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Abstract. Escherichia coli pathotypes (i.e., enteropathogenic and enterotoxigenic) have been identified among the
pathogens most responsible for moderate-to-severe diarrhea in low- and middle-income countries (LMICs). Pathogenic
E. coli are transmitted from infected human or animal feces to new susceptible hosts via environmental reservoirs such as
hands, water, and soil. Commensal E. coli, which includes nonpathogenicE. coli strains, arewidely used as fecal bacteria
indicator, with their presence associated with increased likelihood of enteric pathogens and/or diarrheal disease. In this
study, we investigated E. coli contamination in environmental reservoirs within households (N = 142) in high-population
density communities of Harare, Zimbabwe. We further assessed the interconnectedness of the environmental com-
partments by investigating associations between, and household-level risk factors for, E. coli contamination. From the
data we collected, the source and risk factors for E. coli contamination are not readily apparent. One notable exception is
the presence of running tap water on the household plot, which is associated with significantly less E. coli contamination
of drinkingwater, handwashingwater, and hands after handwashing. In addition, E. coli levels on hands after washing are
significantly associated with handwashing water contamination, hand contamination before washing, and diarrhea in-
cidence. Finally,weobserved that animal ownership increasesE. colicontamination in soil, andE. coli in soil are correlated
with contamination on hands before washing. This study highlights the complexity of E. coli contamination in household
environments within LMICs. More, larger, studies are needed to better identify sources and exposure pathways of
E. coli—and enteric pathogens generally—to identify effective interventions.

INTRODUCTION

Gastrointestinal diseases cause an estimated 5–700,000
deaths in children aged less than 5 years annually.1 Recent
studies have identified a subset of enteric pathogens (enter-
otoxigenic and enteropathogenic Escherichia coli, Shigella
spp., rotavirus, calicivirus, and Cryptosporidium spp.) as the
leading causes of moderate-to-severe diarrhea and/or mor-
tality in low- and middle-income countries (LMICs).2,3 These
pathogens are likely transmitted from human or animal feces
to susceptible hosts through interactions with food and en-
vironmental compartments (i.e., flies, hands, soil, surfaces,
and water).3–5 Fecal indicator bacteria, including E. coli, are
widely used as indicators to study the sources and fate of fecal
contamination in the environment. The presence of E. coli in
drinking water, for example, is associated with increased risk
of both enteric pathogens and diarrheal disease, generally.6–8

Research to date largely focuses on the role of food andwater
in the transmissionof enteric bacteria, but recent evidencehas
highlighted the potential importance of other compartments
including hands and soil.9–13

There is increasing awareness of the role of environmental
compartments such as hands, surfaces, and soil in the
transmission of enteric bacteria. Hands, in particular, are im-
portant compartments in diarrheal disease transmission. An
estimated 297,000 diarrheal deaths could be avoided with
improved hygiene, equivalent to approximately 5.5% of all
causes of death for children aged less than 5 years.14 It is

therefore unsurprising that high levels of microbial indicators
of fecal contamination—as well as enteric pathogens—have
been reported on the hands of people in LMICs.12,15,16 Even
after a handwashing event,E. colicontaminationonhandscan
increase 2–3 log10 colony forming units (CFU) per two hands
within only a few minutes when typical household activities
(e.g., cleaning dishes, preparing food, sweeping, and bathing)
are performed.17–19 The cause of the rapid contamination is
unclear, but an exposure model by Julian and Pickering20

suggested that E. coli contamination of dirt and sand may
contribute substantially to hand contamination.
Soil and surfaces within households are also important

exposure pathways for diarrheal disease in LMICs. Several
studies have reported high levels of fecal indicators on sur-
faces and in the soil of households.10,13,21–24 The sources of
the fecal contamination are unclear, but evidence suggests
both human and animal sources.10,13,25 Fecal contamination
of soil is likely due to some combination of open defeca-
tion, inadequate infant and child fecal management, inad-
equate disposal of wastewater, and inadequate animal
fecal management.16,26–31 Moreover, fecal indicator bacteria
may be indigenous and/or naturalized in soil in tropical
climates.27,32,33 Finally, soil is important because of the po-
tential for soil ingestion, which has been reported in multiple
studies (i.e., inBangladesh,Zimbabwe,Kenya, andTaiwan).34–38

Understanding the role of hands, surfaces, and soil in the
transmission of enteric bacteria is critical to help inform effective
interventions.4

There is increasing evidence of the interconnectedness of
the environmental compartments in pathogen transmission in
LMICs. Although both hand and soil contamination can di-
rectly impact human health via, for example, hand-to-mouth
contacts and soil ingestion, these compartments can also
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transfer pathogens to other compartments (e.g., food and
drinking water). For example, the decline in stored drinking
water quality relative to the source drinking water is often at-
tributed to water contacts with contaminated hands or
utensils.39–42 Further evidence of this is supported by findings
that stored drinking water contamination is associated with
contamination on hands with E. coli virulence genes, fecal
indicator bacteria, and enteric viruses.12,15 Reducing oppor-
tunities for hand contact with water (e.g., by using containers
with smaller openings) is associated with reductions in fecal
contamination.41,43

The present study investigates associations in E. coli con-
tamination between environmental compartments (hands, soil,
drinking water, and handwashing water) in high-population den-
sitycommunitiesofHarare,Zimbabwe.Theobjective is to identify
risk factors forE. coli contamination in drinking and handwashing
water, soil, and hands. We modeled associations between sani-
tation, hygiene, and diarrhea incidence on E. coli levels in soil,
water (drinkingandhandwashing), andonhands (beforeandafter
handwashing) using both microbiological sampling for E. coli, as
well as household-level survey and observation data. Study
outcomes highlight the interconnectedness between compart-
ments and identify likely household-level factors that influence
environmental E. coli contamination.

