationship is causal (not merely
correlated), i.e., that the improvement in water quality is a result of the combination of
JIRAMA water and closed storage vessels.
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Unfortunately, many people in Toamasina might not have ready access to a JIRAMA
tap and might therefore be forced to rely on water from paompy tany or other lower-quality
sources. It is therefore important to consider what other options might be available for
members of the community to protect and/or improve the quality of their stored household
water. Such options are considered subsequently.

3.6. Are Biofilms on Vessel Walls a Source of Recontamination?

Some previous studies have implicated biofilms on the walls of storage containers
as a source of fecal bacteria into the stored water [8,15,18,20,22]. However, it is not yet
clear how ubiquitous this phenomenon is. We therefore wanted to determine if biofilms on
container walls are prevalent in Toamasina. We collected 20 L jerrycans that had been used
for storage by four of the ten households in this study and tested for the presence of fecal
indicator bacteria in biofilms on the walls of those four jerrycans. Of the four households
that provided us with their jerrycans for testing, two used JIRAMA and two used paompy
tany as their water source.

All four jerrycans tested positive for the presence of Enterococcus and total coliforms,
three of four tested positive for the presence of C. perfringens, and one of four tested
positive for the presence of E. coli (Table 2). These results are consistent with those of
Jagals et al. [20], who found that biofilms in PVC storage containers harbored total coliforms
and C. perfringens but not E. coli. Although the sample size is small, it seems that biofilm for-
mation on the walls of the storage vessels is ubiquitous, and that these biofilms consistently
harbor at least two of the fecal indicator bacteria. The fecal indicator bacteria were present
in all jerrycans regardless of the source of the water (JIRAMA or paompy tany) stored
in them.

Table 2. Presence of fecal indicator bacteria in biofilms on the interior surfaces of jerrycans collected
from four households.

Fecal Indicator
Number of Jerrycans with Fecal Indicator Present on

Internal Jerrycan Walls
(Out of 4 Jerrycans Tested)

Total coliforms 4
Enterococcus 4
C. perfringens 3

E. coli 1
P. aeruginosa 0

These results help us to understand and interpret some of the findings discussed
previously in this paper. For instance, we can see that the frequency of regrowth or
recontamination of the five different indicator bacteria (Figure 1) is consistent with the
frequency of finding those bacteria in jerrycan biofilms (Table 2). The bacteria found most
commonly in biofilms (Enterococcus and total coliforms) are the ones that most frequently
exhibit regrowth/recontamination (Figures 1 and 2); the bacteria that we rarely found in
biofilms (E. coli and P. aeruginosa) seldom exhibit regrowth/recontamination (Figure 1).
This suggests that the phenomenon of bacterial regrowth/recontamination is driven largely
by the presence of the biofilms in the storage vessels rather than by the presence of the
bacteria in the source water or by the introduction of the bacteria from a dirty ladle or dirty
hand cf. [20].

We can also now see why the use of a closed storage container is protective against
E. coli and P. aeruginosa, but not against the other three indicators (Figure 4, Table 1). E. coli
and P. aeruginosa are generally not present in the jerrycan biofilms, and a closed container
can help to guard against their introduction by external sources (e.g., dirty utensils), thereby
effectively preventing their regrowth or recontamination in the closed containers. However,
Enterococcus, C. perfringens, and total coliforms are already present in the jerrycan biofilms,
so keeping the jerrycan closed does not eliminate their presence and therefore does not
prevent regrowth/recontamination.
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One finding that is not explained by the biofilms is how or why the combined use of JI-
RAMA water and a closed storage vessel is able to protect against regrowth/recontamination
of total coliforms (Figure 5) and Enterococcus. All four jerrycans tested, including the
two that had used JIRAMA water as a source, harbored total coliforms and Entero-coccus in
their biofilms. Why, then, do the closed vessels using JIRAMA water exhibit significantly
reduced regrowth and recontamination of these organisms? One possibility is that the
presence of a low concentration of residual chlorine in the JIRAMA source water [45]
suppresses the regrowth of bacteria that are harbored in the biofilms, but that the chlorine
residual does not persist in open buckets; that would explain why a protective effect is
observed only in households using both JIRAMA water and a closed container. Another
possibility is that paompy tany water, which is impacted by a variety of stressors, contains
higher concentrations of assimilable organic carbon that is needed to promote the growth of
the bacteria harbored in the biofilms. However, in that case, we might expect to see a more
significant impact of the source water than that which was actually observed (Figure 3).
The specific mechanism of the observed protective effect is therefore only hypothesized at
this point.

