International Journal of /
* Environmental Research m\DP|
and Public Health F

Article
Diarrhoeal Disease in Relation to Possible Household
Risk Factors in South African Villages

Thandi Kapwata 12, Angela Mathee '3, Wouter Jacobus le Roux *
and Caradee Yael Wright 56*

1 Environment and Health Research Unit, South African Medical Research Council, Johannesburg 2028,

South Africa; Thandi. Kapwata@mrc.ac.za (T.K.); Angela.Mathee@mrc.ac.za (A.M.)

Environmental Health Department, Faculty of Health Sciences, University of Johannesburg,
Johannesburg 2028, South Africa

3 School of Public Health, University of the Witwatersrand, Johannesburg 2028, South Africa

Natural Resources and the Environment, Council for Scientific and Industrial Research, Private Bag x395,
Pretoria 0001, South Africa; wleroux@csir.co.za

Environment and Health Research Unit, South African Medical Research Council, Pretoria 0084,

South Africa
®  Department of Geography, Geoinformatics and Meteorology, Private Bag X20, Hatfield, Pretoria 0028,
South Africa
*  Correspondence: cwright@mrc.ac.za; Tel.: +27-12-339-8543
check for
Received: 18 June 2018; Accepted: 3 August 2018; Published: 6 August 2018 updates

Abstract: Diarrhoeal disease is a significant contributor to child morbidity and mortality, particularly
in the developing world. Poor sanitation, a lack of personal hygiene and inadequate water supplies
are known risk factors for diarrhoeal disease. Since risk factors may vary by population or setting,
we evaluated the prevalence of diarrhoeal disease at the household level using a questionnaire to
better understand household-level risk factors for diarrhoea in selected rural areas in South Africa.
In a sub-sample of dwellings, we measured the microbial quality of drinking water. One in five
households had at least one case of diarrhoea during the previous summer. The most widespread
source of drinking water was a stand-pipe (inside yard) (45%) followed by an indoor tap inside the
dwelling (29%). Storage of water was common (97%) with around half of households storing water in
plastic containers with an opening large enough to fit a hand through. After adjusting for confounders,
the occurrence of diarrhoea was statistically significantly associated with sourcing water from an
indoor tap (Adjusted Odds Ratio (AOR): 2.73, 95% CI: 2.73, 1.14-6.56) and storing cooked /perishable
food in non-refrigerated conditions (AOR: 2.17, 95% CI: 2.17, 1.44-3.26). The highest total coliform
counts were found in water samples from kitchen containers followed by stand-pipes. Escherichia coli
were most often detected in samples from stand-pipes and kitchen containers. One in four households
were at risk of exposure to contaminated drinking water, increasing the susceptibility of the study
participants to episodes of diarrhoea. It is imperative that water quality meets guideline values and
routine monitoring of quality of drinking water is done to minimise diarrhoea risk in relevant rural
communities. The security of water supply in rural areas should be addressed as a matter of public
health urgency to avoid the need for water storage.

Keywords: diarrhoea; water quality; water storage; environmental health; South Africa

1. Introduction

Water-related diseases have a significant impact on human health globally. It is estimated that
1.7 billion children suffer from diarrhoeal disease annually [1,2]. Diarrhoeal disease is of particular
concern in developing countries [3] as a result of several factors, including poverty, poor sanitation, lack
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of hygiene, inadequate availability of water and non-existent or unreliable supply of piped water [4,5].
Nearly three-quarters of the global childhood diarrhoea mortality burden, described in the 2015 Global
Burden of Disease Study, occurred in south-east Asia and Africa [6]. In South Africa, diarrhoeal disease
is the third leading cause of death among children under five years of age [7]. It is also the eighth
most frequent cause of death in the country, accounting for 3% of total deaths among individuals of all
ages [8].

Previous studies [9,10] have found several risk factors for diarrhoea, including low economic
status [9], a lack of education, poor water storage practices, not treating water in the home,
overcrowding and a high number of children under five years of age living in a household [9].
Other studies have also assessed risk factors for diarrhoea by type of pathogen where rotavirus and
Escherichia coli (E. coli) were the two most common pathogens associated with moderate-to-severe
diarrhoea in low-income countries [1]. Lanata et al. [11] found that E. coli caused more than half
of all diarrhoeal deaths in children under five years and had also been associated with increased
risk of diarrhoeal mortality in infants aged 0 to 11 months [12]. Other biological disease agents that
contaminate drinking water, such as total coliforms and somatic coliphages, also increase the risk of
diarrhoeal disease [13].

Since risk factors vary based on the setting and characteristics of the target population [14],
we evaluated the prevalence of diarrhoeal disease at household level in villages in Limpopo province
in South Africa, to better understand the determinants of diarrhoea in that part of the country. In a
sub-sample of households, we also investigated the microbial quality of drinking water by quantifying
the presence of selected bacterial indicators. Furthermore, we looked at the impact of the location of
drinking water access points on microbial quality for the first time in this setting. We identify possible
actions and/or routes for intervention to reduce the prevalence of diarrhoea at the community level in
the study setting.

2. Materials and Methods

2.1. Ethical Statement

Research ethics clearance for the study was granted by the South African Medical Research
Council Ethics Committee (Certificate number: EC005-3/2014).

2.2. Study Area

Households were located in four villages around a town called Giyani located in the Mopani
District Municipality of Limpopo province (Figure 1).

2.3. Data Collection

A cluster sampling method was used to select 400 households from four villages (100 households
per village) around Giyani town. Following written informed consent, a self-report questionnaire
was administered in April (autumn) 2017 to the primary caregiver or head of household (individuals
over 18 years of age), to obtain information on the households socio-demographic and socio-economic
status, the health status of household members and risk factors identified from the literature for
diarrhoeal disease. The definition of a household was ‘a group of people eating meals together’.
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Figure 1. Map showing the study sites (green dots) in relation to Giyani town in Limpopo province,
South Africa.

