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Abstract

Background: Diarrhea is one of the leading causes of mortality in young children. Diarrheal pathogens are transmitted via
the fecal-oral route, and for children the majority of this transmission is thought to occur within the home. However, very
few studies have documented enteric pathogens within households of low-income countries.

Methods and Findings: The presence of molecular markers for three enteric viruses (enterovirus, adenovirus, and rotavirus),
seven Escherichia coli virulence genes (ECVG), and human-specific Bacteroidales was assessed in hand rinses and household
stored drinking water in Bagamoyo, Tanzania. Using a matched case-control study design, we examined the relationship
between contamination of hands and water with these markers and child diarrhea. We found that the presence of ECVG in
household stored water was associated with a significant decrease in the odds of a child within the home having diarrhea
(OR=0.51; 95% confidence interval 0.27-0.93). We also evaluated water management and hygiene behaviors. Recent hand
contact with water or food was positively associated with detection of enteric pathogen markers on hands, as was relatively
lower volumes of water reportedly used for daily hand washing. Enteropathogen markers in stored drinking water were
more likely found among households in which the markers were also detected on hands, as well as in households with
unimproved water supply and sanitation infrastructure.

Conclusions: The prevalence of enteric pathogen genes and the human-specific Bacteroidales fecal marker in stored water
and on hands suggests extensive environmental contamination within homes both with and without reported child
diarrhea. Better stored water quality among households with diarrhea indicates caregivers with sick children may be more
likely to ensure safe drinking water in the home. Interventions to increase the quantity of water available for hand washing,
and to improve food hygiene, may reduce exposure to enteric pathogens in the domestic environment.
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Introduction consistent with the fact that only half of the Tanzanian population
has access to improved drinking water sources, and only 10% has
access to improved sanitation [4].

Fecal contamination is traditionally monitored using fecal
indicator bacteria (FIB) characteristic of animal and human feces
(e.g., Escherichia coli, enterococci, and fecal coliforms). The
concentration of these organisms is regularly used to evaluate
health risk associated with different exposure pathways, such as
recreational water use and drinking water [5]. For young children,
exposure to feces is thought to occur primarily within the home
[6], and previous research in low-income countries has docu-

! ] mented high levels of FIB in household stored drinking water [7—
suggested that up to 88% of all child diarrhea cases can be 9] and on hands of mothers [10-13].

attributed to inadequate sanitation, unsafe water, and/or insuffi-
cient hygiene [3]. The large diarrheal burden in Tanzania is

Over 6.5 million children died in 2012 before reaching their
fifth birthday [1]. Globally, almost 10% of these deaths are
attributed to diarrhea, and the highest rates of child mortality
occur in sub-Saharan Africa [1]. The east African country of
Tanzania is a nation that continues to struggle with the burden of
childhood diarrhea. In 2010, diarrheal diseases were responsible
for almost 9% of all deaths of Tanzanian children under the age of
five, just behind malaria (11%) and pneumonia (15%) [2].
Diarrhea-causing pathogens are transmitted via the fecal-oral
route and, in low-income countries like Tanzania, it has been

Several studies have investigated the behavioral determinants of
FIB levels in stored water and on hands in order to identify the
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most promising household-level interventions for preventing
childhood diarrhea. Safe storage containers and point-of-use
(POU) treatments have been found to significantly reduce FIB
contamination of household stored drinking water [14,15]. Other
studies investigating hand contamination found that increasing the
frequency of hand washing with soap reduces FIB contamination
on hands, whereas some household chores increase hand
contamination [16,17].

Several studies have found associations between FIB on hands
and/or in stored drinking water and diarrheal illness in children
[18-20]. For example, one study in the Philippines found that
children drinking water with high levels of E. coli had significantly
higher rates of diarrhea than those drinking less contaminated
water [19], and a recent study in Tanzania found FIB
contamination on hands to be significantly associated with
diarrheal illness among household members [17]. However, other
research suggests that FIB are inadequate indicators of the health
risks associated with fecal contamination in the home [21-23]. For
example, in Ecuador Levy et al. found childhood diarrhea to be
associated with levels of E. coli in drinking water, but not with the
concentration of enterococci or somatic coliphage [24]. Similarly,
a meta-analysis by Gundry e/ al. was unable to determine any clear
relationship between FIB levels in household drinking water and
incidence of child diarrhea [22].

One possible reason for the equivocal findings regarding the
relationship between FIB and child diarrhea is that FIB are
present in both human and non-human animal feces [5]. In
addition, FIB have historically been used to assess water quality in
countries with temperate climates. They have subsequently been
found to occur naturally and even proliferate in water [25,26], soil
[27-29], and sands [30], particularly in tropical environments
[31,32]. As such, FIB in water and on hands are often not strongly
assoclated with the presence of human enteric pathogens [33-36],
and there is very limited research on the association between
indicators and pathogens in South America, Asia, and Africa [37].
In particular, viruses such as human enterovirus, adenoviruses,
and rotavirus show limited association with FIB [33,37—43]. Given
the low infectious dose of these viruses, as well as their significant
contribution to child diarrhea globally, the limited utility of FIB to
indicate viral presence in water and on hands is of particular
concern [44,45].

For these reasons, in low-income countries with widespread
fecal contamination, FIB are likely not adequate indicators for
understanding the relationship between water management and
hygiene behaviors and diarrheal illness among young children.
Molecular fecal markers such as human-specific Bacteroidales that
are unique to human fecal sources [46], as well as molecular
markers of enteric pathogens, may be better indicators of
contamination. In turn, such indicators may be more useful for
identifying behavioral interventions that can prevent childhood
diarrhea. However, few studies have reported the prevalence of
enteric pathogens or human-specific fecal contamination in the
household environment of low-income countries [16,33,47].

In a recent study conducted in Bagamoyo, Tanzania, Mattioli
et al. analyzed source water, stored drinking water, and hand rinse
samples from 93 households for molecular markers of enteric
viruses and F. coli virulence genes [33]. The authors found a
significant association between viral markers on hands and in
stored drinking water, as well as between E. coli virulence genes in
stored and source waters. FIB were found not to be good
predictors of viral markers in water or on hands, although
turbidity was associated with viral markers on hands. However,
Mattioli et al. did not examine the association between microbial
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contamination and either child health or water management and
hygiene behaviors among sampled households.

The present study builds on Mattioli et al. [33] by using data
collected from 223 households in Bagamoyo, Tanzania to
mvestigate whether the presence of enteropathogen and human-
specific Bacteroidales genes in water and on hands is associated with
reported cases of child diarrhea. Of the 223 households, 213
households are distinct from those described previously [33]. In
addition, we combine the microbial data collected uniquely for this
study with data from the 93 households described in Mattioli et al.
[33] in order to evaluate the association of water management and
hygiene behaviors with enteropathogen and human-specific
Bacteroidales genes in stored drinking water and hand rinse samples.