MATERIALS AND METHODS

Conceptual framework. The conceptual framework of our
study is that E. coli contamination within environmental
compartments (soil, drinking water, handwashing water,
hands before handwashing, and hands after handwashing)
is influenced by environmental contamination within other
compartments and is mediated by sanitation, hygiene, and
health (Figure 1). For example, E. coli contamination in hands
after washing (Figure 1) is influenced by E. coli contamination

of handwashingwater and handsbefore handwashing, aswell
as handwashing facility characteristics. Other compartments
(i.e., soil) and household-level factors (i.e., sanitation, house-
hold hygiene, presence of running tap water, and hand-
washing water collection and storage conditions) indirectly
influence drinking water through impacts on other compart-
ments. The impact of diarrhea incidence and asset index
rankingsoneachcompartment—not illustrated inFigure1—was
also studied. The conceptual framework formed the basis for
the data collection and analysis.
Study site and sampling frame. This studywas conducted

in high-population density communities of urban Harare
(Zimbabwe) in January and February 2016 and embedded
within a cluster-randomized controlled trial of 580 households
powered to evaluate the effects of a hand washing campaign
in collaboration with the Ministry of Primary and Secondary
Education, theMinistry of Health and the City Health Authority
of Harare.44 In this study, 142 households were enrolled, or
25% of the total enrolled in the larger trial, based on the lo-
gistical constraints (timing, sample transport, and sample
processing) associated with the more intense environmental
sampling. Participants were recruited through random
route sampling. In brief, from a randomly selected junction
in each of the 20 clusters, every fifth household was visited.
Households were enrolled if 1) at least one child attended
the local primary school and 2) the primary caregiver pro-
vided informed written consent. Households that were
nonresponsive, ineligible, and unwilling to participate were
replaced by the fifth next household on the sampling route.
The study was reviewed and approved by the Ethics
Commission of the Swiss Federal Institute of Technology
Zurich (ETH Zurich, Zurich, Switzerland) and the Research
Council of Zimbabwe.
Household interview data. Data were collected via per-

sonal interviews with the primary caregiver and spot check

FIGURE 1. Conceptual framework of the study. Oval boxes represent compartments for enteric bacteria (i.e., hands, soil, and water) and square
boxes represent household survey data. Arrows signify the potential correlations of fecal contamination between different compartments and
households’ characteristics. The impact of diarrhea incidents and asset index rankings on each compartment—not illustrated here—was also
studied. Values for R-squared and F statistics from the regression models are displayed for each compartment. Each color denotes the potential
pathways hypothesized for enteric bacterial transmission to a certain compartment. *** indicates significance at the 1% level. This figure appears in
color at www.ajtmh.org.
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observations by local enumerators. The interviews included
questionsondemographics; diarrhea incidence (loose,watery
stools) in the past 7 days; assets as aproxy for socioeconomic
status; andwater, sanitation, and hygiene (WASH) infrastructure
and practices (Table 1).
Soil samples. Collection. Soil samples (N = 142) were

obtained from each household from an outdoor location
closest to the entranceof the housewhere therewas no visible
feces, food, or trash. If there was more than one entrance to
the house, the entrance closest to the food preparation area
was chosen. All soil samples were collected from the surface
(< 2 cm deep) of an area approximately 20 × 20 cm. A sterile
plastic spoon was used to collect more than 80 g of soil in a
120-mL Whirl-Pack® (Sigma-Aldrich, Buchs, Switzerland)
sampling bag. Soil samples were stored on ice and trans-
ported to the laboratory at the University of Zimbabwe where
they were processed within 6 hours.
Total solids. Total solids of the soil samples were measured

following a method adapted from Colorado University Ex-
tension using a microwave oven.13,45 In brief, soil weights
were recorded for 5 g soil samples, and then the soil was
subjected to repeated 10-second intervals of microwaving.
Final dry weight was determined when three consecutive
measurements differed by < 0.1 g. Moisture content calcula-
tionswere basedon the difference between initial and final soil
sample weights.

E. coli enumeration. To elute E. coli from soil samples,
5 ± 0.25 g of soil was added to 30 mL phosphate buffered
saline (PBS) in a 120mLWhirl-Pack bag. PBSwasmade in the
laboratory at the University of Zimbabwe using 8 g NaCl, 0.2
g KCl, 1.44 g Na2HPO4, and 0.24 g KH2PO4 in 1 L of dech-
lorinated bottled water (18 mg sodium thiosulfate per L of
Shoppers Choice purified bottled water; OK Zimbabwe
Limited, Harare, Zimbabwe). The mixture was shaken by
hand for 2 minutes and then allowed to settle for 15 ± 3
minutes. For E. coli quantification, 1 mL of the soil superna-
tant from both undiluted and 1/50 dilution in PBS was plated
onto compact dry plates (Compact Dry™ EC, VWR, Vienna,
Austria). The plates were incubated at 37�C for 24 hours
following themanufacturer’s instructions. Duplicate samples
were tested for 10% of the households. One negative field
control was processed per sampling day. Results were cal-
culated as CFU per gram of total solids (CFU/g-TS). The
lower and upper detection limits were 0.89 log10 CFU/g-TS
and 4.76 log10 CFU/g-TS, respectively.
E. coli isolation. Presumptive E. coli colonies were isolated

from a randomly selected subset of soil samples (N = 49). In
brief, 1 mL of the soil supernatant from both 1× and 1/50 di-
lutions in PBS was filtered on a Whatman® cellulose acetate
membrane filter (0.45 μm thickness, 47 mm diameter;
Sigma-Aldrich). The filters were placed on tryptone bile
glucuronic (TBX) media (Thermo Fisher Scientific, Waltham,