The self-report questionnaire was adapted from two existing questionnaires [15,16] and was
conducted in a face-to-face interview (between trained fieldworker and primary household caregiver).
We extracted data pertaining to demographics, water collection, storage, use and household
diarrhoea prevalence (see Tables 1 and 2) from the full questionnaire (including captured additional
environmental risk factors such as air pollution; full questionnaire provided in Supplementary
Materials). The term ‘diarrhoea’ was not specifically defined in the questionnaire, nor was the case
of self-reported diarrhoea validated. The question asked which individuals in the household had
experienced ‘diarrhoea’ in the past summer and these data were re-categorised to binary, such that, if
anyone in the household had experienced diarrhoea in the past summer then the response was ‘yes’
(and vice versa). This was done in part because the individual prevalence of diarrhoea was very low,

and also because the primary sampling unit was the household and not the individual.

2.4. Water Sample Collection

In a separate field campaign (carried out in February/March 2017) a water sample was taken
from 200 (random selection of 50 per village) households’ usual source of water for drinking and
cooking. The location of this water source was recorded by the fieldworker. Sources of water included
a tap inside the dwelling (defined as an indoor tap), a container in the kitchen, a tap inside the yard
where the household is located (defined as stand-pipe (in yard)), a communal tap that serves several
households (defined as a stand-pipe (communal)), or an outdoor water storage tank which stores
harvested rainwater (locally known as a ‘JoJo’ tank).

2.5. Microbiological Analysis of Water Samples

In line with the United States Environmental Protection Agency methodology [17], E. coli and
total coliforms were quantified using the Colilert™ (IDEXX Laboratories Inc., Westbrook, ME, USA)
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Most Probable Number (MPN) method (IDEXX Laboratories, Westbrook, ME, USA) using 18 sachets
and the Quanti-Tray™ (IDEXX Laboratories Inc., Westbrook Inc., ME, USA) 2000 system. Results were
read within 18 to 24 h as the most probable number (un-altered) except for counts of <1/100 mL which
were interpreted as 0/100 mL. Somatic coliphages were determined using a double agar layer plaque
assay with E. coli (ATCC 15597) employed as host bacterium. Constituents used to make up the growth
media included agar bacteriological, sodium chloride and glucose (Merck, Darmstadt, Germany) and
tryptone (Oxoid, Basingstoke, UK). Plates were incubated for 18 to 20 h at 35 °C, then clear zones
(plaques) were counted and expressed as plaque-forming units per volume of inoculated water.

2.6. Data Management and Statistical Analyses

Data management and statistical analyses were done using Stata 14.0 [18]. Descriptive and
regression analysis were computed using complex survey (‘svy’ command) data analysis to account
for cluster design [19-21]. Sampling weight, used to weight the sample back to the population from
which the sample was drawn, and primary sampling unit, the first unit that is sampled in the design,
were two design parameters specified in ‘svy’. While differences between villages were controlled for,
analyses by village were not possible due to low numbers by village sample and question category.

The primary outcome variable was whether or not an incident of diarrhoeal disease had
affected any member of the household during the summer preceding the questionnaire interview.
Associations between diarrhoea and several risk factors were evaluated by conditional logistic
regression, and a multiple logistic regression model was fitted using a stepwise backward procedure.
Model building proceeded backwards from a first “full” model including all of the variables found to
have a p-value below 0.20 in the univariate analysis, and from which the non-statistically significant
variables were then removed sequentially. A p-value below 0.05 was considered statistically significant
in the multivariate analysis. We adjusted for potential confounders that could play a role in the
occurrence of diarrhoea through an indirect link. These included socio-economic status, i.e., household
income and dependence on state assistance in the form of grants, household size and the number of
children under five years of age living in a household [9,22-24]. The goodness of fit of final multivariate
logistic models was assessed using the command “estat gof” in Stata [18], an adaptation to the Hosmer
and Lemeshow’s goodness of fit test which is suitable for survey data analysis. All water samples
were analysed for total coliforms, E. coli and somatic coliphages. Somatic coliphages were not detected
in any of the water samples.

3. Results

3.1. Sample Description

Self-reported prevalence of diarrhoea at household level was 20% (n = 82, total n = 408) (Table 1).
About half of the households comprised five or more occupants. Nearly one-third of households had
no source of income, and a further 24% earned ZAR1000 (~USD75) or less per month. The majority
(70%) of households received a state-sponsored child grant.
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Table 1. Prevalence of primary caregiver-reported diarrhoea and demographic characteristics of
households (n = 408).

Number of Households
Characteristics
n %

Prevalence of self-reported diarrhoea (for any individual in the household 82 20
during the past summer)
Gender of respondent:

Male 79 19

Female 329 81
Age of respondent in years:

18-24 years 45 11

25-29 years 46 11

30-39 years 71 17

4049 years 49 12

50-59 years 80 20

>60 years 117 29
Number of people in household:

<5 people* 194 47

6-7 people 167 41

8-10 people 42 10

>10 people 5 1
Number of children <5 years of age in household:

0 children # 239 58

2-3 children 167 41

>3 children 2 0.4
Number of years occupying dwelling:

<10 years 69 17

11-20 years 80 20

>20 years 259 63
Level of education of respondent:

No schooling 123 30

Primary school 53 13

High school 194 48

Tertiary education 29 7
Average monthly income of household (excluding grants and pensions):

No income 121 30

ZAR1000 or less 98 24

ZAR1001-ZAR5000 100 25

>Z7ZAR5001 17 4

Do not know 72 18
Proportion of households with a member receiving the following grants:

Old age pension 179 44

Disability 17 3

Child support 284 70

Other 11 3

Notes. # No household had one child in the home hence this category is not reported; ! this category of <5 people
cannot be broken down further due to question design.