Methods

Setting

The study was conducted in Bagamoyo, Tanzania (06°28'S,
38°55'E), approximately 70 km north of Dar es Salaam.
Households—defined as groups of people that sleep and eat
together in a dwelling on a regular basis—that included at least one
child under five years of age were enrolled in the study. The data
used in the present study were collected from a subset of 1219
households surveyed during the baseline phase of a household
water and hygiene behavioral intervention trial from March-May

2010 [33].

Data Collection

In each participating household, a hand rinse sample was taken
from the respondent (adult female caregiver). Hand rinse sampling
involves the participant placing her hands, one at a time, into a
sterile sample bag containing 350 ml of sterile distilled water, a
sampling method used successfully in a number of previous studies
[13,16,17,33]. A sample of stored water that was intended for
drinking and cooking was also collected from each household.
Enumerators documented whether or not the water storage
container was covered, then asked each respondent to extract
water in the manner she usually would, pouring it into a 1.63 liter
sterile sample bag (VWR, Radnor, PA). Enumerators noted
whether the respondent’s hand touched the water during
extraction, as well as the extraction method used (e.g., decanting,
filling a cup or bowl). Enumerators inquired whether and how the
water had been treated, and for how long the water had been
stored prior to sampling. Finally, respondents were asked to
identify the water source from which the stored water had been
collected. Water samples were tested for chlorine using a dip
chlorine strip (Hach Co., Loveland, CO); because chlorine was
never detected, there was no need to add sodium thiosulfate to
neutralize residual.

Along with water and hand rinse samples, enumerators
conducted interviews with the female caretaker of the youngest
child in the household. Information was collected regarding
housechold water management and hygiene behaviors, water
supply and sanitation services, household socioeconomic and
demographic characteristics, and illness status of household
members. Tanzanian enumerators participated in a 4-week
training that included instruction on survey content and admin-
istration, electronic data collection, and sterile sampling technique.
The survey instrument underwent multiple iterations and pre-tests.

Ethics Statement

Participants were informed in the local language (Kiswahili) of
all study procedures and the time required for participation.
Written informed consent was obtained from the mother or
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primary female adult caretaker of the under-five children in the
household. When younger caregivers were interviewed (15-17), an
adult household member was present. The Tanzanian Commis-
sion for Science and Technology, the Tanzanian National Institute
for Medical Research (NIMRI) Ethics Sub-Committee, the Ifakara
Health Institute Institutional Review Board (IRB), and Stanford
University’s IRB (IRB Protocol #17971) approved the consent
procedures and study protocol.

Laboratory Analysis

All water and hand rinse samples were stored in a cooler on ice
and transported to a local laboratory for microbial analysis by
membrane filtration within six hours of collection. The turbidity of
the water and hand rinse samples was measured using a LaMotte
2020e Turbidity Meter (LaMotte Company, Chestertown, MD).
The fecal indicator bacteria, E. coli and enterococci, were
enumerated following USEPA Methods 1604 and 1600, respec-
tively [48,49]. MgCl; was added to the water and hand rinse filters
to facilitate capture of viral particles [50], and the samples were
subsequently passed through a 0.45 um-pore size membrane filter
as outlined in Mattioli e al. [33]. The filters were then treated with
RNAlater (Qiagen, Germantown, MD) to stabilize RNA/DNA
[51] and stored at —80°C. E. coli membrane filters with E. coli
biomass (from EPA method 1604) were removed from agar after
counting and were treated with RNAlater and stored at —80°C.
Filters were stored for up to 5 months at —80°C until being
transported back to Stanford University (Stanford, CA, USA) for
molecular processing. Details on field and lab blanks, turbidity
measurements, filtration volumes, culture assay detection limits,
and sample transport were previously described by Mattioli et al.
[33].

The presence or absence of the nucleic acids from three enteric
viruses (enterovirus, adenovirus, and rotavirus), the human-specific
Bacteroidales marker, as well as seven E. coli virulence genes was
measured in all samples. These pathogens were chosen for analysis
because rotavirus, pathogenic E. col, and Shigella spp. are believed
to be major viral and bacterial etiologies of childhood diarrhea
[52,53]; in addition, enteroviruses and adenoviruses are recog-
nized as important etiological agents of gastroenteritis for children
in the developing world [45,54].

Presence of E. coli virulence genes in preserved F. coli biomass
was determined using multiplex polymerase chain reactions (PCR)
[33]. This method determines the presence of diarrheagenic E. coli
virulence genes that are commonly found in Skigella spp., as well as
five different pathotypes of F. coli including enteroinvasive . coli
(EIEC), enteropathogenic E. coli (EPEC), enteroaggregative E. coli
(EAEC), enterotoxigenic E. coli (ETEC), and enterohemorragic E.
coli (EHEC) [47]. These virulence genes include stx/ and stx2
(present in EHEC), eaed (present in EHEC and EPEC), S77b and
LTI (present in ETEC), ipaH (present in EIEC and Shigella spp.),
and aggR (present in EAEC) [55].

The three enteric viruses (enterovirus [56], rotavirus [57], and
adenovirus [58]) and the human-specific Bacteroidales fecal marker
(BacHum) [59] were detected using end-point PCR (BacHum) or
reverse transcriptase-PCR (viruses) with a hydrolysis probe. Details
on nucleic acid extraction, molecular detection assays, assay
detection limits, and inhibition analyses can be found in Mattioli

et al. [33].

Statistical Analysis

Data were analyzed using SAS Enterprise Guide version 4.3
(SAS Institute Inc., Cary, NC). The term ‘enteric virus’ is defined
as the presence or absence of at least one of the three enteric
viruses measured. The acronym ECVG is defined as the presence
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or absence of at least one of the seven E. coli virulence genes
measured, and the term BacHum is defined as the presence or
absence of the human-specific Bacteroidales fecal marker. Results
are considered statistically significant at a level of p=0.05.

A matched case-control study design was used to evaluate the
relationship between cases of diarrhea in children under five and
the presence of molecular markers of enteric pathogens on hands
of mothers and in household stored water. Out of the 1219
households surveyed in the larger household water and hygiene
behavioral intervention trial, the total number of children
classified as sick with GI illness was 113 (among 112 unique
households). These children served as our ‘cases’ in the case-
control study. A case of gastrointestinal illness (GI) was defined as a
child having three or more loose/watery stools per 24 hour period,
blood in the stool, and/or vomiting using a two-day recall period.
Reported GI illness was thus nearly contemporaneous with the
sampling and interview. Healthy children (no reported symptoms)
in the same household as a GI case were excluded from being
controls. Children presenting with non-GI symptoms (eg.,
coughing, congestion) and their siblings were also excluded from
being controls.