3.7. Efficacy of Locally Available Cleaning Methods

From the preceding analysis, it is clear that the presence of biofilms on the walls
of the storage container plays an important role in bacterial recontamination of stored
household water, especially recontamination by Enterococcus and total coliforms. We
therefore wanted to determine if there are realistic strategies by which people can clean the
jerrycans and thereby partially or completely remove the biofilms. It has been noted by
previous researchers [23,28,30] that it is challenging to clean narrow-necked vessels such
as jerrycans because the shape of the vessel prevents accessing all internal surfaces via
insertion of an arm or tool. We therefore tested three potential cleaning methods based on
the use of affordable and locally available cleaning solutions that do not require scrubbing of
internal surfaces. Also, we tested chemical cleaning methods rather than abrasive cleaning
methods because there is some evidence that increased container roughness caused by
abrasion of the interior surfaces can lead to more rapid biofilm regrowth in the future [30].

The efficacy of the cleaning methods is shown in Figure 6. All three cleaning methods
provided some reduction in the average measured concentrations of Enterococcus and total
coliforms, i.e., all three cleaning methods provided some benefit. Cleaning with Manadio
Rano (dilute hypochlorite) provided significantly better reduction in total coliforms than
rinsing with water alone (two-tailed t test, p = 0.031). Also, we can be 90% confident
(but not 95% confident) that cleaning with either Manadio Rano or soapy water provides
significantly better reduction in Enterococcus than rinsing with water alone (two-tailed t test,
p = 0.051 and 0.064, respectively).

From Figure 6, we can see that Manadio Rano is, on average, the most effective of the
three cleaning solutions tested. This result is consistent with those of Steele et al. [35] and
String et al. [30], who found that biofilm growth on jerrycans was ameliorated by cleaning
with hypochlorite solution. Importantly, Manadio Rano is also the least expensive of the
three tested cleaning methods; Judah [45] estimated that the cost of cleaning a jerrycan
with Manadio Rano is approximately USD 0.10 per cleaning. Furthermore, Manadio Rano
is easily available for purchase in many locations around Toamasina. However, we have
observed that community members rarely, if ever, employ Manadio Rano for its intended
purpose, which is the point-of-use disinfection of water on a regular basis. Despite previous
efforts in Madagascar to promote hypochlorite solutions (often marketed under the product
name Sûr’Eau) for water treatment [60–62], this practice has not been accepted or adopted
by people in Toamasina. What remains to be determined is whether people will be more
accepting of Manadio Rano as a cleaning solution to be used periodically for disinfecting
household water storage containers.
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Figure 6. Efficacy of cleaning methods for removing biofilms from internal walls of jerrycans. Removal
efficiency is calculated as the percent reduction in the measured bacterial concentration from before
cleaning to after cleaning. The heights of bars represent arithmetic averages (n = 3 jerrycans tested for
each cleaning method) and error bars represent ±1 standard deviation. A negative value of removal
efficiency indicates that the measured bacterial concentration increased (rather than decreased) after
the cleaning.