3.2. Household Water Access and Storage

The most widely prevalent source of drinking water was a standpipe (in yard) followed by
an indoor tap (Table 2). Storage of water for cooking and/or drinking purposes collected from
indoor taps or stand-pipes was common. Around half of the households stored water in plastic
containers with openings large enough to pass a hand through. Univariate regression showed that
source of drinking water, water storage practices and treatment, for example with bleach, chlorine etc.,
and cooked/perishable food storage practices were statistically significant risk factors for diarrhoea
(Table 2).
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Table 2. Results of univariate logistic regression for household risk factors in relation to household
diarrhoea prevalence.

Prevalence Univariate Results
Question and Responses
n (%) OR 95% CI p-Value

Where do you mainly get your drinking water from:

Stand-pipe (in yard) & 184 (45) 1 - -

Indoor tap 122 (30) 2.66 2.05-3.45 <0.001

Stand-pipe (communal) 75 (19) 1.57 0.90-2.72 0.080

Private water seller 12 (3) 1.75 0.16-18.70 0.510

Borehole 11 (3) 1.38 1.05-1.81 0.030

Water tanker /truck * 2(0.5) * * *
Do you store water for drinking or cooking in a container:

Yes & 394 (97) 1 - -

No 14 (3) 1.20 0.03-43.22 0.880
If you store water indoors, does the container have a lid:

Yes 369 (94) 1 - -

No 25 (6) 1.07 0.61-1.87 0.740
If you store water indoors, is the water container:

Large hole-big enough to get hand in 266 (68) 1 - -

Small hole-too small to get hand in 128 (33) 191 1.00-3.63 0.050
When do you add a fresh supply of water to the container:

If totally empty 339 (86) 1 - -

If partially empty 55 (14) 1.39 0.22-0.28 <0.001
How often do you wash your drinking water storage container:

Daily 26 (7) 0.72 0.38-1.35 0.200

Once or twice a week 237 (60) - - -

Monthly 91 (23) 0.99 0.32-3.07 0.970

Never 39 (10) 1.09 0.35-3.36 0.820
Do you boil stored water before drinking it:

No & 373 (95) 1 - -

Yes 21 (5) 0.69 0.27-1.72 0.280
Do you add bleach to stored water before drinking it:

No & 341 (87) 1 - -

Yes 53 (13) 1.83 0.86-3.90 0.080
If you store food, do you store it in a sealed container:

No 20 (5) 1.17 0.32-4.29 0.730

Yes & 388 (95) - - -
When you need to store cooked/perishable food, do you store the
food in a:

Fridge 353 (87) 1 - -

Food cupboard 42 (10) 1.58 0.90-2.78 0.080

Other (No further details provided) 13 (3) 1.8 0.63-5.17 0.170
What type of toilet does the household mainly use:

Flush (Not specified indoor or outdoor) 12 (3) 4.60 1.80-11.73 0.014

Pit latrine 391 (96) - - -

Communal toilet * 3(0.7) * * *

Open field * 2(0.4) * * *
How often do you clean your toilet:

Weekly 274 (67) 1 - -

Daily 75 (18) 1.02 0.72-1.44 0.890

Seldom 59 (15) 0.67 0.56-0.81 0.010

Notes. OR is Odds Ratio and CI is Confidence Interval; the reference category is indicated by OR = 1; * indicates
categories that were excluded from univariate regression due to low (<10) number of observations but are shown
here for completeness. Risk factors with p > 0.20 were included in multivariate regression; & this category was the
normative category for the sampled households and had the largest number of responses; therefore, it was selected
as the reference category.
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Table 3 presents multivariate regression results before and after adjusting for confounders.
Diarrhoea was statistically significantly associated with sourcing water from an indoor tap (AOR: 2.73,
95% CI: 2.73, 1.14-6.56) and storing cooked /perishable food in a non-refrigerated cupboard (AOR:
2.17,95% CI: 2.17, 1.44-3.26). The goodness of fit test for the model produced a p-value > 0.05.

Table 3. Results of multivariate logistic regression for household risk factors in relation to household
diarrhoea prevalence.

Variable OR™~ 95%CI® p-Value AOR® 95%CI p-Value

Do you mainly get your drinking water:

From an indoor tap 251  151-4.15 0.010 2.75 1.13-6.73  0.040

From a stand-pipe (communal) 140  0.59-3.35 0.341 0.92 0.37-2.30  0.800

From a borehole 134  0.71-2.52 0.237 0.67 0.28-1.61 0.240
Is the water container:

Small hole, too small to get hand through 194  0.96-3.93 0.058 1.29 0.69-2.36  0.280
When do you add a fresh supply of water to the container:

If partially empty 175  0.85-3.61 0.090 1.61 0.46-5.62  0.309
How often do you wash your drinking water storage
container:

Once or twice a week 1.01  0.49-2.06 0.981 0.71 0.35-1.45  0.220
What do you do with water stored in a container before
drinking it:

Add ik’ (bleach) 213 0.67-6.82 0.130 241 0.53-11.00  0.160

Do you store cooked/perishable food in a food cupboard
(i.e., non-refrigerated conditions):
Yes 2.04 1.02-4.06 0.046 2.14 1.44-319  0.009

Do you store the cooked/perishable food in another way:
Yes 191  0.40-9.08 0.275 1.99 0.34-1143 030

What type of toilet does the household mainly use:
Flush 0.30  0.02-4.05 0.230 0.24 0.007-7.48  0.28

How often do you clean your toilet:
Seldom 083  0.63-1.11 0.136 0.78 0.18-3.36 0.63

Notes. ~ OR is Odds Ratio and @ CT is the Confidence Interval; & AOR is Adjusted Odds Ratio where we adjusted
for household income and dependence on state assistance in the form of grants, family size and the number of
children under five years of age living in a household.