TABLE 1
Characteristics of households

Characteristics

All households (N = 142) With running tap water (N = 98) Without running tap water (N = 44)

n Percent/mean ± SD n Percent/mean ± SD n Percent/mean ± SD

Diarrhea incidence
Diarrhea incidence in the past 7 days 27 19 20 20 7 15

Asset index ranking
Low 26 18 19 19 7 15
Medium 85 59 60 61 25 56
High 31 21 19 19 12 27

Sanitation
Presence of animals in household 17 12 8 8 9 20
Toilet structure completeness additive
index

142 0.41 ± 0.68 98 0.36 ± 0.60 44 0.52 ± 0.82

Toilet cleanliness additive index 142 0.78 ± 0.74 98 0.77 ± 0.72 44 0.82 ± 0.81
Toilet located outside the house 76 53 48 49 28 63

Household hygiene
Presence of trash inside/outside the
house

60 42 42 42 18 40

Presence of flies inside the house 90 63 60 61 30 68
Handwashing facility
Handwashing facility (after contact with
feces) outside the house

108 76 76 77 32 72

Absence of soap and water 53 37 27 27 26 59
Tap water
Absence of running tap water 44 31 – – – –

Collection water storage
Presence of visible dirt inside – – – – 10 22
Container not covered or closed, with
large opening or spigot

– – – – 37 84

Handwashing water storage
Presence of visible dirt inside – – – – 12 27
Container not covered or closed, with
large opening or spigot

– – – – 37 84

Drinking water storage
Presence of visible dirt inside – – – – 7 15
Container not covered or closed, with
large opening or spigot

– – – – 36 81

SD = standard deviation.
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MA) and incubated at 37�C for 18–24 hours per the manu-
facturer’s instructions. Blue-green presumptive E. coli col-
onies (three per sample) were isolated and grown overnight
at 37�C in 1 mL LB broth. From the overnight culture, 100 μL
was added to 1 mL glycerol-tryptone soy broth (TSB) so-
lution (30%glycerol–70%TSBmadewith 30 g TSBmedia in
1 L dechlorinated bottled water) and kept at −20�C for up to
40 days before shipping to Eawag (Dübendorf, Switzerland)
for further processing. At Eawag, presumptive E. coli iso-
lates (N = 30) were identified with API-20E kits (bioMérieux,
Genève,Switzerland) following themanufacturer’s instructions.
Water samples. Collection. Water samples (N = 244) were

obtained from 142 households. In 102 households (72%),
there were separate sources of water for drinking and hand-
washing; in these households, water samples were collected
from both sources. The other 40 households (28%) used a
single water source for both drinking and handwashing.
Samples were obtained in 125-mL polypropylene sample
bottles (Semadeni, Ostermundigen, Switzerland) containing
sodium thiosulfate for dechlorinationwith a final concentration
of 18 mg/L. Every sampling day, one bottle was filled with
Shoppers Choice bottled water also treated with 18 mg/L
sodium thiosulfate in the laboratory, transported during
sampling on the field alongside other samples, and returned to
the laboratory for microbial analyses as a field control. Water
containers were stored on ice for up to 6 hours before pro-
cessing in the laboratory at the University of Zimbabwe.
E. coli enumeration. For E. coli analysis, both 1 and 100 mL

samples were analyzed. The 1 mL sample was pipetted di-
rectly onacompact dryplate. The100mLofwater samplewas
filtered using 0.45 μm cellulose acetate membrane filters
(47 mm diameter; Sigma-Aldrich), and the filter was placed on
the compact dry plate. The plates were incubated at 37�C for
24 hours as per the manufacturer’s instructions. Duplicate
samples were tested for 10% of the households. Negative
field controls were processed in parallel for each sampling
day. The lower and upper detection limits were 0 log10

CFU/100 mL and 4.3 log10 CFU/100 mL, respectively.
E. coli isolation. From a randomly selected subset of water

samples (N = 48), presumptive E. coli colonies were isolated.
One hundred milliliter of the water sample was filtered on a
Whatman cellulose acetate membrane filter (0.45 μm thick-
ness, 47mmdiameter; Sigma-Aldrich). The filters were placed
on TBX plates, incubated at 37�C for 24 hours, and the colo-
nieswere isolated following themethodspreviously described
for soil. At Eawag, presumptive E. coli isolates (N = 25 for
drinking water, N = 9 for handwashing water) were identified
with API-20E kits (bioMérieux) following the manufacturer’s
instructions.
Hand rinse samples. Contamination of hands before and

afterhandwashingwasmeasuredusinghandrinsesamples.46,47

To collect the “hands beforewashing” sample, the caregiver’s
left or right was selected randomly. The selected hand was
placed in a 2,040-mL Whirl-Pack Sampling bag (NASCO
Corp., Fort Atkinson, WI) containing 350 mL bottled water
treated with 17.5 mg/L sodium thiosulfate. The bag was fas-
tened on the caregiver’s wrist. The hands were massaged as
described elsewhere by Friedrich et al.46 Bags containing
hand rinse sampleswere placed on ice for up to 6 hours before
processing in the laboratory at the University of Zimbabwe.
Next, the caregiver was asked to wash their hands in their
usual manner before handling food or after contact with feces.

