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Association of latrine and waste disposal conditions with water
and kitchenware contamination in peri-urban Lusaka
Min-Li Chua1, Imasiku Nyambe2, Shigeo Fujii1, Taro Yamauchi 3,4 and Hidenori Harada 4,5✉

Sanitation facility conditions and waste disposal practices are hypothesized to affect the fecal contamination of drinking water and
kitchenware. The present study aimed to examine the physical conditions of sanitation facilities and waste disposal locations as well
as determine the concentrations of Escherichia coli in drinking water, cups, dishes, flies, toilet floors, and kitchen floors. A total of
336 samples were collected from 17 households in peri-urban Lusaka. Generalized linear mixed models showed that six out of
seven physical pit-latrine conditions, waste disposal practices, and kitchen hygiene practices had significant effects on the
contamination of either kitchenware or drinking water. The results highlighted that improving the physical pit-latrine conditions,
dumpsite location, washing water, and kitchenware-drying location may potentially reduce fecal contamination of drinking water,
cups, and dishes.

npj Clean Water            (2022) 5:54 ; https://doi.org/10.1038/s41545-022-00194-x

INTRODUCTION
Inadequate water, sanitation, and hygiene are important causes of
diarrheal deaths that account for more than 1 billion mortalities
reported globally and annually1. Owing to the inadequate
sanitation conditions, ~431,000 out of 1.4 million reported
diarrheal deaths occurred in low-and middle-income countries in
20162,3. Out of these 431,000 deaths, ~54.7% were reported from
sub-Saharan African countries2. In the rapidly growing urban
population of Sub-Saharan Africa, low-income settlements, where
the majority have low sanitation coverage, may have high burden
of diarrhea. Furthermore, poor sanitation conditions in such areas
may result in widespread fecal contamination in the living
environment as the contamination can be transmitted from one
medium to another, thus causing fecal exposure, as described in
F-diagram4,5.
Owing to global efforts, there has been progressive improve-

ment in global sanitation coverage6. However, these sanitation
facilities may be in poor condition. For example, not only shared
latrines but also certain individual household latrines were
observed to be non-functional due to poor management of
sanitation facilities, as reported in urban areas of Ghana7, India8,
and Nepal9. In addition, human waste has been reported to be
mixed and handled with solid waste due to poor waste disposal
practices in urban low-income settings, such as in urban areas of
Kenya10,11 and Mozambique12. Such poor waste disposal practices
may lead to contamination of the living environment.
Besides the reduction in diarrhea frequency, fecal contamina-

tion has been considered as a meaningful indicator to evaluate
the impacts of sanitation improvement13,14. A study investigated
the association of sanitation facility conditions with sanitary status
in the living environment. Latrines in Tanzania15 with slabs had
significantly less fecal contamination of hand contact surfaces
inside latrines than those without slabs. Moreover, the number of
flies, as a vector for fecal transmission4,5, can also be influenced by
the conditions of sanitation facilities. In rural Kenya16 and
Tanzania17, roofed latrines had significantly fewer flies than non-

roofed latrines. Although sanitation facility conditions potentially
affect fecal contamination in the living environment, little is
known about their effect, especially on important exposure media
such as drinking water and kitchenware, which are yet to be
thoroughly investigated. Furthermore, studies on the effects of
household waste disposal practices on fecal contamination of
drinking water and kitchenware are lacking.
This study aimed to fill the knowledge gap by testing the

hypothesis that the physical conditions of sanitation facilities and
the location of waste disposal affect fecal contamination of
drinking water and kitchenware. A cross-sectional study was
conducted in peri-urban communities in Lusaka, Zambia, to test
the hypothesis. Zambia has a coverage of 65.4, 31.9, and 17.9% for
basic water, sanitation, and hygiene, respectively18. The specific
objectives of the present study were to (1) assess the sanitation
facility conditions, waste disposal practices, and fecal contamina-
tion, using Escherichia coli (E. coli) as an indicator of various media
in the living environment, especially in drinking water and
kitchenware; (2) investigate E. coli concentration levels by five
types of sanitation facility conditions and waste disposal practices,
and two types of kitchen hygiene practices; and (3) examine the
multi-factor association of the mentioned conditions and practices
on fecal contamination of drinking water and kitchenware using
generalized linear mixed models (GLMMs).