Cases were matched to controls post sample collection by one-
to-one propensity score matching (PSM) with no replacement
using STATA (version 11; Stata Corporation, College Station,
TX) [60]. PSM was employed to reduce the chance of bias
resulting from systematic differences between cases and controls
and to improve effect estimation efficiency [61]. The following
variables were included in the model to generate the propensity
scores for matching: child age; the number of families in the
housing unit; the number of times mother reported washing hands
with soap the day prior to interview; whether the household was
located in an urban or rural community; whether the mother
reported that the youngest child uses a latrine regularly; whether
the household has an on-plot water source; if the child’s palms
were observed to have visible dirt; whether the mother works
outside the home; the number of liters of water collected per capita
per day; and whether the household’s main drinking water source
type was a borewell or tap. An equal number of children (among
111 unique households) were selected by PSM as matched
controls.

Conditional logistic regression was used to calculate matched
odds ratios (OR) representing the association between childhood
diarrhea and the presence of contamination on the primary
caregiver’s hands and in the household’s stored drinking water
(case-control analysis). Exact p-values and confidence intervals (CI)
were calculated. As a robustness check and to control for potential
confounders in the case-control analysis, bivariate analyses of
household demographics and water, sanitation, and hygiene
behaviors/characteristics between case and control households
were performed. The bivariate analyses showed which factors
were independently associated with child case status. The student’s
T-test was used to compare mean values between case and control
households. Pooled variances were used unless the Equality of
Variances Folded F-Statistic was significant ($<<0.05), in which
case a Satterthwaite Test of unequal variance was used. The chi-
square test was used to test for differences in proportions of binary
variables between case and control households; when N <5 a
Fisher’s exact test was used. An ANOVA test was used to evaluate
differences in proportions between case and control households for
categorical variables, and the Wilcoxon-Mann-Whitney Test was
used for non-parametric comparisons for non-normally distributed
continuous variables. Variables with a p-value =0.20 in the
bivariate analysis were included in a multivariate logistic
regression model of diarrhea. Model reduction was performed
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by backwards selection until all remaining variables were found to
be significant (p=0.05). Adjusted odds ratios (AOR) and 95%
confidence intervals were calculated using conditional logistic
regression, adjusting for those variables independently associated
with diarrhea [62]. The possibility of overmatching with PSM was
also assessed and is described in the Supporting Information (SI).

Multivariate logistic regression was used to model the presence
of contamination (separate models were estimated for ECVG,
enteric virus, and BacHum) on hands and in household stored
water as a function of hand hygiene and water management
behaviors, respectively. Each separate model included data from
306 unique households. Two hundred twenty-three of these
households were part of the case-control analysis presented above.
The additional 83 households were drawn from the dataset
published by Mattioli et al. [33].

The hand hygiene behaviors examined in the model of hand
contamination include reported liters per capita per day used for
hand washing; whether the respondent reported washing her
hands with soap within one hour prior to having her hand rinse
taken; and the respondent’s reported activity immediately prior to
having the hand rinse sample taken (z.e., washing clothes, dishes, or
child; hand washing; food preparation/eating/serving; or other
activity such as gardening/farming and sweeping; versus sitting).

The water management behaviors examined in the model of
stored drinking water contamination include whether the respon-
dent reported actively treating her stored water (ze., boiling,
chlorinating, filtering, or solar water disinfection); the reported
length of time the sampled water had been stored in the home;
whether the observed extraction method of stored water for
sampling by the respondent was “risky” (i.e., dipping a short-
handled cup, mug, or bowl); whether the stored drinking water
was reportedly collected from an improved source; the average
reported amount of time that household members spend fetching
water per day; and whether the bacterial or viral gene(s) being
modeled was present in the respondent’s hand rinse sample. The
models also include control variables for the presence of an infant
in the household, household monthly expenditure per capita, and
whether the household uses a facility with improved sanitation
infrastructure. Other control variables considered but that did not
contribute significantly to any of the models include whether the
household used a private or shared latrine; the number of children
under five in the household; whether the primary caregiver
worked outside of the home, and whether the primary caregiver
was able to read and write.

For the purposes of this manuscript, improved sanitation
infrastructure is defined as a toilet or latrine with a cement slab,
septic tank, or flush tank into a piped sewer system or pit latrine.
This definition differs from the WHO/UNICEF Joint Monitoring
program definition [63] in which only privately owned sanitation
facilities are considered improved. This definition allowed us to
examine for the effects of private versus shared sanitation and
improved versus unimproved sanitation infrastructure separately
in our models.

Results

Matched Case-control Analysis

Among the 113 children classified as sick with GI illness within
the 48 hours prior to interview, 80 children were reported to have
3 or more loose/watery stools per 24 hour period, 6 were
reported to have blood in the stool, and 53 were reported to
have vomited. Variables used in the PSM method, as well as
household demographics and water, sanitation, and hygiene
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characteristics stratified by case versus control status are presented
in Table S1.

At least one of the three enteric viruses measured was found on
21% of mother’s hands (47/222) and in 3% of stored water
samples (7/216). Rotavirus was the most frequently detected virus
both on hands (10%) and in stored water (2%). Enterovirus was
detected in 8% of hand samples, but was never detected in
household stored water; adenovirus was detected in 5% of hand
rinse samples and in 1% of stored water samples. BacHum was
found in 39% of hand rinse samples (86/222) and in 14% of stored
water samples (30/216).

More than half (59%) of all households in the study had at least
one E. coli virulence gene (ECVG) detected in their stored water,
and 41% of respondents had ECVG detected on their hands. The
presence of individual virulence genes among all water and hand
rinse samples processed for the case-control analysis is reported in
Table S2. Across case and control households, the mean E. coli and
enterococci concentration in household stored water was 1.5 (SD
1.0) and 0.5 (SD 0.6) log CFU/100 ml (N =219), respectively. The
mean F. coli and enterococci concentration in hand rinse samples
was 2.5 (SD 1.0) and 2.7 (SD 1.0) log CFU/2 hands (N =223),
respectively. The concentration of FIB on hands and in stored
drinking water stratified by case status can be found in Table S2.
There was no significant difference between case and control
households in the concentration of . ¢oli or enterococci found on
mother’s hands or in stored drinking.

Table 1 presents the prevalence of molecular markers of enteric
viruses and ECVG in household stored water and hand rinse
samples, stratified by case and control households, as well as the
odds ratios from the matched case-control analysis. The presence
of ECVG in a household’s stored water was associated with a 2-
fold decrease in the odds of at least one child under five years of age
in the household reporting symptoms of diarrhea (OR=0.51
[95% CI0.27-0.93]; p =0.03). Similarly, the presence of the E. coli
virulence gene, Ltl, on the primary caregiver’s hands (suggesting
the presence of the E. coli pathotype enterotoxigenic E. coli (ETEC)
[55]) was also associated with a significant decrease in the odds of a
child in the household having diarrhea (OR =0.25 [95% CI 0.05,
0.93]; p=0.04).