To collect the “hands after washing” sample, the other hand of
the caregiver that was not previously sampled was used fol-
lowing themethod described previously. The lower and upper
detection limits were 0.54 log10 CFU/hand and 4.94 log10
CFU/hand for hands before handwashing and 0.54 log10
CFU/hand and 3.94 log10 CFU/hand for hands after hand-
washing, respectively.
Virulence genes detection. To assess whether virulent

E. coli strains were circulating in the community at the time of
sampling, a randomly selected subset of 45 E. coli isolates
(N = 3 for handwashing water, N = 9 for drinking water, N = 10
for soil, N = 14 for human feces, and N = 9 for chicken feces)
were further characterized for the presence of six virulence-
associated gene markers: bfp (bundle forming pilus), eae
(intimin), lt (heat labile enterotoxin), st (heat stable enterotoxin),
aat (anti-aggregation protein transporter gene), and aaiC (se-
creted protein) using a previously described protocol.48 Hu-
man and chicken feceswere included aspresumptive sources
of fecal contamination into the environment. A subset ofE. coli
isolates from human and chicken feces were also confirmed
using API-20E to verify the selectivity of our E. coli isolation
method from environmental reservoirs relative to feces.
Methods for the collection of human and chicken feces are
available in the Supplemental Data.
Data analyses. All statistical analyses were performed us-

ing R software (R Statistical Software, R Foundation for Sta-
tistical Computing, Vienna, Austria).48 Statistical significance
was defined using an α = 0.05. To investigate relationships
betweenenvironmentalE. coli contamination and surveydata,
linear regression models were used. E. coli contamination
was modeled as a continuous variable of log10 concentration
(CFU/g dry soil, CFU/hand, or CFU/100 mL). When E. coli
concentrations were less than or greater than the limit of de-
tections (as described in Materials and Methods), the con-
centration was assumed to be equal to the limit of detection.
Pearson correlation coefficients were calculated for the du-
plicate E. coli concentrations in handwashing water, drinking
water, and soil sample. Survey data were modeled as binary
variables where the presence of a risk factor was coded as 1,
and the absence of the risk factor was coded as 0. For ex-
ample, the absence of running tap water is a risk and received
a score of 1, so households with running tap water received a
score of 0.
Based on the number of assets (electricity, refrigerator,

television, radio, mobile phone, van, bicycle, wardrobe, table,
chair, and clock) households were assigned an asset index
that was categorized into three variables: low, medium, and
high. Asset index rankings were determined by subsetting the
distribution of the total number of assets (between 0 and 11)
such that approximately a quarter of households were clas-
sified as low, a quarter as high, and the middle 50% as me-
dium. Based on the data, low was classified as less than 7
items, medium as 7–9, and high as more than 10. Medium
asset index ranking was set as the reference category in the
regression models.
Survey data for some WASH characteristics were aggre-

gated into indices when possible. For example, sanitation in-
dicators included a toilet structure completeness index,
indicated by an additive score of whether the toilet had a
complete roof, complete walls, full door, and/or concrete slab
(range = 0–4). Similarly, toilet cleanliness was based on an
additive score based on the evidence of fresh feces in the
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toilet bowl, visible feces in the toilet area, water or urine on the
toilet, and absence of toilet cleaning items (range = 0–4). The
corresponding positive attributes for the two indices were
given scores of 0 for each item included in the analyses.
Because households with running tap water were identified

as outliers in initial comparisons, running tap water as an in-
dicatorwasassessed independently. Specifically, independent
Student’s t tests compared E. coli levels in handwashing
water, drinking water, soil, hands before washing, hands after
washing between households with and without running tap
water. Independent Student’s t tests were also conducted to
assess the impact of having separate sources of water for
drinking and handwashing on E. coli concentrations in water
samples.
To investigate associations between environmental com-

partments, both correlation analyses and multivariate re-
gression analyses were used. Correlation analyses were
performed between soil, water (drinking and handwashing),
and hand (before and after washing) samples, and the survey
data. Again, households with and without running tap water

were analyzed separately for handwashing water, drinking
water, and hands after washing in households with and with-
out running tap water. The correlations for soil and hands
before washing were only performed for all households.
Figure 2 shows the correlations included in the analyses for
E. coli levels in soil, hands (before and after washing), and
water (drinking and handwashing) for all households aswell as
households with and without running tap water. A Holm–

Bonferroni correction was applied to control the family-wise
error rates for significant correlations.49 The adjusted P value
for Holm–Bonferroni corrections are reported as adj. P. The
strength of Spearman ρ correlations was interpreted as weak
(rs < 0.20), moderate (0.20 < rs < 0.50), or strong (0.50 < rs
< 0.80).50 Multivariate regression analyses investigated as-
sociations between environmental compartments and
household-level characteristics (from surveys and observa-
tions) based on the conceptual framework (Figure 1, Table 3).
Specifically, five independent models were designed to as-
sess associations for soil, hands (before and after washing),
and water (drinking and handwashing) for all households. In

FIGURE 2. Correlation matrix for Escherichia coli levels in soil, hands (before and after washing), and water (drinking and handwashing) for all
households aswell as householdswith andwithout running tapwater. Spearman rank (r) andP values are shown for the correlations included in the
analyses. The scale bar shows the correlation coefficient (Spearman rank). Red represents positive correlations and blue represents negative
correlations. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.ajtmh.
org.
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addition, six independent models were designed to assess
associations for hands after washing, handwashing water,
and drinking water for both households with and without
running tap water.