RESULTS
Conditions and contamination in sanitation facilities
A total of 17 sanitation facilities were examined based on their
physical conditions: the type of sanitation, presence of a roof, type
of wall, type of entrance, type of floor, and location of dumpsites
from sanitation facilities and houses (Supplementary Table 1).
According to the JMP classifications19 of the type of sanitation
facilities, 15 (88.2%) of 17 facilities were improved sanitation
facilities, which included 13 pit latrines with slabs, one septic tank,
and one urine-diverting dry toilet (UDDT), whereas the remaining
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two were unimproved sanitation facilities, that is, pit latrines with
no slabs and only soil ground.
In terms of the presence of a roof, six out of 17 (35.3%) facilities

had roofs, and 11 (64.7%) had no roofs. For floor type, 15 out of 17
(88.2%) facilities had concrete floors, whereas only two (11.8%)
had soil ground. Regarding the type of walls, 13 out of 17 (76.5%)
facilities had solid concrete walls, whereas four (23.5%) had
wooden frames hung with curtains made of polysack bags.
Regarding the type of entrance, 11 of 17 (64.7%) facilities had solid
wooden doors, whereas 6 (35.3%) had polysack curtains. For the
location of dumpsites, 4 out of 17 (23.5%) dumpsites were located
around houses, whereas 13 (76.5%) were distant from houses.
Further analysis was performed with a focus on only 15 pit latrines,
excluding one septic tank and one UDDT toilet.
E. coli concentrations on the surfaces of the inside- and outside-

latrine-space floors of pit latrines are shown in Table 1. For every
100 cm2

floor surface area, the E. coli-positive proportions were
77.3% for inside-latrine-space floors and 71.4% for outside-latrine-
space floors. Of the 22 inside-latrine-space floors, one floor sample
(4.5%) had E. coli concentration exceeding 6000 CFU/100 cm2. E.
coli concentrations on the inside-latrine-space floors were
significantly higher than those on the outside-latrine-space floors
(p < 0.05). The floor contamination inside- and outside-latrine-
space was compared based on the physical pit-latrine conditions
and the location of dumpsites from the pit latrines (Table 2). E. coli
concentrations on inside-latrine-space floors (med: 2.97 log10 CFU/
100 cm2) were significantly higher when the pit latrines had
concrete walls than when they had polysack curtains (1.00 log10
CFU/100 cm2) (p= 0.02).

Conditions and contamination in kitchens
Hygiene practices in 17 kitchens were investigated (Supplemen-
tary Table 1). According to the JMP classifications, 7 out of 17
(41.2%) kitchens used an improved water source, that is, stored
tap water collected from six public taps and one private tap,
whereas 10 (58.8%) kitchens used an unimproved water source,
that is, open-dug well water from unprotected wells. Stored tap
water was used for both drinking and washing, whereas open-dug
well water was used only for washing. After washing, cups and
dishes were dried either inside or outside the house. Of the 17
kitchens, 11 (64.7%) dried their kitchenware outdoors, whereas six
(35.3%) dried indoors. After drying, kitchenware from all 17
kitchens was kept indoors.
E. coli concentrations were obtained from six types of samples

found in the kitchen environment (Table 3). In general, 82 out of
148 samples were positive for E. coli. Among the two types of
dishwashing water, the E. coli-positive proportions per 100ml
were 12 out of 22 (54.5%) for stored tap water and 13 out of 15
(86.7%) for open-dug well water. Stored tap water was signifi-
cantly less contaminated than open-dug well water (p < 0.001).
Among the cups and plates, for every inner surface of a

medium, the E. coli-positive numbers were 18 out of 34 (47.1%)
cups and 11 out of 21 (52.4%) dishes. No significant differences
were found between E. coli concentrations in the cups and dishes.

For floor surfaces, the E. coli-positive numbers per 100 cm2 were
16 out of 22 (72.7%) floors in kitchens and 13 out of 22 (59.1%)
floors at the house entrance. Floors in kitchens (p < 0.01) and at
the house entrance (p < 0.01) were significantly less contaminated
than those inside the latrine space.
The E. coli concentrations in cups, dishes, and drinking water

(stored tap water) were compared with the washing and drying
practices of kitchenware, physical pit-latrine conditions, and the
location of dumpsites from kitchens (Table 4).
For kitchen hygiene practices, E. coli concentrations in dishes

(med: 2.27 log10 CFU/medium) were significantly higher when the
kitchenware was dried indoors than when it was dried outdoors
(0.40 log10 CFU/medium) (p= 0.02). For the physical pit-latrine
conditions, E. coli concentrations in cups and drinking water (med:
1.14 log10 CFU/medium for cups; 1.08 log10 CFU/100ml for
drinking water) were significantly higher when pit latrines had
solid walls than when pit latrines had polysack curtains (0.40 log10
CFU/medium; −0.30 log10 CFU/100 ml) (p= 0.02 for cups; p= 0.03
for drinking water). Furthermore, E. coli concentrations in cups and
drinking water (1.38 log10 CFU/medium; 1.08 log10 CFU/100 ml)
were significantly higher when pit latrines had solid doors than
that when pit latrines had polysack curtains (0.40 log10 CFU/
medium; −0.30 log10 CFU/100 ml) (p < 0.01; p= 0.05).