3.3. Assessment of Drinking Water Quality in A Sub-Sample of Households

In total, 192 water samples were collected. The highest microbial risk was found in water
samples from kitchen containers followed by samples from standpipes. Total coliform counts
exceeded 100 counts/100 mL water in 21% and 17% of these samples, respectively. Microbial results
were compared to the South African Water Quality Guidelines (SAWQG) for domestic water [25]
and categorised according to known associated health risks based on the guidelines. For total
coliforms, 0-5 counts/100 mL is associated with negligible risk of microbial infection. A total of
6-100 counts/100 mL is indicative of inadequate treatment, post-treatment contamination or growth
in the distribution system with the risk of infectious disease transmission present with continuous
exposure and a slight risk present with occasional exposure [25]. Similarly, samples with total coliform
counts exceeding 100/100 mL are indicative of a significant and increasing risk of infectious disease
transmission [25]. Effects on human health associated with E. coli were categorised according to
0 counts/100 mL with negligible risk of microbial infection and 1-10 counts/100 mL indicative of
a slight risk of microbial infection with continuous exposure and negligible effects with occasional
or short-term exposure [25]. Samples with E. coli counts between 11 and 20 counts/100 mL were
considered to have some risk of infectious transmission with continuous exposure and slight risk with
occasional exposure; and samples with more than 20 counts/100 mL were indicative of significant
and increasing risk of infectious disease transmission such that as faecal coliform levels increase,
the required amount of water ingested to cause infection decreases [25].
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Escherichia coli were most often detected in water samples taken from stand-pipes and kitchen
containers (Table 4). In these samples, E. coli was present at counts that exceeded the target water
quality range of <1/100 mL [26-28]. Although E. coli is often used as an indicator of faecal pollution,
and therefore also an indicator of water-borne pathogens, some strains can also cause intestinal and
extra-intestinal disease [25]. Our results showed that ~50 households who participated in this study
were at risk of such diseases due to exposure to contaminated drinking water.

Table 4. Results of the tests for presence of total coliforms and E. coli in water sampled from accessible
water points in a sub-sample (n = 192) of water points used by households.

Number (.)f Samples by Number of Samples by E. coli
Total Coliforms Range Range (Counts/100 mL)
. (Counts/100 mL) &
Point of Tested Water Sample
0-5 5-100 >100 0 1-10  11-20 >20
n (%) n (%) n (%) n (%) n(%) n%) n(%)
Indoor tap (n=3)" 2(67) 0(0) 1(33) 2(67) 0(0) 0(0) 1(33)

Stand-pipe (inside yard) (n = 98) 57.(58) 13(13) 28(28) 70(71) 1l6(16) 1(1) 11(11)

Stand-pipe (communal) (1 = 8) 2 (25) 3(38) 3 (28) 7 (88) 0 (0) 0(0) 1(13)
Outdoor water tank (1 = 2) 1 (50) 1 (50) 0(0) 2 (100) 0 (0) 0(0) 0 (0)
Kitchen container (1 = 57) 7(12)  14(25) 36(63) 34(60) 10(18) 2(4)  11(19)

Notes: ' These n values do not add up to 192 because not all samples had a source captured.

4. Discussion

This study assessed diarrhoea prevalence at the household level and identified household risk
factors associated with diarrhoea. We further assessed microbial water quality in a convenient
sub-sample of households. The majority of households had a low socio-economic status, with nearly
one-third of respondents reporting that their households had no source of income and no form
of schooling.

The prevalence of caregiver-reported diarrhoea in summer in households was 20%. Diarrhoea was
significantly associated with households reportedly obtaining water from indoor taps. This could have
been because households assumed that water from the tap was safe and therefore tended not to boil or
treat the water [1]. Intermittent water supply is a common problem in rural areas in Limpopo [29].
Frequent interruptions in water supply also affects the quality of piped water due to the intrusion of
contaminants into the distribution network during times of low pressure or when the water supply
is turned off [30,31]. Illegal connections to water pipes, common in parts of South Africa [32], also
affects the continuity of the water supply. Biofilm regrowth in pipes when the water supply is turned
off further contributes to poor water quality [33]. Poorly maintained and aging infrastructure may
result in leaks which lead to contamination of piped water [29,33]. These findings were substantiated
with microbial results showing that a large number of water samples from stand-pipes linked to the
water reticulation system had detectable levels of either total coliforms, E. coli or both. Nearly one in
three households of the sub-sample of households exceeded the target range of 0-5 counts of total
coliform /100 mL of water. Escherichia coli should not be detectable in drinking water, yet 28% of
households had water that exceeded this target. This is not in compliance with the SAWQGs [25]
and indicates that water from piped distribution systems had low microbial water quality. A similar
study [34] in a low socio-economic setting in the Free State province also found that the microbial
quality of piped water was poor. There, the total coliform count in more than 50% of samples from the
municipal water supply was found to contain more than 5 coliforms per 100 mL of water.

Storing water for cooking and drinking purposes was practised by the majority of households,
including those living in dwellings supplied with an indoor tap. Water storage creates additional
contamination pathways and leads to an increase in associated health risks. Microbial analyses
indicated that water samples from storage containers had high counts of total coliforms. This could
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be due to poor water handling practices, as well as obtaining the water from the points of supply
observed to be contaminated, identified by our study findings. A similar study in rural Limpopo [34]
also found that there was an increase in indicator micro-organism counts in water storage containers
compared to the initial source (in that case it was indoor tap water). Poor microbial quality of stored
water was also identified in Cambodia [35] where researchers found E. coli counts in samples obtained
from piped water were lower than counts in stored piped water (p < 0.0005). Furthermore, not treating
stored drinking water has been significantly associated with the prevalence of diarrhoea among
children [36]. Studies have shown that storing water leads to a deterioration of water quality because
of recontamination in the home [37-39]. Factors that could increase contamination of stored water
include the method used to obtain water from the container [34], size of the storage vessel mouth [38],
higher temperatures leading to bacterial regrowth within the container [40], increased storage times
and inadequate hand washing [41]. Half of the households in our study used plastic storage containers
with an opening wide enough to fit a hand through, leading to an elevated risk of contamination of
water stored in an uncovered, wide-necked container. Similarly in an earlier Limpopo study [41,42]
significantly higher levels (almost three times higher) of total coliform bacteria were found in water
stored in wide-necked, compared to narrow-necked containers. Although storing water is not ideal,
often the intermittent supply of water in rural communities necessitates water storage.