RESULTS

Household characteristics. Surveys and observations
highlighted the sanitation, hygiene, handwashing, and di-
arrhea incidence characteristics of households (Table 1). The
majority (69%) had running tap water. In 19% of the 142
households, therewasat least onediarrheaepisode (i.e., loose
or watery stools) reported in the 7 days before the interview.
Household ownership of animals (chicken, cattle, dog, rabbit,
pigeon, or turtle) on the household plot was relatively low
(12%). All the 142 households had toilets on the household plot.
Inabouthalfofhouseholds, toiletswereoutside thehouse (54%),
and trash (42%) and flies (63%) were also observed in some
households. The handwashing facility for use after contact with
feces was located outside the house in 76% of the households.
Handwashing facilities of the households often had no soap
(27%) or water (13%) present at the time of the interview.More
than one-third (37%) of the handwashing facilities had no
soap and no water. Of the 44 (31%) households without
running tap water, many had visible dirt in their storage
containers. Visible dirt was present in 23%, 27%, and 16%of
the storage containers use for collecting water, storing
handwashingwater, and storing drinkingwater, respectively.
E. coli contamination. Often, the samples (handwashing

water (40%), drinking water (63%), soil (63%), hands before
handwashing (75%), and hands after handwashing (73%))
were contaminated with presumptive E. coli above the lower
limits of detection (Table 2). Average (±standard deviation
[SD]) concentrations were 0.61 (±0.92) and 0.77 (±0.86) log10
CFU/100mL in handwashing anddrinkingwater, respectively;
1.52 (±0.94) and 1.32 (±0.80) log10 CFU/hand for hands before
and after handwashing, respectively; and 1.62 (±0.96) log10
CFU/g dry solids in soil. Duplicate samples were generally
consistent; the Pearson correlation coefficients amongst du-
plicates were 1.00 for handwashing water, 0.90 for drinking
water, and 0.93 for soil samples. Average (±SD) moisture
content of soil was 10.2 (±5.1)% and correlated significantly
with E. coli concentrations in soil (Spearman’s ρ = 0.36, P <
0.001, adj. P < 0.01).
Presumptive E. coli isolates from TBX plates were con-

firmed using API-20E test kit (bioMérieux). Of the 154 tested,
143 isolates (93%) were identified as E. coli and among the
E. coli, 90%were identified with excellent, very good, or good

confidence (confidence level > 90.0%), 8% with accept-
able confidence (confidence level 80.0–89.9%), and 2% with
low confidence. Specifically, in 83%of the soil (25/30), 78%of
handwashing water (7/9), 80% of drinking water (20/25), 96%
of human feces (52/54), and 100% of chicken feces (35/35)
isolates, E. coli was identified with a confidence level above
80%. The proportion of each sample type with confidence
level above 80% was not statistically different from any other
as shown using χ2 tests, adjusted for multiple comparisons
using false discovery rate method (adj. P > 0.05 for all pairs).
The non-E. coli isolates (7%) were Enterobacter cloacae,
Enterobacter asburiae, Kluyvera spp., Citrobacter koseri/
amalonaticus, or Leclercia adecarboxylata. Unlike E. coli iso-
lates, these isolates generally fermented sucrose and amyg-
dalin and tested negative for lysine decarboxylase. Overall,
TBX media was sufficiently selective for E. coli in this
environment.
Based on the results of the virulence gene screening, two of

the isolates (one from human feces and one from drinking
water) were positive for the presence of the aaiC gene, dem-
onstrating the presence of enteroaggregative E. coli (EAEC) in
this environment.
Sources for drinking and handwashing water. As men-

tioned earlier, 72% of the households used separate sources
of water for drinking and handwashing and 28% of the
households used a single water source for both drinking and
handwashing. The source of the water used for handwashing
and drinking (same source versus different source) did not
significantly impact water quality for handwashing water
(P = 0.10, based on Student’s t tests) or drinking water
(P = 0.61, based on Student’s t tests).
Presence of running tap water. The presence of running

tap water in households significantly reduced E. coli levels in
handwashing and drinking water (Table 2). Specifically, the
mean E. coli concentration in households with running tap
water was 1.25 log10 CFU/100mLand 0.68 log10 CFU/100mL
lower in handwashing water and drinking water (P < 0.001,
based on Student’s t tests), respectively. In addition, E. coli
contamination on hands after washing were 0.35 log10
CFU/hand lower in households with running tap water (P =
0.02, based on Student’s t tests). The presence of running tap
water, however, did not have a significant impact on E. coli
levels in soil or on hands before handwashing.
E. coli contamination correlations between environmental

compartments. Correlation analyses showed no-to-moderate
associations between E. coli contamination in environmen-
tal compartments and household-level factors (Figure 2). In
households with running tap water, E. coli on hands after

TABLE 2
Escherichia coli concentration in environmental compartments and on hands for all households and for households with and without running tap
water

All households (N = 142)
With running tap water

(N = 98)
Without running tap water

(N = 44)

Variable Units Below LLOD (%)* Mean ± SD Median Range Mean ± SD Mean ± SD t df

Handwashing water CFU/100 mL 60 0.61 ± 0.92 0.00 (0.00–3.93) 0.23 ± 0.57 1.48 ± 0.97 7.95** 56.85
Drinking water CFU/100 mL 37 0.77 ± 0.86 0.48 (0.00–3.93) 0.56 ± 0.76 1.24 ± 0.91 4.29** 70.63
Soil CFU/g dry solids 37 1.62 ± 0.96 1.10 (0.89–4.76) 1.54 ± 0.91 1.80 ± 1.07 1.40 72.42
Hands before washing CFU/hand 25 1.52 ± 0.94 1.35 (0.54–4.58) 1.46 ± 0.93 1.64 ± 0.97 1.04 79.60
Hands after washing CFU/hand 27 1.32 ± 0.80 1.09 (0.54–3.94) 1.21 ± 0.77 1.56 ± 0.81 2.46* 79.65
The t values and degrees of freedom are reported for t tests on presence of running tap water. All concentration values are in log10 format. SD = standard deviation.
* Lower limit of detection; * P < 0.05; ** P < 0.01.
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washing was strongly associated with contamination on
hands before washing (Spearman’s ρ = 0.53, P < 0.001,
adj. P < 0.01). In households without running tap water,
E. coli on hands after washing was moderately associated
with contamination on hands before washing (Spearman’s
ρ = 0.30, P = 0.05, adj. P > 0.05), and in handwashing water
(Spearman’s ρ = 0.37, P = 0.01, adj. P > 0.05). Across all
households, E. coli levels in soil samples were moderately
associated with the presence of animals (Spearman’s ρ =
0.22, P = 0.008, adj. P > 0.05; Figure 2), and inversely cor-
related with diarrhea incidence (Spearman’s ρ = −0.22, P =
0.009, adj. P > 0.1).
E. coli contamination regression models. Among house-