There were no significant associations between virus detection
in water or hand rinses and diarrhea case status in children. The
presence of each enteric virus on hands and in stored water was
consistently associated with increased odds of a child in the
household having diarrhea (Table 1), although none achieved
statistical significance. The presence of at least one enteropathogen
molecular marker (enteric virus or ECVG) on hands or in water
was also not significantly associated with diarrhea.

The presence of BacHum in either stored water or hand rinse
samples was not associated with the odds of a child having
diarrhea at the time of visit. Similarly, the presence of FIB (E. coli
or enterococci) on hands or in stored water was not associated with
cases of diarrhea. Higher concentrations of FIB in stored water
(categorical variable: 1 to <11, 11 to 100, or >100 CFU/100 mL,
Table 1) were also not associated with the odds of a child having
diarrhea.

Case and control households were found to be similar with
respect to the variables used in the PSM (Table S1, all p>0.05).
Cases and controls had no statistically different characteristics (all
$>0.05), with one exception: a larger percentage of control
households had their stored drinking water covered (98% uversus
89%, p<<0.01). The results of the bivariate analyses performed as a
robustness check and to control for other potential confounders in
the case-control analysis can be found in the SI (Results S1 and
Table S1). The revised odds ratios after adjusting for the variables
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significantly associated with case status are presented in Table S3.
Since there were no substantive differences between the adjusted
case-control analyses and the unadjusted analyses, the case-control
results were considered robust. The incorporation of numerous
matching variables in the PSM model may have overmatched
households, causing the case-control effect estimates to be biased
downward [61,64,65]. Therefore, the potential effect of over-
matching on our results was assessed. The results of the
overmatching analysis (see SI and Tables S4, S5, S6, and S7)
show that matching case and control children on several control
variables did not affect the results.

Behavioral Determinants of Enteric Pathogen and Fecal
Markers

We modeled ECVG, enteric virus, and BacHum presence in
hand rinse samples and household stored water as a function of
hygiene and water management behaviors. Household socioeco-
nomic and demographic characteristics, as well as water supply,
sanitation, and hygiene practices of all 306 households used in the
models can be found in Table S8. Among the houscholds
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Table 1. Prevalence of E. coli virulence genes (ECVG), enteric virus genes, human-specific Bacteroidales genes, and FIB detected in
household stored drinking water and hand rinse samples of respondents with at least one child younger than five years old that
were either sick with diarrhea (cases) versus matched healthy children under five years of age (controls).

HANDS STORED WATER

Case (%) Control (%) OR 95% CI° P Case (%) Control (%) OR 95% CI¢ P
ECVG “ 40.0 44.1 0.86 0.48 1.53 0.68 52.7 67.9 0.51 0.27 093 0.03"
ipaH 20.0 315 0.50 0.24 1.01 0.05 232 33.9 0.58 031 1.07 0.09
aggR 13.6 153 0.92 0.39 2.19 1.00 214 321 0.54 0.26 1.07 0.08
Lt1 4.5 13.5 0.25 0.05 0.93 0.04" 11.6 17.0 0.71 031 1.57 0.46
STib 0.0 0.9 1.00*  0.00 19.00 1.00 1.8 1.8 1.00 0.07 13.80 1.00
eaeA 4.5 54 0.83 0.20 3.28 1.00 17.0 15.2 1.15 051 264 0.85
stx1 9.1 171 0.53 0.22 1.19 0.14 205 304 0.54 026 1.07 0.08
stx2 0.0 0.9 1.00*  0.00 19.00 1.00 0.0 2.7 0.26* 0.00 1.71 0.25
Enteric Virus ° 24.8 17.0 1.69 0.82 3.66 0.18 4.6 1.8 2.50 041 2625 045
Rotavirus 124 8.0 1.56 0.63 4.07 0.40 37 0.0 529* 090 = 0.13
Adenovirus 6.2 4.5 1.50 0.36 7.23 0.75 0.9 1.8 0.50 0.01 9.61 1.00
Enterovirus 8.8 6.3 1.60 0.46 6.22 0.58 0.0 0.0
At least 1 enteric virus or ECVG 55.8 54.0 1.12 0.63 1.97 0.79 54.0 66.4 0.59 032 1.08 0.09
Human Bacteroidales 336 43.8 064 035 113 013 1.1 16.2 067 027 159 042
Escherichia coli* 814 743 1.44 0.76 2.80 0.29 814 87.6 0.63 028 137 0.28
1 to <11 CFU/100 mL 133 204 0.48 0.16 1.39 0.21
11 to 100 CFU/100 mL 319 336 0.70 025 1.85 0.57
>100 CFU/100 mL 36.3 336 0.79 029 204 0.75
Enterococcus® 84.1 87.6 0.71 0.28 1.73 0.54 79.6 89.4 0.48 0.20 1.06 0.07
1 to <11 CFU/100 mL 18.6 15.9 0.60 020 175 0.43
11 to 100 CFU/100 mL 31.0 38.1 0.47 0.19 1.10 0.09
>100 CFU/100 mL 30.1 354 0.46 0.17 1.16 0.11
The study consisted of 112 unique case households (containing 113 case children) and 111 unique households with only healthy children (containing 113 matched,
control children).
At least one of the seven pathogenic E. coli virulence genes (ECVG) measured present.
PAt least one of the three enteric viruses measured (rotavirus, adenovirus, enterovirus) present.
Cl, confidence interval.
*Presence/Absence of CFU per 2 hands; Presence/Absence or within specified range of CFU/100 mL stored drinking water with 0 CFU/100 mL as the reference group.
*Indicates a median unbiased estimate.
TStatistically significant (p=0.05).
doi:10.1371/journal.pone.0084939.t001

modeled, twenty-five percent of households included an infant
(<1 yr) present at the time of visit, with an average of 1.3 (SD 0.5)
children under the age of five. The age of the primary caregivers in
our study ranged from 16 to 68 years (median 25 yr). Households
reported spending an average of $17 US (SD $9) per month per
person. Only 15% of households had an on-plot water source, but
85% reported using an improved source as their main source of
drinking water according to the WHO/UNICEF Joint Monitoring
program definition [63] (eg., tap, borewell, or rainwater). A
minority of households (16%) reported to have treated their stored
water. At the time of sampling, mean storage time was 33 hours
(SD 29), and 94% of stored water containers were observed to be
covered. Thirty-eight percent of households had access to a
sanitation facility with improved sanitation infrastructure, and
51% percent of households reported having a private sanitation
facility.

The models of ECVG, enteric virus, and BacHum presence in
hand rinse samples and household stored water are presented in
Tables 2 and 3, respectively. We found a limited number of
significant determinants of hand contamination. The liters per
capita used per day for hand washing (natural-log transformed) was
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the only statistically significant explanatory hygiene behavior in
the model of enteric virus presence on hands (p<<0.01). Results
indicate that doubling the quantity of water used per capita per day
for hand washing was associated with a 2-fold decrease in the odds
of a respondent having an enteric virus on her hands. In the model
of ECVG presence on hands, the odds of detecting ECVG was
approximately three times greater for those respondents who
reported handling food or washing (both p<<0.01) prior to
sampling versus those reporting sitting. No hand hygiene
behaviors were significant in the model of BacHum. It is important
to note that our model explains only a small portion of the
variation in microbial prevalence on hands, highlighting the
unexplained variability in hand contamination within these
communities.