A second risk factor significantly associated with diarrhoea was the practice of storing cooked or
perishable food in unrefrigerated conditions. Among rural households in Malawi, high numbers of
pathogens were found in cooked food stored at room temperature [43]. Among our respondents who
selected ‘other” as a means of storing cooked or perishable food, storage options may have been a deep
freeze, or in pots, plastic bowls, jugs and buckets on top of tables and countertops. It may also have
been that the choice of ‘other” was made by respondents who do not store food. Poor food hygiene
practices are regarded as major contributors to diarrhoea [44], and households should be encouraged
to keep cooked or perishable food in a refrigerator or cool conditions where possible.

Our study findings were constrained by several limitations. While we did attempt to link water
quality results to the households” questionnaire data (i.e., caregiver-reported diarrhoeal disease and
household risk factors); it was not possible to confirm the source of the water sample to where the
household typically collected their water. In most instances, the household member spoke about where
the household typically collected /obtained their water. Water was sampled from the household’s main
water source, which was most often the water storage container in the kitchen. In the instance that we
could match the household diarrhoeal disease cases to water microbial data, there were only 37 cases
making further analysis impractical. We only conducted water testing on a sub-sample of households
due to financial constraints (additional testing of water from indoor taps is important), and we did not
verify household cases of diarrhoea reported by the caregivers with clinic or hospital data due to the
complexity of identifying the appropriate healthcare facility.

Our results highlight a quadruple risk in relation to water quality. First, there was evidence of
poor water quality at source (tap), and secondly, there was declining water quality from storage and
handling practices. There were water quality risks from large-diameter openings of water storage
containers which permits contamination from hands and utensils used for drinking/scooping water.
This also leads to the intrusion of micro-organisms and insects when lids were removed. Lastly,
there was an additional risk from frequent supply interruptions leading to lowered water availability
(increasing the need for water storage) which is also associated with increased risk of skin, eye and
other infections [45,46]. Given our study findings, it is imperative that water supply to households in
rural settings complies with SAWQGs. Secondly, the security of that water supply should be addressed
as a matter of public health urgency to avoid the need for water storage. Finally, there is a need to
provide informed advice on the storage and treatment of water among households in rural settings.
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5. Conclusions

This study characterized risk factors for diarrhoea pertinent to a rural South African setting.
Risk factors that remained significant after adjusting for confounders were sourcing water from
an indoor tap and storing cooked/perishable food in non-refrigerated cupboards. Microbial water
quality of water samples from two water sources, namely water stored in containers in kitchens and
stand-pipes, was poor with the microbial quality not meeting the national water guideline values
recommended for total coliforms and E. coli, making affected rural residents vulnerable to episodes of
diarrhoea. It is imperative that the water supply to households in rural settings comply with water
quality guideline values and that routine monitoring of the quality of drinking water by testing for the
presence of organisms and other physical contents is undertaken. The security of the water supply
in rural areas should be addressed as a matter of public health urgency to avoid the need for water
storage. There is also a need to provide informed advice on storage and treatment of water among
households in rural settings when storage is unavoidable.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1660-4601/15/8/1665/s1,
Figure S1: Full study questionnnaire.

Author Contributions: Conceptualization, A.M. and C.Y.W.; Methodology, A.M. and C.Y.W.; Fieldwork, W.J.LR;
Formal Analysis, T.K.; Writing-Original Draft Preparation, T.K. and C.Y.W.; Writing-Review & Editing, All authors.

Funding: This research was carried out for the iDEWS (infectious Diseases Early-Warning System) project
supported by SATREPS (Science and Technology Research Partnership for Sustainable Development) Program of
JICA (JAPAN International Cooperation Agency)/AMED (Japan Agency for Medical Research and Development)
in Japan and the ACCESS (Applied Centre for Climate and Earth Systems Science) program of NRF (National
Research Foundation) and DST (Department of Science and Technology in South Africa). C.Y. Wright, A. Mathee
and T. Kapwata receive research funding from the South African Medical Research Council. CY Wright and A
Mathee receive research funding from the National Research Foundation of South Africa.

Acknowledgments: We thank Zamantimande Kunene and Mirriam Mogotsi for carrying out the fieldwork and
Candice Webster for assisting with data management.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. World Health Organization. Diarrheal Disease—Key Facts. Available online: http://www.who.int/news-
room/fact-sheets/detail /diarrhoeal-disease (accessed on 10 July 2018).

2. World Health Organization. World Water Day Report. Available online: http://www.who.int/water_
sanitation_health/takingcharge.html (accessed on 5 April 2017).

3.  Kosek, M.; Bern, C.; Guerrant, R.L. The global burden of diarrhoeal disease, as estimated from studies
published between 1992 and 2000. Bull. World Health Organ. 2003, 81, 197-204. [PubMed]

4. Checkley, W.; Gilman, R.H.; Black, R.E.; Epstein, L.D.; Cabrera, L.; Sterling, C.R.; Moutlon, L.H. Effect
of water and sanitation on childhood health in a poor Peruvian peri-urban community. Lancet 2004, 363,
112-118. [CrossRef]

5. Norman, G.; Pedley, S.; Takkouche, B. Effects of sewerage on diarrhoea and enteric infections: A systematic
review and meta-analysis. Lancet Infect. Dis. 2010, 10, 536-544. [CrossRef]

6.  Global Burden of Disease. Data Resources 2015. Available online: http://ghdx.Healthdata.Org/gbd-2015
(accessed on 15 May 2018).