holds with running tap water, E. coli contamination in environ-
mental compartments isonlyweaklyor slightly explainedby the
household-level factors and contamination in other compart-
ments we investigated (Table 3; P values are presented in
Supplemental Table 1). Specifically, E. coli contamination in
water (both handwashing water and drinking water) is not ex-
plainable by the factors investigated (R2 < 0.10). The most
predictivemodel observed is for E. coli on hands after washing
(R2 = 0.47, P < 0.001). This is largely due to the strong corre-
lation with E. coli on hands before washing (β = 0.59, standard
error [SE] = 0.07, P < 0.001).
Similarly, among households without running tap water,

household characteristics and contamination in other com-
partments weakly or slightly explain E. coli contamination in
environmental compartments (Table 3). The investigated
factors in the models weakly explain E. coli levels in hand-
washing water and drinking water (R2 = 0.16 and 0.18, re-
spectively). Household-level factors and contamination in
other compartments show a stronger association with E. coli
on hands after washing (R2 = 0.29, P = 0.08), but similar to
households with running tap water, the strong association is
due primarily to correlations with E. coli contamination on
hands before handwashing (β = 0.33, SE = 0.13, P = 0.01).
The regression models for E. coli levels in soil and on hands

before washing for all households are weakly explained by
household characteristics and contamination in other compart-
ments (Table 3). Specifically, E. coli on hands before washing is
veryweaklyassociated (R2=0.04)withmodeled factors.Here, the
contamination on hands beforewashing is associatedwithE. coli
in soil with a small effect size (β = 0.17, SE = 0.09, P = 0.04).
Similarly, E. coli on hands after washing ismoderately associated
(R2 = 0.38)with statistical significance forE. coli contamination on
hands before washing (β = 0.13, SE = 0.06, P < 0.001) and in
handwashing water (β = 0.50, SE = 0.06, P = 0.05).

DISCUSSION

In households with young children in peri-urban Harare,
Zimbabwe, we observed extensive E. coli contamination of
environmental compartments, including drinking and hand-
washingwater, soil, and hands before and after handwashing.
The source and risk factors for E. coli contamination are not
readily apparent from the data we collected on either
household-level WASH risk factors or E. coli contamination of
other compartments. One notable exception, however, is the
presence of running tap water which is associated with sig-
nificantly less E. coli contamination of drinking water, hand-
washing water, and hands after handwashing (but not soil nor
hands before handwashing).

AlthoughweobservedextensiveE. colicontamination in the
environmental compartments, these concentrations are gen-
erally lower than have previously been reported in other
studies. Escherichia coli contamination of stored drinking
water is common in LMICs. Although the World Health Or-
ganization (WHO) standard for drinking water quality is < 1
CFU E. coli/100 mL, E. coli concentrations are frequently re-
ported within the range of 0.9–3.3 log10 CFU/100 mL
E. coli.11,12,41,42,51–55 In our study, 70.4%of samples (N = 100)
exceed the WHO standard. Similarly, studies are increasingly
highlighting E. coli contamination in the soil of 2.1–5.5 log10/g
of soil.10,13,27,33,38,56 Furthermore, E. coli on hands is fre-
quently reported to range from 0.4 to 4.5 log10 per two
hands.11,12,18,46,57 The lower E. coli concentrations in soil and
hand compartments observed in peri-urban Harare, Zim-
babwe, could be associated with the presence of running tap
water, low animal ownership rates, and presence of toilets, all
factors that differed from the previous studies.11,16,21,24,25,58–63

Here, as elsewhere, availability of running tap water on
premises is associated with reduced environmental
contamination.59,61,62,64 Improved water sources significantly
reduced the detection of E. coli virulence genes in stored
drinking water in Tanzanian households.11 Furthermore,
contamination of stored water with fecal indicator bacteria in
Tanzanian communities was strongly associated with hand
contamination.13 A systematic review of the impact of on-plot
water sources has suggested a strong correlation with
hygiene-associated diseases.62 On-plot water sources re-
duce the risk of contamination at the source, during collection,
or during storage.
Soil contamination could not be explained by household-

level WASH factors nor by concentrations of E. coli in other
compartments. Nevertheless, two factors show a low but
significant impact on E. coli levels in soil. Households with
animals show significantly higher concentrations of E. coli.
Animal fecal management has long been suspected as a
contributor to fecal contamination in LMICs.16,25,54,64 In ad-
dition, lower E. coli contamination is observed in households
with history of diarrheal disease. The inverse correlation be-
tween soil contamination and diarrhea incidence is both sur-
prising and unexplainable. Diarrhea episodes could be
potentially associated with improved fecal management
practices and/or reduced mobility. While self-reporting on
diarrhea is biased, theremay be hidden covariates linking self-
reporting diarrhea to other factors influencing soil contami-
nation (such as socioeconomic status).65 Overall, it is perhaps
unsurprising that E. coli in soil was not strongly linked to the
factors reported here. Soil properties such as moisture con-
tent, sunlight, temperature, pH, the availability of resources
(e.g., carbon), the physical characteristics of the soil (e.g.,
proportion of soil and silt), and the soil microbiota strongly
influence E. coli concentrations; these soil properties may be
the driving factors influencing soil E. coli concentrations.13,66