These results show that Manadio Rano is effective at treating the biofilms on the
internal walls of jerrycans, but we have not yet tested what happens when jerrycans are put
back into service following cleaning. Does the reduction of the biofilms actually reduce the
frequency or severity of bacterial recontamination of household water? Previous research
by Steele et al. [35] and String et al. [30] suggests this might be the case, but it has not yet
been determined for Toamasina.

4. Discussion
4.1. Regrowth, Recontamination, or Both?

From Figures 1–5, it is clear that the biological quality of water stored in the partic-
ipating households is, overall, worse than the quality of the original source waters. An
important question is whether the observed deterioration of water quality is due to re-
growth (bacteria present in the water at the time of collection grew from low levels to
high levels over time), recontamination (water originally free from pathogens became
contaminated during handling, perhaps from contact with contaminated hands, utensils, or
containers), or both. Identifying the mechanism responsible for water-quality deterioration
is likely to be a necessary first step in preventing that deterioration.

Although the source waters frequently contained measurable levels of the indicator
bacteria—which might suggest that the water is susceptible to regrowth—we conclude that
recontamination, not regrowth, is the dominant mechanism of water-quality degradation
in households in Toamasina. However, the main source of the recontamination differs
among the different fecal indicators. For total coliforms and Enterococcus, and possibly
for C. perfringens, the source of recontamination appears to be biofilms on the walls of the
storage containers (Table 2). This explains why the frequency of recontamination did not
depend on the source water employed (Figure 3), and why the severity of recontamination
in closed containers was just as bad as in open containers (Table 1). However, E. coli and
P. aeruginosa are not ubiquitous in jerrycan biofilms (Table 2); for these indicators, it seems
that some external source (perhaps a contaminated hand or utensil) is the main source
of recontamination. That would explain why closed containers offered greater protection
than open containers against recontamination by E. coli and P. aeruginosa (Figure 4). These
findings are consistent with those of Jagals et al. [20].
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4.2. Limitations of This Study

The preceding analysis has answered several questions that are important for pro-
tecting the safety of household water in Toamasina, and we posit that these results will
be similarly important for other communities in LMICs where people gather their water
and store it in their households. However, we recognize three important limitations of
this analysis. First, the number of samples analyzed (10 households and their associated
10 water sources, each sampled twice) is somewhat small. The relatively small sample size
is likely one reason why some of the apparent trends and patterns that we observed cannot
be considered significant with 95% confidence.

Second, the samples were collected over a relatively short two-week period, and
therefore represent a “snapshot” of the water quality in the source water and the household
storage containers. It must be recognized that the quality of the source water might change
over time (e.g., seasonally, or in response to extreme weather events), and such changes
are not captured by our analysis. Similarly, households that used JIRAMA water during
our sampling campaigns might have sometimes used paompy tany water in the past,
and vice-versa. This might have had an effect on the development of the biofilms on
the jerrycans.

Third, and finally, in our laboratory analyses, distilled water (as opposed to, say, sterile
phosphate buffer solution) was used for dilutions and for the measurement of bacterial
concentrations derived from jerrycan biofilms. The use of distilled water can potentially
lead to bacterial cell lysis from a large gradient in osmotic pressure between intra-cellular
and extra-cellular environments. If this occurred, our estimates of bacterial concentrations
would be underestimates of the true concentrations, because lysed cells would not form
colonies during the membrane filtration tests.

The small sample size, the short duration of the sampling campaigns, and the use of
distilled water were all necessary due to the practical challenges of conducting research
in a community that is not easily accessed by research teams or by suppliers of research
supplies. We contend that our results and analyses are valid and important despite these
practical limitations. The results exhibit a high degree of internal consistency, as well as
consistency with previously published studies, that might not be expected if they were
affected significantly by sample size or by the use of distilled water. For instance, the
observed frequency of bacterial recontamination by the different fecal indicators (Figure 1)
is exactly consistent with the observed presence of the indicators in the jerrycan biofilms
(Table 2). Such consistency gives us confidence that any effects caused by the sample size
or by the use of distilled water are small. In the future, we will attempt to collect additional
data to augment the data sets presented here, and we will attempt to procure additional
lab supplies to further refine the bacteriological analyses. However, in the meantime, we
believe the results and analysis presented herein are important to convey to the residents
of Toamasina, and to researchers working in similar communities throughout the world.