7. Awotiwon, O.F,; Pillay-Van Wyk, V.; Dhansay, A.; Day, C.; Bradshaw, D. Diarrhoea in children under five
years of age in South Africa (1997-2014). Trop. Med. Int. Health 2006, 21, 1060-1070. [CrossRef] [PubMed]

8. Norman, R.; Bradshaw, D.; Schneider, M.; Pieterse, D.; Groenewald, P. Revised Burden of Disease Estimates
for the Comparative Risk Factor Assessment, South Africa 2000. Available online: http://www.mrc.ac.za/
sites/default/files/files /2017-07-03 /Revised BurdenofDiseaseEstimates1.pdf (accessed on 18 June 2018).

9.  Woldu, W,; Bitwe, B.D.; Gizaw, Z. Socioeconomic factors associated with diarrheal diseases among under-five
children of the nomadic population in Northeast Ethiopia. Trop. Med. Health 2016, 44, 40. [CrossRef]
[PubMed]


http://www.mdpi.com/1660-4601/15/8/1665/s1
http://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease
http://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease
http://www.who.int/water_sanitation_health/takingcharge.html
http://www.who.int/water_sanitation_health/takingcharge.html
http://www.ncbi.nlm.nih.gov/pubmed/12764516
http://dx.doi.org/10.1016/S0140-6736(03)15261-0
http://dx.doi.org/10.1016/S1473-3099(10)70123-7
http://ghdx.Healthdata.Org/gbd-2015
http://dx.doi.org/10.1111/tmi.12739
http://www.ncbi.nlm.nih.gov/pubmed/27314457
http://www.mrc.ac.za/sites/default/files/files/2017-07-03/RevisedBurdenofDiseaseEstimates1.pdf
http://www.mrc.ac.za/sites/default/files/files/2017-07-03/RevisedBurdenofDiseaseEstimates1.pdf
http://dx.doi.org/10.1186/s41182-016-0040-7
http://www.ncbi.nlm.nih.gov/pubmed/27980451

Int. ]. Environ. Res. Public Health 2018, 15, 1665 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bitew, B.D.; Woldu, W.; Gizaw, Z. Childhood diarrheal morbidity and sanitation predictors in a nomadic
community. Ital. ]. Pediatr. 2003, 43, 91. [CrossRef] [PubMed]

Lanata, C.F,; Fischer-Walker, C.L.; Olascoaga, A.C.; Torres, C.X.; Aryee, M.].; Black, R.E. Global causes of
diarrheal disease mortality in children <5 years of age: A systematic review. PLoS ONE 2013, 8, e72788.
[CrossRef]

Kotloff, K.L.; Nataro, J.P.; Blackwelder, W.C.; Nasrun, D.; Farag, T.H.; Panchalingam, S.; Wu, Y.; Sow, S.O;
Sur, D.; Breiman, R.F. Burden and aetiology of diarrhoeal disease in infants and young children in developing
countries (the Global Enteric Multicenter Study, GEMS): A prospective, case-control study. Lancet 2013, 382,
209-222. [CrossRef]

World Health Organization. Lack of Water and Inadequate Sanitation. 2017. Available online:
http://www.who.int/ceh/risks/cehwater/en/ (accessed on 5 April 2017).

George, C.M.; Perin, ].; Neiswender, D.E.; Calani, K.J.; Norman, W.R.; Perry, H.; Davis, T.P.; Lindquist, E.D.
Risk factors for diarrhea in children under five years of age residing in peri-urban communities in
Cochabamba, Bolivia. Am. J. Trop. Med. Hyg. 2014, 91, 1190-1196. [CrossRef] [PubMed]

Naicker, N.; Teare, ].; Balakrishna, Y.; Wright, C.Y,; Mathee, A. Indoor temperatures in low cost housing in
Johannesburg, South Africa. Int. ]. Environ. Res. Pubulic Health 2017, 14, 1410. [CrossRef] [PubMed]

John, J.; Wright, C.Y.; Oosthuizen, M.A.; Steyn, M.; Genthe, B.; le Roux, W.; Albers, P.N.; Oberholster, P.;
Pauw, C. Environmental health outcomes and exposure risks among at-risk communities living in the Upper
Olifants River Catchment, South Africa. Int. |. Environ. Health Res. 2014, 24, 195-214. [CrossRef] [PubMed]
United States Environmental Protection Agency. Methodology for Deriving Ambient Water Quality Criteria
for the Protection of Human Health (2000). Available online: https://www.nj.gov/drbc/library/documents/
EPA_human-health-criteria2000.pdf (accessed on 17 July 2018).

Stata Corp. Statistical Software, Release 14.0; Stata Corporation: College Station, TX, USA, 2001.

Majuru, B.; Mokoena, M.M.; Jagals, P.; Hunter, PR. Health impact of small-community water supply
reliability. Int. |. Hyg. Environ. Health 2010, 214, 162-166. [CrossRef] [PubMed]

Bell, M.L. Challenges and recommendations for the study of socioeconomic factors and air pollution health
effects. Environ. Sci. Policy 2005, 8, 525-533. [CrossRef]

Centres For Disease Control and Prevention. Sample Design. Available online: https://www.cdc.gov/nchs/
tutorials/Nhanes/SurveyDesign/SampleDesign/intro.htm (accessed on 10 November 2017).