Future studies should consider identifying the most influential
soil properties; here and elsewhere, the importance of mois-
ture content, sunlight, and pH are clear, but uncertainty re-
mains for other soil properties.13,66 Moreover, fecal indicator
bacteria may be indigenous and/or naturalized in soil which
could explain why E. coli in soil was not correlated with the
reported factors.27,32,33

In terms of significance of the correlation between com-
partments and household-level factors, some factors that
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appear significant in the correlation matrix are not significant
after Holm–Bonferroni family-wise error corrections. Specifi-
cally, in households without running tap water, E. coli levels
on hands after handwashing are moderately associated with
E. coli contamination of hands before washing (Spearman’s
ρ = 0.30, P = 0.05) and the prevalence of diarrhea incidence
(Spearman’s ρ = 0.26, P = 0.09). Furthermore, in all house-
holds, E. coli contamination on hands before handwashing
is weakly associated with E. coli levels in soil (Spearman’s
ρ= 0.15, P = 0.07). However, none of these associations are
significant after applying the family-wise corrections (i.e., adj.
P > 0.05). Future studies may consider further investigating
these associations.
The study has some notable limitations. The limited sample

size (97 for households with running tap water and 43 for
households without) may account for the relative lack of sta-
tistical significance observed. We did not intend to subset the
analyses by the presence of running tap water. Environmental
sampling is costly and was the limiting factor in determining
sample size. It is now clear from our data that the high vari-
ability in environmental E. coli contamination requires a larger
sample size to increase the statistical power. Future studies
incorporating environmental microbiological data should fo-
cus primarily on increasing sample sizes and/or covering
larger/more diverse geographical regions. The inter-household
variation of E. coli contamination within a single geographical
cluster appears greater than variation due to environmental
contamination and/or household-level risk factors within that
cluster. A second limitation is our reliance on self-reporting for
diarrheal incidence, which may introduce bias. For example,
Manesh et al.65 describe improved recall among households
with higher socioeconomic status; a covariate that may explain
why we observed higher diarrheal disease incidence (expected
from better recall) with lower E. coli soil contamination
(expected fromhigher socioeconomicstatus). Furthermore,our
study focusedonE. coli as opposed toother enteric pathogens
and/or fecal indicators. We focused on E. coli because of the
relevance of E. coli pathovars in global diarrheal disease bur-
den.2However, other enteric pathogenscould present different
risk factors and/or associations with household-level factors
and in environmental contamination levels. For example, envi-
ronmental detection of norovirus and Shigella spp. (human
pathogens) might be more closely linked to sanitation and
household hygiene than rotavirus and diarrheagenic E. coli
(which infect both humans and livestock) which may be more
closely linked to animal ownership. Finally, regression models
reliedoncoarse indices for assets andsanitation thatweighted,
equally, input data. For example, the asset indices gave equal
weight to ownership of a radio as for a van. Weighting assets
and/or sanitation characteristics may provide more accurate
indices. The conceptual framework for the study suggests that
E. coli, and fecal contamination generally, within various envi-
ronmental compartments is influenced by contamination in
other compartments and household-level factors (i.e., WASH).
Our study demonstrates that this conceptual model explains
only a small proportion of the total inter-household variation in
compartmental E. coli contamination. The lack of an observed
association may be because the conceptual model is wrong.
Sources, fate, and transport of fecal contamination within a
household may be minimally influenced by household-level
factors. Fecal contamination may be more influenced by
community-level factors (i.e., sanitation coverage, population

density, community animal ownership, and climate). Related,
inter-householdvariation inour field sitemayhavebeen too low
to observe impacts of household-level risk factors on E. coli
contamination. Studies conducted over larger geographical
regions that include more diverse communities may observe
more significant associations. An alternative reason may be
that E. coli is insufficient to elucidate the conceptual model of
fecal contamination sources, fate, and transport. Themicrobial
ecology of E. coli, including the ability to grow and persist in
water and soil, may introduce noise that obscures household-
level contributions to fecal contamination.32,33

Overall, our study demonstrates the need for public health
interventions to reduce fecal contamination in the environ-
ment. It is, however, unclear where to invest for efficient inter-
ventions. We observed the reduction of E. coli contamination
in drinking water and handwashing water and on hands after
handwashing in the presence of ruining tap water. In addition,
we report associations between theE. coli levels onhands after
washing with handwashing water contamination and diarrhea
incidence. Furthermore, we observed that animal ownership
increases E. coli contamination in soil and the E. coli levels in
soil are correlated with the contamination on hands before
washing. Moreover, the detection of pathotype genes of EAEC
in human feces and drinking water (data not shown) high-
lights thepotential environmental transmissibility of pathogenic
E. coli strains in Harare, Zimbabwe. These results suggest the
interconnectedness of fecal indicator contamination between
environmental compartments and the potential impact of
household characteristics on drinking water quality and hand
hygiene. Presently, there are several ongoing research trials
investigating the impacts of WASH interventions on environ-
mental fecal contamination.4 Our work highlights the complexity
of E. coli contamination in low-income settings in LMICs.
More, larger, studies are needed to find sources and exposure
pathways of fecal contamination and to identify effective
interventions.
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E-mails: gmarja@student.ethz.ch, camila.montealegre@eawag.ch, and
tim.julian@eawag.ch. Linn S. Mlambo and Tamuka Nhiwatiwa, De-
partment of Biological Sciences, University of Zimbabwe, Harare,
Zimbabwe, E-mail: linnmlambo@gmail.com and drtnhiwatiwa@gmail.
com.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