4.3. Implications and Recommendations for Household Storage in Toamasina

Using JIRAMA source water and storing it in closed containers is correlated with
significant improvement in bacteriological water quality (Figure 5). Thus, residents of
Toamasina might benefit from using a combination of JIRAMA water and a closed storage
container if this option is available to them. However, it must be recognized that there might
yet be important physico-chemical or organoleptic issues with the stored water that prevent
it from being recommended outright as a source of drinking water. Furthermore, using
JIRAMA water and a closed storage container might not be feasible for every resident,
as JIRAMA water is not available on many residential premises, and supply may be
intermittent. Thus, it is important that paompy tany users keep their storage vessels clean
and free of biofilms, perhaps by disinfecting with Manadio Rano, which was found to
be the most effective and least expensive (~USD 0.10 per use) cleaning option for biofilm
removal. Other options for water management that were not explored in this study include
point-of-use disinfection and/or purchase of high-quality, moderately priced, treated water
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from Ranontsika kiosks; these may be considered in future work. By improving the quality
of their stored water, Toamasina residents can presumably decrease their risk of diarrheal
diseases and the accompanying health and financial burdens associated with such illnesses.

5. Conclusions

We determined that, in Toamasina, the biological quality of gathered water deterio-
rates between the point of collection and the point of storage (i.e., the household). This
deterioration is caused largely by the presence of biofilms on the interior walls of household
storage containers. These biofilms harbor fecal indicator bacteria such as Enterococcus and
total coliforms. For bacteria that are generally not present in the biofilms (Escherichia coli,
Pseudomonas aeruginosa), the use of a closed storage vessel can protect against bacterial
recontamination by preventing the introduction of those bacteria into the water (e.g., via
a dirty utensil). However, for bacteria that are present in the biofilms (Enterococcus, total
coliforms), the use of a closed storage container is not protective against recontamination
because the bacteria are already present in the vessel.

Thus, the use of a closed storage container is, on its own, not sufficient to protect
against regrowth/recontamination. Similarly, the use of a higher-quality water source
(treated water provided by the national utility to a communal tap) instead of a lower-
quality water source (shallow groundwater accessed by hand pumps) is, on its own, not
sufficient to protect against regrowth/recontamination. In the households studied here, the
combined use of the higher-quality source water with a closed storage vessel was associated
with a statistically significant decrease in regrowth/recontamination of total coliforms. This
was somewhat surprising, because the closed storage vessels—even those used to store
high-quality water—are known to contain biofilms on the interior vessel walls. The exact
mechanism of the observed protective effect is presently undetermined.

Because biofilms on the vessel walls lead to bacterial recontamination, we conclude
that regular and effective cleaning of storage vessels should be recognized as an essential
component to safe water storage. Of the three cleaning protocols tested, a dilute solution
of sodium hypochlorite, known locally as Sûr’Eau or Manadio Rano, was both the most
effective and the least expensive. Although Manadio Rano is readily available for purchase
in many locations around Toamasina, community members generally do not use it for its
intended purpose, i.e., regular point-of-use water disinfection cf. [63]. It remains to be
determined if people will be more accepting of Manadio Rano as a cleaning solution to be
used periodically for disinfecting household water storage containers.

These findings are particularly important in light of a recent study [37] that found
that drinking water is an important route of exposure to fecal bacteria for children in
southeastern Madagascar. Beyond Madagascar, household storage of gathered water is
common in cities in many low- and middle-income countries [40]. We therefore believe that
the results of this study are important towards the worldwide achievement of the United
Nations’ Sustainable Development Goal 6.
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