Contamination of stored water was associated with several
water management variables. Stored drinking water collected from
an improved source was associated with a 2.7-fold reduction in the
odds of detecting ECVG contamination (p=0.02) and a 5.6-fold
decrease in the odds of detecting BacHum (p<<0.01). Conversely,
the odds of enteric virus and BacHum being present in a
household’s stored water was 32.7 and 3.6 times greater for
households where enteric viruses or BacHum were also present on
the hands of the respondent (both p<<0.01). Also, the use of a
facility with improved sanitation infrastructure was associated with
a 1.7-fold decrease in the odds of detecting ECVG in the
household’s stored drinking water (p = 0.04).

Discussion

The overall prevalence of enteropathogen genes and the
human-specific Bacteroidales molecular marker in stored drinking
water and hand rinse samples analyzed for this study (Table S2)
was similar to that found in Bagamoyo, Tanzania by Mattioli et al.
[33]. Other studies in Tanzania have also documented ECVG,
enteric virus, and Bacteroidales molecular markers in soil, on
household surfaces, on produce, and on hands in Tanzania
[16,47].

Unexpectedly, our study found that the presence of ECVG in
stored water and on hands was associated with decreased odds of a
child under the age of five having reported diarrhea—indicating a
higher prevalence of ECVG among control households. One
possible explanation for the observed negative association between
ECVG presence and diarrhea is that an episode of child diarrhea
in the household might have triggered efforts by the primary
caregiver to improve stored drinking water quality, such as
treatment or collection from an improved source. A greater
percentage of respondents caring for children with diarrhea
reported boiling their stored drinking water (16%) than those in
control households (9%), although the difference did not reach
statistical significance (p = 0.1). Notably, a prior study in Tanzania
also found microbial water quality to be cleaner among
households with child diarrhea [17].

Asymptomatic pathogen shedding among healthy control
children could help explain the absence of association between
the pathogens detected in the household environment and child
diarrhea. A recent study to identify the etiology of child diarrhea in
Tanzania found that 52% of healthy controls were infected with
an enteric pathogen [53]. Asymptomatic shedding could be the
result of subclinical infections, persistent shedding after illness
symptoms have subsided, ingestion of pathogens below an
infectious dose, or immunity developed by those children living
in households with persistent pathogen contamination [66-69].

Several reported water management and hygiene behaviors
were found to be significantly associated with molecular indicators
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of pathogen contamination in the household. For example,
modeling the presence of enteric virus marker on hands suggests
that the volume of water used for hand washing may be important
in reducing enteric virus transmission. Currently, the World
Health Organization does not recommend a minimum volume of
water per person per day specifically for hand washing, with the
assumption that this volume is dependent on level of service and
water fetching distance [70]. Households in our study reported
using an average of 1.8 L (SD = 1.3) per person per day for hand
washing and had an average of 5.4 people (SD=2.3) per
household (Table S8). Therefore, for a household in our study
to reduce their risk of viral hand contamination by 2-fold, each
household would have to access an average of 19.3 extra L of
water (3.6 L per person) per day for hand washing. This would be
roughly equivalent to a household collecting one extra 20-L jerry
can of water per day.

Respondents reporting activities involving washing soiled
household items (such as clothes or dishes), and those who
reported handling food immediately prior to sampling, were more
likely to have ECVG detected on their hands. This may suggest, as
proposed by others [71], that water used for washing might serve
as a transport mechanism for bacterial pathogens within the home.
Previous studies found Tanzanian fresh market produce to be
contaminated with ECVG [47] and have detected increased levels
of FIB on hands after handling produce or preparing food [16].
This may imply that bacterial pathogens could also be transferred
from produce to hands and would explain the association between
ECVG on hands and recent food handling observed in this study.

Stored drinking water collected from households using im-
proved water sources was less likely to be contaminated with
ECVG and BacHum. This result adds nuance to published
evidence of significant post-supply FIB contamination of stored
water, particularly stored water collected from improved sources
[8,14,72,73]. Together this suggests that while stored water may
become re-contaminated with FIB after collection, improvements
to water sources may still provide safer water at the point-of-use by
preventing bacterial pathogens and human feces from entering
drinking water prior to collection. Households with improved
sanitation infrastructure also had reduced odds of ECVG
detection in their stored water, suggesting that, like water sources,
improvements to sanitation infrastructure (e.g., the addition of a
concrete slab, septic tank, or flush tank) may reduce the risk of
pathogenic bacteria entering the household’s stored drinking
water.

Stored water collected from the household of a respondent with
BacHum detected on her hands was more likely to be
contaminated with BacHum, implying that hands may be a
source of human fecal contamination in stored drinking water.
However, due to the cross-sectional study design, we cannot
confirm the directionality of contamination. Interestingly, reported
water treatment, storage time, use of a “risky” extraction method,
and water fetching time were not found to be associated with
markers of pathogen or human fecal presence in stored water. This
result stands in contrast to other research which found higher FIB
levels in drinking water of households that performed risky
extraction methods [14] and lower FIB levels in households that
actively treated stored water [15] or were served by on-site water
sources [74]. However the results are consistent with previous
research in Tanzania identifying fecal contamination on hands as
the strongest predictor of fecal contamination levels in stored water
[17]. Thus, the effects of safe water management behaviors may be
offset or muted by contamination from hand contact.

Viral marker prevalence may have been too low in this study to
detect significant associations with diarrhea or water management
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behaviors given our sample size. Also, the lower limit of detection
of the viral assays ranged from 10° to 10? genomic units per
100 ml stored water or per two hands. Thus, health relevant
concentrations below our detection limit could have been present
but been undetected in our study [75]. Despite these limitations,
viral prevalence trended toward an increase in the odds of a child
having diarrhea in the household, and therefore should be
prioritized for further research. Our findings suggest that research
focused on child exposure to enteric pathogens in the household
environment should include rotavirus, as it was the most prevalent
virus found in both hand rinses and stored water of sample
households. Rotavirus was also recently reported to be one of the
most important etiological agents of childhood diarrhea in a multi-
country, prospective case-control study [76].

The results presented herein should be interpreted in consid-
eration of several study limitations. The cross-sectional design
precludes determining the direction of effect between child
diarrhea, behaviors, and exposure. Also, previous research has
shown that microbial contamination of hands and drinking water
can vary significantly over time [14,16], and our cross sectional
study design does not allow us to consider this variability. In
addition, only nucleic acids of enteric pathogens were detected in
this study; our methods do not characterize the infectivity or
viability of the pathogens targeted. Diarrhea and many of the
water management and hygiene behaviors used in our models
were self-reported by the respondent; self-reported data has been
found to introduce inaccuracy and bias into estimates of behavior
[77]. Finally, we were unable to measure all potential enteric
pathogens (e.g., protozoa) [76] in this study, and it is possible that
these unmeasured pathogens may have had a positive association
with diarrhea.