E. COLI CONTAMINATION OF SOIL, HANDS, AND WATER IN HARARE 811

http://www.ajtmh.org
mailto:tala.navab@oregonstate.edu
mailto:max.friedrich@eawag.ch
mailto:hans-joachim.mosler@eawag.ch
mailto:gmarja@student.ethz.ch
mailto:camila.montealegre@eawag.ch
mailto:tim.julian@eawag.ch
mailto:linnmlambo@gmail.com
mailto:drtnhiwatiwa@gmail.com
mailto:drtnhiwatiwa@gmail.com
http://creativecommons.org/licenses/by/4.0/


REFERENCES

1. Walker CLF, Rudan I, Liu L, Nair H, Theodoratou E, Bhutta ZA,
O’Brien KL, Campbell H, Black RE, 2013. Global burden of
childhood pneumonia and diarrhoea. Lancet 381: 1405–1416.

2. Kotloff KL 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. Lancet 382: 209–222.

3. Lanata CF, Fischer-Walker CL, Olascoaga AC, Torres CX, Aryee
MJ, Black RE; Child Health Epidemiology Reference Group of
the World Health Organization and UNICEF, 2013. Global
causesof diarrheal diseasemortality in children<5years of age:
a systematic review. PLoS One 8: e72788.

4. Julian TR, 2016. Environmental transmission of diarrheal patho-
gens in low and middle income countries. Environ Sci Process
Impacts 18: 944–955.

5. Wagner EG, Lanoix JN, 1958. Excreta Disposal for Rural Areas
and Small Communities. Geneva, Switzerland: World Health
Organization.

6. Ercumen A, Arnold BF, Naser AM, Unicomb L, Colford JM, Luby
SP, 2017. Potential sources of bias in the use ofEscherichia coli
to measure waterborne diarrhoea risk in low-income settings.
Trop Med Int Health 22: 2–11.

7. Harwood VJ, Staley C, Badgley BD, Borges K, Korajkic A, 2014.
Microbial source tracking markers for detection of fecal contam-
ination in environmentalwaters: relationshipsbetweenpathogens
and human health outcomes. FEMSMicrobiol Rev 38: 1–40.

8. Stauber CE,Wedgworth JC, Johnson P, Olson JB, Ayers T, Elliott
M, Brown J, 2016. Associations between self-reported gas-
trointestinal illness and water system characteristics in com-
munity water supplies in rural Alabama: a cross-sectional
study. PLoS One 11: e0148102.

9. Baker KK et al., 2016. Sanitation and hygiene-specific risk factors
for moderate-to-severe diarrhea in young children in the global
enteric multicenter study, 2007–2011: case-control study.
PLoS Med 13: e1002010.

10. BoehmABetal., 2016.Occurrenceofhost-associated fecalmarkers
on child hands, household soil, and drinking water in rural Ban-
gladeshi households. Environ Sci Technol Lett 3: 393–398.

11. Mattioli MC, Boehm AB, Davis J, Harris AR, Mrisho M, Pickering
AJ, 2014. Enteric pathogens in stored drinking water and on
caregiver’s hands in Tanzanian households with and without
reported cases of child diarrhea. PLoS One 9: e84939.

12. Pickering AJ et al., 2010. Hands, water, and health: fecal contam-
ination in Tanzanian communities with improved, non-
networked water supplies. Environ Sci Technol 44: 3267–3272.

13. Pickering AJ, Julian TR,Marks SJ,Mattioli MC, BoehmAB, Schwab
KJ, Davis J, 2012. Fecal contamination and diarrheal patho-
gens on surfaces and in soils among Tanzanian households
with andwithout improved sanitation. Environ Sci Technol 46:
5736–5743.

14. Prüss-Ustün A et al., 2014. Burden of disease from inadequate
water, sanitation and hygiene in low- and middle-income set-
tings: a retrospective analysis of data from 145 countries. Trop
Med Int Health 19: 894–905.

15. Mattioli MC, Pickering AJ, Gilsdorf RJ, Davis J, Boehm AB, 2013.
Hands andwater as vectors of diarrheal pathogens in Bagamoyo,
Tanzania. Environ Sci Technol 47: 355–363.

16. Schriewer A, Odagiri M, Wuertz S, Misra PR, Panigrahi P, Clasen
T, JenkinsMW,2015.Humanandanimal fecal contaminationof
community water sources, stored drinking water and hands in
rural India measured with validated microbial source tracking
assays. Am J Trop Med Hyg 93: 509–516.

17. Devamani C, Norman G, Schmidt WP, 2014. A simple microbio-
logical tool to evaluate the effect of environmental health in-
terventions on hand contamination. Int J Environ Res Public
Health 11: 11846–11859.

18. Pickering AJ, Julian TR, Mamuya S, Boehm AB, Davis J, 2011.
Bacterial handcontamination amongTanzanianmothers varies
temporally and following household activities. Trop Med Int
Health 16: 233–239.

19. Ram PK, Jahid I, Halder AK, Nygren B, Islam MS, Granger SP,
Molyneaux JW, Luby SP, 2011. Variability in hand contamina-
tion based on serial measurements: implications for assessment

ofhand-cleansingbehavior anddisease risk.AmJTropMedHyg
84: 510–516.

20. Julian TR, Pickering AJ, 2015. A pilot study on integrating vide-
ography and environmental microbial sampling to model fecal
bacterial exposures in peri-urban Tanzania. PLoS One 10:
e0136158.
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