Augustina, R.; Sari, T.P.; Satroamidjojo, S.; Bovee-Oudenhoven, .M.; Feskens, E.J.; Kok, E]J. Association of
food-hygiene practices and diarrhea prevalence among Indonesian young children from low socioeconomic
urban areas. BMC Public Health 2013, 13, 977. [CrossRef] [PubMed]

Genser, B.; Strina, A.; Teles, C.A.; Prado, M.S.; Barreto, M.I. Risk factors for childhood diarrhea incidence:
Dynamic analysis of a longitudinal study. Epidemiology 2006, 17, 658—667. [CrossRef] [PubMed]

Dessalegn, M.; Kumie, A.; Tefera, W. Predictors of under-five childhood diarrhea: Mecha district, West Gojam,
Ethiopia. Ethiop. ]. Health Dev. 2011, 25, 192-200.

South African Water Quality Guidelines. Available online: http:/ /www.dwa.gov.za/iwqs/wq_guide/Pol_
saWQguideFRESH_voll_Domesticuse.PDF (accessed on 21 May 2018).

Genthe, B.; Le Roux, W.].; Schachtschneider, K.; Oberholster, PJ.; Aneck-Hahn, N.H.; Chamier, J. Health risk
implications from simultaneous exposure to multiple environmental contaminants. Ecotoxicol. Environ. Saf.
2013, 93, 171-179. [CrossRef] [PubMed]

Abia, A.L.K; Schaefer, L.; Umbombo-Jaswa, E.; Le Roux, W.J. Abundance of Pathogenic Escherichia coli
Virulence-Associated Genes in Well and Borehole Water Used for Domestic Purposes in a Peri-Urban
Community of South Africa. Int. . Environ. Res. Public Health 2017, 14, 320. [CrossRef] [PubMed]

Kaper, J.B.; Nataro, ]J.P.; Mobley, H.L. Pathogenic Escherichia coli. Nat. Rev. Microbiol. 2004, 2, 123-140.
[CrossRef] [PubMed]

Mothetha, M.; Nkuna, Z.; Mema, V. The challenges of Rural Water Supply: A Case Study of Rural Areas in
Limpopo Province. Council for Scientific and Industrial Research. Available online: https:/ /researchspace.
csir.co.za/dspace/handle /10204 /7593 (accessed on 18 June 2018).

Kumpel, E.; Nelson, K.L. Comparing microbial water quality in an intermittent and continuous piped water
supply. Water Res. 2013, 47, 5176-5188. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/s13052-017-0412-6
http://www.ncbi.nlm.nih.gov/pubmed/28985750
http://dx.doi.org/10.1371/journal.pone.0072788
http://dx.doi.org/10.1016/S0140-6736(13)60844-2
http://www.who.int/ceh/risks/cehwater/en/
http://dx.doi.org/10.4269/ajtmh.14-0057
http://www.ncbi.nlm.nih.gov/pubmed/25311693
http://dx.doi.org/10.3390/ijerph14111410
http://www.ncbi.nlm.nih.gov/pubmed/29156558
http://dx.doi.org/10.1080/09603123.2013.807327
http://www.ncbi.nlm.nih.gov/pubmed/23815773
https://www.nj.gov/drbc/library/documents/EPA_human-health-criteria2000.pdf
https://www.nj.gov/drbc/library/documents/EPA_human-health-criteria2000.pdf
http://dx.doi.org/10.1016/j.ijheh.2010.10.005
http://www.ncbi.nlm.nih.gov/pubmed/21145282
http://dx.doi.org/10.1016/j.envsci.2005.06.003
https://www.cdc.gov/nchs/tutorials/Nhanes/SurveyDesign/SampleDesign/intro.htm
https://www.cdc.gov/nchs/tutorials/Nhanes/SurveyDesign/SampleDesign/intro.htm
http://dx.doi.org/10.1186/1471-2458-13-977
http://www.ncbi.nlm.nih.gov/pubmed/24138899
http://dx.doi.org/10.1097/01.ede.0000239728.75215.86
http://www.ncbi.nlm.nih.gov/pubmed/17003687
http://www.dwa.gov.za/iwqs/wq_guide/Pol_saWQguideFRESH_vol1_Domesticuse.PDF
http://www.dwa.gov.za/iwqs/wq_guide/Pol_saWQguideFRESH_vol1_Domesticuse.PDF
http://dx.doi.org/10.1016/j.ecoenv.2013.03.032
http://www.ncbi.nlm.nih.gov/pubmed/23669339
http://dx.doi.org/10.3390/ijerph14030320
http://www.ncbi.nlm.nih.gov/pubmed/28335539
http://dx.doi.org/10.1038/nrmicro818
http://www.ncbi.nlm.nih.gov/pubmed/15040260
https://researchspace.csir.co.za/dspace/handle/10204/7593
https://researchspace.csir.co.za/dspace/handle/10204/7593
http://dx.doi.org/10.1016/j.watres.2013.05.058
http://www.ncbi.nlm.nih.gov/pubmed/23866140

Int. ]. Environ. Res. Public Health 2018, 15, 1665 12 of 12

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Machdar, E.; Van Der Steen, N.P.; Raschild-Sally, L.; Lens, PN. Application of quantitative microbial risk
assessment to analyze the public health risk from poor drinking water quality in a low income area in Accra,
Ghana. Sci. Total Environ. 2013, 449, 134-142. [CrossRef] [PubMed]

Massey, R.S. Exploring counter-conduct in upgraded informal settlements: The case of women residents in
Makhaza and New Rest (Cape Town), South Africa. Habitat Int. 2014, 44, 290-296. [CrossRef]

Jagals, P; Jagals, C.; Bokako, T. The effect of container-biofilm on the microbiological quality of water used
from plastic household containers. J. Water Health 2003, 1, 101-108. [CrossRef] [PubMed]