Few studies have looked at enteric pathogen and human fecal
molecular markers in houschold environments of low-income
communities [16,33,47]; this study contributes new knowledge by
examining the association between hygiene and water manage-
ment behaviors and the presence of these markers. The
identification of behaviors associated with molecular markers of
enteric pathogens and human fecal contamination on hands and
in water in Bagamoyo can be used to inform the development of
more efficacious interventions aimed at reducing the burden of
childhood diarrhea in other low-income communities. For
example, our work suggests that increasing the quantity of water
available for hand washing may reduce enteric virus transmission
from hands. In addition, improvements in food hygiene practices
and sanitation infrastructure may help alleviate pathogenic E. coli
contamination within the home, while improved source water may
prevent human fecal and pathogenic E. coli contamination of a
household’s stored drinking water. To our knowledge, this is the
first study to examine the association between child diarrhea and
molecular markers of enteric pathogens in household stored water
and hand rinses. Our results warrant further investigation into why
stored drinking water was less frequently contaminated with
bacterial pathogens in households with sick children. In combi-
nation, our analyses highlight the need to better understand the
relative contribution and interdependence of household exposure
routes to the burden of child diarrhea.

Supporting Information

Table S1 Child-level descriptive statistics from the
case-control analysis. The table includes variables used in

PLOS ONE | www.plosone.org

Enteric Pathogens, Behavior, and Child Diarrhea

the PSM, as well as household (HH) demographics, and water,
sanitation, and hygiene characteristics by case and control status.

(DOCX)

Table $2 ECVG, enteric virus gene, Human Bacteroi-
dales gene, and FIB (Escherichia coli and Enterococcus)
prevalence for households in the case-control study.

(DOCX)

Table S3 Adjusted, matched case-control analysis re-
sults.

(DOCX)

Table S4 Unmatched household case-control analysis
results using original controls.

(DOCX)

Table S5 Unmatched household case-control analysis

results using additional controls.

(DOCX)

Table S6 Prevalence (%) of ECVG, enteric virus genes,
and Human Bacteroidales genes in additional control
households. The additional households, along with the original
(case-control analysis) control households, were used in the
robustness checks.

(DOCX)

Table S7 Robustness checks logistic regression results.
These results were used to evaluate whether the propensity score is
significantly associated with pathogen presence in the original
(case-control analysis) control households.

(DOCX)

Table S8 Household-level descriptive statistics from
the water management and hygiene behavior models.
Household-level demographics, and water, sanitation, and hygiene
characteristics of the households used in the logistic regression
model of contamination as a function of water management and
hygiene behaviors.

(DOCX)

Methods S1 Detailed description of methods used for
the overmatching analysis.
(DOCX)

Results S1 Results of robustness checks and overmatch-
ing analysis.

(DOCX)

Acknowledgments

The authors acknowledge Rebecca Gilsdorf, Michael Harris, Debbie Lee,
Emily Viau, and Maggie Montgomery for their support in the field and the
laboratory. We acknowledge our collaborators Salim Abdulla and Omar
Juma at the Ifakara Health Institute in Bagamoyo, Tanzania. This project
would not have been possible without the Tanzanian lab and field teams
and participating households.

Author Contributions

Conceived and designed the experiments: MCM ABB JD ARH MM AJP.
Performed the experiments: MCM ARH AJP. Analyzed the data: MCM
AJP. Contributed reagents/materials/analysis tools: ABB JD MM. Wrote
the paper: MCM ABB JD ARH MM AJP.

January 2014 | Volume 9 | Issue 1 | e84939



References

1.

20.

21.

22.

23.

24.

Walker CL, Rudan I, Liu L, Nair H, Theodoratou E, et al. (2013) Global burden
of childhood pneumonia and diarrhoea. Lancet 381: 1405-1416.

. Liu L, Johnson HL, Cousens S, Perin J, Scott S, et al. (2012) Global, regional,

and national causes of child mortality: an updated systematic analysis for
2010 with time trends since 2000. Lancet 379: 2151-2161.

. Priiss-Ustiin A, Bos R, Gore F, Bartram J (2008) Safer water, better health: costs,

benefits and sustainability of interventions to protect and promote health.
Geneva: World Health Organization.

. Organization WH, UNICeF (2012) Progress on sanitation and drinking water:

2012 update. Geneva: World Health Organization.

. Dufour AP, Ballentine P (1986) Ambient Water Quality Criteria for Bacteria-

1986 (Bacteriological ambient water quality criteria for marine and fresh
recreational waters). Washington, DC: U.S. Environmental Protection Agency.

. Cairncross AM (1990) Health Impacts in Developing Countries: New Evidence

and New Prospects. Water and Environment Journal 4: 571-575.

. Trevett AF, Carter RC, Tyrrel SF (2005) The importance of domestic water

quality management in the context of faecal-oral disease transmission. J Water
Health 3: 259-270.

. Wright J, Gundry S, Conroy R (2004) Household drinking water in developing

countries: a systematic review of microbiological contamination between source
and point-of-use. Trop Med Int Health 9: 106-117.

. Jensen PK, Ensink JH, Jayasinghe G, van der Hoek W, Cairncross S, et al.

(2002) Domestic transmission routes of pathogens: the problem of in-house
contamination of drinking water during storage in developing countries. Trop

Med Int Health 7: 604-609.

. Luby SP, Agboatwalla M, Raza A, Sobel ], Mintz ED, et al. (2001)

Microbiologic effectiveness of hand washing with soap in an urban squatter
settlement, Karachi, Pakistan. Epidemiol Infect 127: 237-244.

. Luby SP, Agboatwalla M, Billhimer W, Hoekstra RM (2007) Field trial of a low

cost method to evaluate hand cleanliness. Trop Med Int Health 12: 765-771.

. Pinfold JV (1990) Faecal contamination of water and fingertip-rinses as a

method for evaluating the effect of low-cost water supply and sanitation activities
on faeco-oral disease transmission. II. A hygiene intervention study in rural
north-east Thailand. Epidemiol Infect 105: 377-389.

. Davis J, Pickering AJ, Rogers K, Mamuya S, Boehm AB (2011) The effects of

informational interventions on household water management, hygiene behav-
iors, stored drinking water quality, and hand contamination in peri-urban

Tanzania. Am J Trop Med Hyg 84: 184-191.

. Levy K, Nelson KL, Hubbard A, Eisenberg JN (2008) Following the water: a

controlled study of drinking water storage in northern coastal Ecuador. Environ
Health Perspect 116: 1533-1540.