Potgieter, N.; Becker, P].; Ehlers, M.M. Evaluation of the CDC safe water-storage intervention to improve the
microbiological quality of point-of-use drinking water in rural communities in South Africa. Water S.A. 2009,
35, 505-516. [CrossRef]

Shaheed, A.; Orgill, J.; Ratana, C.; Montgomery, M.A.; Jeuland, M.A.; Brown, ]. Water quality risks of
‘improved” water sources: Evidence from Cambodia. Trop. Med. Int. ]. 2014, 19, 186-194. [CrossRef] [PubMed]
Thiam, S.; Diene, A.N.; Fuhrimann, S.; Winkler, M.S.; Sy, I.; Ndione, J.A.; Schindler, C.; Vounatsou, P.;
Utzinger, ].; Faye, O. Prevalence of diarrhoea and risk factors among children under five years old in Mbour,
Senegal: A cross-sectional study. Infect. Dis. Poverty 2017, 6, 109. [CrossRef] [PubMed]

Levy, K;; Nelson, K.L.; Hubbard, A.; Eisenberg, ].N. Following the water: A controlled study of drinking
water storage in northern coastal Ecuador. Environ. Health Perspect. 2008, 116, 1533. [CrossRef] [PubMed]
Du Preez, M.; Mcguidan, K.G.; Conroy, R.M. Solar disinfection of drinking water in the prevention
of dysentery in South African children aged under 5 years: The role of participant motivation.
Environ. Sci. Technol. 2010, 44, 8744-8749. [CrossRef] [PubMed]

John, V,; Jain, P,; Rahate, M.; Labhasetwar, P. Assessment of deterioration in water quality from source to
household storage in semi-urban settings of developing countries. Environ. Monit. Assess. 2014, 186, 725-734.
[CrossRef] [PubMed]

Jensen, PK,; Ensink, J.H.; Jayasinghe, G.; Van Der Hoek, W.; Cairncross, S.; Dalsgaard, A. Domestic
transmission routes of pathogens: The problem of in-house contamination of drinking water during storage
in developing countries. Trop. Med. Int. Health 2002, 7, 604-609. [CrossRef] [PubMed]

Mellor, J.E.; Smith, J.A.; Samie, A.; Dillingham, R.A. Coliform sources and mechanisms for regrowth in
household drinking water in Limpopo, South Africa. |. Environ. Eng. (New York) 2013, 139, 1152-1161.
[CrossRef]

Momba, M.N.; Kaleni, P. Regrowth and survival of indicator microorganisms on the surfaces of household
containers used for the storage of drinking water in rural communities of South Africa. Water Res. 2002, 36,
3023-3028. [CrossRef]

Taulo, S.; Wetlesen, A.; Abrahamse, R.; Kululanga, G.; Mkakosya, R.; Grimason, A. Microbiological hazard
identification and exposure assessment of food prepared and served in rural households of Lungwena,
Malawi. Int. |. Food Microbiol. 2008, 125, 111-116. [CrossRef] [PubMed]

Takanashi, J.; Chonan, Y.; Quyen, D.T.; Khan, N.C.; Poudel, K.C.; Jimba, M. Survey of food-hygiene practices
at home and childhood diarrhoea in Hanoi, Vietnam. J. Health Popul. Nutr. 2009, 27, 602. [PubMed]
Phaswana-Mafuya, N. Health aspects of sanitation among Eastern Cape (EC) rural communities, South Africa.
Curationis 2006, 29, 41-47. [CrossRef] [PubMed]

Stocks, M.E.; Ogden, S.; Haddad, D.; Addiss, D.G.; McGuire, C.; Freeman, M.C. Effect of water, sanitation,
and hygiene on the prevention of trachoma: A systematic review and meta-analysis. PLoS Med. 2014,
11, €1001605. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.scitotenv.2013.01.048
http://www.ncbi.nlm.nih.gov/pubmed/23416990
http://dx.doi.org/10.1016/j.habitatint.2014.07.007
http://dx.doi.org/10.2166/wh.2003.0012
http://www.ncbi.nlm.nih.gov/pubmed/15384720
http://dx.doi.org/10.4314/wsa.v35i4.76810
http://dx.doi.org/10.1111/tmi.12229
http://www.ncbi.nlm.nih.gov/pubmed/24252094
http://dx.doi.org/10.1186/s40249-017-0323-1
http://www.ncbi.nlm.nih.gov/pubmed/28679422
http://dx.doi.org/10.1289/ehp.11296
http://www.ncbi.nlm.nih.gov/pubmed/19057707
http://dx.doi.org/10.1021/es103328j
http://www.ncbi.nlm.nih.gov/pubmed/20977257
http://dx.doi.org/10.1007/s10661-013-3412-z
http://www.ncbi.nlm.nih.gov/pubmed/24048880
http://dx.doi.org/10.1046/j.1365-3156.2002.00901.x
http://www.ncbi.nlm.nih.gov/pubmed/12100444
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0000722
http://dx.doi.org/10.1016/S0043-1354(02)00011-8
http://dx.doi.org/10.1016/j.ijfoodmicro.2008.02.025
http://www.ncbi.nlm.nih.gov/pubmed/18558451
http://www.ncbi.nlm.nih.gov/pubmed/19902795
http://dx.doi.org/10.4102/curationis.v29i2.1072
http://www.ncbi.nlm.nih.gov/pubmed/16910133
http://dx.doi.org/10.1371/journal.pmed.1001605
http://www.ncbi.nlm.nih.gov/pubmed/24586120
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethical Statement 
	Study Area 
	Data Collection 
	Water Sample Collection 
	Microbiological Analysis of Water Samples 
	Data Management and Statistical Analyses 

	Results 
	Sample Description 
	Household Water Access and Storage 
	Assessment of Drinking Water Quality in A Sub-Sample of Households 

	Discussion 
	Conclusions 
	References