Sobsey MD, Stauber CE, Casanova LM, Brown JM, Elliott MA (2008) Point of
use household drinking water filtration: A practical, effective solution for
providing sustained access to safe drinking water in the developing world.
Environ Sci Technol 42: 4261-4267.

. Pickering AJ, Julian TR, Mamuya S, Bochm AB, Davis J (2011) Bacterial hand

contamination among Tanzanian mothers varies temporally and following
household activities. Trop Med Int Health 16: 233-239.

. Pickering AJ, Davis J, Walters SP, Horak HM, Keymer DP, et al. (2010) Hands,

water, and health: fecal contamination in Tanzanian communities with
improved, non-networked water supplies. Environ Sci Technol 44: 3267-3272.

. Brown JM, Proum 8, Sobsey MD (2008) Escherichia coli in household drinking

water and diarrheal disease risk: evidence from Cambodia. Water Sci Technol

58: 757-763.

. Moe CL, Sobsey MD, Samsa GP, Mesolo V (1991) Bacterial indicators of risk of

diarrhoeal disease from drinking-water in the Philippines. Bull World Health
Organ 69: 305-317.

VanDerslice J, Briscoe J (1995) Environmental interventions in developing
countries: interactions and their implications. Am J Epidemiol 141: 135-144.
Jensen PK, Jayasinghe G, van der Hoek W, Cairncross S, Dalsgaard A (2004) Is
there an association between bacteriological drinking water quality and
childhood diarrhoea in developing countries? Trop Med Int Health 9: 1210
1215.

Gundry S, Wright J, Conroy R (2004) A systematic review of the health
outcomes related to household water quality in developing countries. J Water
Health 2: 1-13.

Khush RS, Arnold BF, Srikanth P, Sudharsanam S, Ramaswamy P, et al. (2013)
H2S as an indicator of water supply vulnerability and health risk in low-resource
settings: a prospective cohort study. Am J Trop Med Hyg 89: 251-259.

Levy K, Nelson KL, Hubbard A, Eisenberg JN (2012) Rethinking indicators of
microbial drinking water quality for health studies in tropical developing
countries: case study in northern coastal Ecuador. Am J Trop Med Hyg 86: 499
507.

. Power ML, Littlefield-Wyer J, Gordon DM, Veal DA, Slade MB (2005)

Phenotypic and genotypic characterization of encapsulated Escherichia coli
isolated from blooms in two Australian lakes. Environ Microbiol 7: 631-640.

. Viau EJ, Goodwin KD, Yamahara KM, Layton BA, Sassoubre LM, et al. (2011)

Bacterial pathogens in Hawaiian coastal streams-associations with fecal
indicators, land cover, and water quality. Water Res 45: 3279-3290.

. Byappanahalli MN, Whitman RL, Shively DA, Sadowsky M], Ishii S (2006)

Population structure, persistence, and seasonality of autochthonous Escherichia

PLOS ONE | www.plosone.org

28.

29.

30.

31.

32.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

53.

Enteric Pathogens, Behavior, and Child Diarrhea

coli in temperate, coastal forest soil from a Great Lakes watershed. Environ
Microbiol 8: 504-513.

Anderson KL, Whitlock JE, Harwood VJ (2005) Persistence and differential
survival of fecal indicator bacteria in subtropical waters and sediments. Appl
Environ Microbiol 71: 3041-3048.

Byappanahalli MN, Fujioka RS (1998) Evidence that tropical soil environment
can support the growth of Escherichia coli. Water Science and Technology 38:
171-174.

Yamahara KM, Walters SP, Boehm AB (2009) Growth of enterococci in
unaltered, unseeded beach sands subjected to tidal wetting. Appl Environ
Microbiol 75: 1517-1524.

Fujioka RS, Tenno K, Kansako S (1988) Naturally occurring fecal coliforms and
fecal streptococci in Hawaii’s freshwater streams. Toxicity Assessment 3: 613—
630.

Ferguson AS, Mailloux BJ, Ahmed KM, van Geen A, McKay LD, et al. (2011)
Hand-pumps as reservoirs for microbial contamination of well water. J] Water
Health 9: 708-717.

Mattioli MC, Pickering AJ, Gilsdorf RJ, Davis J, Bochm AB (2013) Hands and
water as vectors of diarrheal pathogens in Bagamoyo, Tanzania. Environ Sci
Technol 47: 355-363.

Lemarchand K, Lebaron P (2003) Occurrence of Salmonella spp. and
Cryptosporidium spp. in a French coastal watershed: relationship with fecal
indicators. FEMS Microbiol Lett 218: 203-209.

. Horman A, Rimhanen-Finne R, Maunula L, von Bonsdorfl CH, Torvela N, et

al. (2004) Campylobacter spp., Giardia spp., Cryptosporidium spp., noroviruses, and
indicator organisms in surface water in southwestern Finland, 2000-2001. Appl
Environ Microbiol 70: 87-95.
Bonadonna L, Briancesco R, Ottaviani M, Veschetti E (2002) Occurrence of
Cryptosporidium oocysts in sewage effluents and correlation with microbial,
chemical and physical water variables. Environ Monit Assess 75: 241-252.
Wu J, Long SC, Das D, Dorner SM (2011) Are microbial indicators and
pathogens correlated? A statistical analysis of 40 years of research. J Water
Health 9: 265-278.
Jiang S, Noble R, Chu W (2001) Human adenoviruses and coliphages in urban
runoff-impacted coastal waters of Southern California. Appl Environ Microbiol
67: 179-184.
Noble RT, Fuhrman JA (2001) Enteroviruses detected by reverse transcriptase
polymerase chain reaction from the coastal waters of Santa Monica Bay,
Jalifornia: low correlation to bacterial indicator levels. Hydrobiologia 460: 175
184.
Harwood VJ, Levine AD, Scott TM, Chivukula V, Lukasik J, et al. (2005)
Validity of the indicator organism paradigm for pathogen reduction in reclaimed
water and public health protection. Appl Environ Microbiol 71: 3163-3170.
Pusch D, Oh DY, Wolf' S, Dumke R, Schroter-Bobsin U, et al. (2005) Detection
of enteric viruses and bacterial indicators in German environmental waters.
Arch Virol 150: 929-947.
Baggi I, Demarta A, Peduzzi R (2001) Persistence of viral pathogens and
bacteriophages during sewage treatment: lack of correlation with indicator
bacteria. Res Microbiol 152: 743-751.
Ferguson AS, Layton AC, Mailloux BJ, Culligan PJ, Williams DE, et al. (2012)
Comparison of fecal indicators with pathogenic bacteria and rotavirus in
groundwater. Sci Total Environ 431: 314-322.
Fong TT, Lipp EK (2005) Enteric viruses of humans and animals in aquatic
environments: health risks, detection, and potential water quality assessment
tools. Microbiol Mol Biol Rev 69: 357-371.

. Ramani S, Kang G (2009) Viruses causing childhood diarrhoea in the

developing world. Curr Opin Infect Dis 22: 477-482.

Bernhard AE, Field KG (2000) A PCR assay To discriminate human and
ruminant feces on the basis of host differences in Bacteroides-Prevotella genes
encoding 16S rRNA. Appl Environ Microbiol 66: 4571-4574.

Pickering AJ, Julian TR, Marks SJ, Mattioli MC, Boechm AB, et al. (2012) Fecal
contamination and diarrheal pathogens on surfaces and in soils among
Tanzanian houscholds with and without improved sanitation. Environ Sci
Technol.

USEPA (2002) Method 1604: Total coliforms and Escherichia coli in water by
membrane filtration using a simultaneous detection technique (MI Medium).
Washington, D.C.: United States Environmental Protection Agency, Office of
Water.

USEPA (2009) Method 1600: Enterococci in water by membrane filtration using
membrane-Enterococcus Indoxyl-D-Glucoside Agar (mEI). Washington, D.C.:
United States Environmental Protection Agency, Office of Water.

Victoria M, Guimaraes F, Fumian T, Ferreira F, Vieira C, et al. (2009)
Evaluation of an adsorption-clution method for detection of astrovirus and
norovirus in environmental waters. J Virol Methods 156: 73-76.

. Keating DT, Malizia AP, Sadlier D, Hurson C, Wood AL, et al. (2008) Lung

tissue storage: optimizing conditions for future use in molecular research. Exp
Lung Res 34: 455-466.

. Ashbolt NJ (2004) Microbial contamination of drinking water and disease

outcomes in developing regions. Toxicology 198: 229-238.
Gascon J, Vargas M, Schellenberg D, Urassa H, Casals C, et al. (2000) Diarrhea
in children under 5 years of age from Ifakara, Tanzania: a case-control study.

J Clin Microbiol 38: 4459-4462.

January 2014 | Volume 9 | Issue 1 | e84939



54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Silva PA, Stark K, Mockenhaupt FP, Reither K, Weitzel T, et al. (2008)
Molecular characterization of enteric viral agents from children in northern

region of Ghana. J Med Virol 80: 1790-1798.

. Kaper JB, Nataro JP, Mobley HL (2004) Pathogenic Escherichia coli. Nat Rev

Microbiol 2: 123-140.

Walters SP, Yamahara KM, Boehm AB (2009) Persistence of nucleic acid
markers of health-relevant organisms in seawater microcosms: implications for
their use in assessing risk in recreational waters. Water Res 43: 4929-4939.
Jothikumar N, Kang G, Hill VR (2009) Broadly reactive TagMan assay for real-
time RT-PCR detection of rotavirus in clinical and environmental samples.
JIN2@cdc.gov. J Virol Methods 155: 126-131.

Jothikumar N, Cromeans TL, Hill VR, Lu X, Sobsey MD, et al. (2005)
Quantitative real-time PCR assays for detection of human adenoviruses and
identification of serotypes 40 and 41. Appl Environ Microbiol 71: 3131-3136.
Kildare BJ, Leutenegger CM, McSwain BS, Bambic DG, Rajal VB, et al. (2007)
16S rRNA-based assays for quantitative detection of universal, human-, cow-,
and dog-specific fecal Bacteroidales: a Bayesian approach. Water Res 41: 3701—
3715.

Dehejia RH, Wahba S (2002) Propensity score-matching methods for
nonexperimental causal studies. Review of Economics and statistics 84: 151~
161.

Wacholder S, Silverman DT, McLaughlin JK, Mandel JS (1992) Selection of
controls in case-control studies. III. Design options. Am J Epidemiol 135: 1042
1050.

Howard CM, Handzel T, Hill VR, Grytdal SP, Blanton C, et al. (2010) Novel
risk factors associated with hepatitis E virus infection in a large outbreak in
northern Uganda: results from a case-control study and environmental analysis.
Am J Trop Med Hyg 83: 1170-1173.

WHO-UNICEF (2012) Progress on Drinking Water and Sanitation: 2012
Update. Geneva: World Health Organization.

Day NE, Byar DP, Green SB (1980) Overadjustment in case-control studies.
Am J Epidemiol 112: 696-706.

. Breslow NE, Day NE, Cancer IAfRo (1980) Statistical methods in cancer

research. vol. 1: The analysis of case-control studies.

PLOS ONE | www.plosone.org

1

66.

67.

68.

69.

70.

71.

73.

74.

77.

Enteric Pathogens, Behavior, and Child Diarrhea

Levine MM, Robins-Browne RM (2012) Factors that explain excretion of enteric
pathogens by persons without diarrhea. Clinical infectious diseases : an official
publication of the Infectious Diseases Society of America 55 Suppl 4: S303-311.
VanDerslice J, Briscoe J (1993) All coliforms are not created equal: A
comparison of the effects of water source and in-house water contamination
on infantile diarrheal disease. Water Resources Research 29: 1983-1995.
Black RE, Merson MH, Rowe B, Taylor PR, Alim AA, et al. (1981)
Enterotoxigenic FEscherichia coli diarrhoea: acquired immunity and transmission
in an endemic area. Bulletin of the World Health Organization 59: 263.
Valentiner-Branth P, Steinsland H, Fischer TK, Perch M, Scheutz F, et al.
(2003) Cohort study of Guinean children: incidence, pathogenicity, conferred
protection, and attributable risk for enteropathogens during the first 2 years of
life. J Clin Microbiol 41: 4238-4245.

Howard G, Bartram J (2003) Domestic water quantity, service level, and health.
Geneva: World Health Organization.

Thompson J (2001) Drawers of Water II: 30 years of change in domestic water
use & environmental health in east Africa. Summary. Tied.

. Kremer M, Leino J, Miguel E, Zwane AP (2011) Spring cleaning: Rural water

impacts, valuation, and property rights institutions*. The Quarterly Journal of
Economics 126: 145-205.

Gasana J, Morin J, Ndikuyeze A, Kamoso P (2002) Impact of water supply and
sanitation on diarrheal morbidity among young children in the socioeconomic
and cultural context of Rwanda (Africa). Environ Res 90: 76-88.

Brown J, Hien VT, McMahan L, Jenkins MW, Thie L, et al. (2012) Relative
benefits of on-plot water supply over other improved’ sources in rural Vietnam.
Trop Med Int Health 18: 65-74.

. Haas CN, Rose JB, Gerba C, Regli S (1993) Risk assessment of virus in drinking

water. Risk Anal 13: 545-552.

. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, et al. (2013)

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. The Lancet.

Curtis V, Cousens S, Mertens T, Traore E, Kanki B, et al. (1993) Structured
observations of hygiene behaviours in Burkina Faso: validity, variability, and

utility. Bull World Health Organ 71: 23-32.

January 2014 | Volume 9 | Issue 1 | e84939