Conditions and contamination of flies
The number of flies caught per fly trap at five places in each of 22
households was determined. A total of 110 fly traps were set up,
on which 256 flies were caught within an hour of setting up. The
highest proportion of the fly-positive traps (Table 5), was observed
at dumpsites (77.3%), and the lowest was observed inside kitchens
(18.2%). Significant differences were observed in the proportions
of fly-positive traps among the five locations (p < 0.01). Of the total
110 traps, 51 traps did not catch any flies, whereas 57 traps caught
10 or less flies. The remaining two traps found at the dumpsites
carried an exceptionally high number of 50 flies each.
Of the 256 flies caught, 141 were tested for E. coli. As shown in

Table 6, of the 141 flies tested, 65 (46.1%) were positive for E. coli.
No significant differences were found in E. coli-positive propor-
tions among the five locations. For the E. coli concentration of flies,
certain flies had concentrations exceeding 1200 CFU/fly: 1 of 19
(5.3%) flies inside latrine spaces, 6 of 34 (17.6%) flies outside
latrine spaces, 5 of 32 (15.6%) flies at house entrances, 1 of 15
(6.7%) flies inside kitchens, and 9 of 41 (22.0%) flies at dumpsites.
For each of the five fly trap locations, the number of flies per

trap and the E. coli concentration in flies were compared by
considering the physical pit-latrine conditions and dumpsite
locations (Table 7). For fly traps inside kitchens, the fly number
was significantly higher in households with dumpsites located
nearby (med: 0 fly/trap) than in those with dumpsites located
distantly (0 fly/trap) (p < 0.01), even though the median values of
the same. E. coli concentrations in flies inside kitchens were not
significantly different between any of the physical pit-latrine
conditions or dumpsite locations. As for fly traps in the remaining
four places, the number of flies inside latrine spaces was
significantly higher for pit latrines with polysack curtains

Table 1. E. coli concentration of floor surfaces inside and outside of pit latrines.

Sample type (unit) n +% N.D. 5 < x= 10 10 < x= 100 100 < x= 1000 1000 < x= 6000 6000 < x

Floor inside latrine space (CFU/100 cm2) 22 77.3 5 2 1 7 6 1a

Floor outside latrine space (CFU/100 cm2) 21 71.4 6 5 8 0 2 0a

n sample size, +% percentage of E. coli-positive samples, ND not detected, x E. coli concentration.
aThe lower end of the range represents the maximum detection limit of the sample, whereas the number shows the sample number above the higher
detection limit.

M.-L. Chua et al.

2

npj Clean Water (2022)    54 Published in partnership with King Fahd University of Petroleum & Minerals

1
2
3
4
5
6
7
8
9
0
()
:,;



(1.5/trap) than those with solid doors (0 fly/trap) (p < 0.01).
Opposing the results of fly numbers, E. coli concentrations of flies
inside latrine spaces (3.08 log10 CFU/fly) were significantly higher
in pit latrines having solid doors than those having polysack
curtains (0.30 log10 CFU/fly) (p < 0.01). Besides, E. coli concentra-
tions in flies inside latrine spaces were significantly higher in pit
latrines having concrete walls (1.83 log10 CFU/fly) than those
having polysack curtains (0.30 log10 CFU/fly) (p < 0.01). The E. coli
concentrations in flies outside latrine spaces and at house
entrances did not differ remarkably based on the physical pit-
latrine conditions or dumpsite locations.

Sanitation vs drinking water and kitchen media
The association of seven types of physical pit-latrine conditions,
waste disposal practices, and kitchen hygiene practices with the
contamination of drinking water (stored tap water), cups, and
dishes in kitchens were examined using GLMMs. The models for
each of the three media were ranked based on the corrected
Akaike information criterion (AICc). The models with the lowest
AICc and those with an AICc difference of less than two from the
lowest AICc models are listed in Table 8.
Nagelkerke’s R2 of the lowest AICc models was 0.743 for cups,

0.725 for drinking water, and 0.488 for dishes, indicating good
fitting of the models, especially for drinking water and cups.

Focusing on the best models for each media, out of seven physical
pit-latrine conditions, waste disposal practices, and kitchen
hygiene practices, the presence of pit-latrine roofs had the
strongest negative effect on the E. coli concentrations of cups and
drinking water; the condition significantly reduced the E. coli
concentration of cups by −2.61 log unit, equivalent to e−6.02 of the
estimate in Table 8, (95% CI: −3.18 to −2.05) and that of stored
tap water by −1.51 log unit (95% CI: −2.07 to −0.96). The second
strongest negative effect was observed for locating dumpsites far
from houses, which significantly reduced the E. coli concentration
of cups by −1.08 log unit (95% CI: −1.60 to −0.56). Besides those,
washing with stored tap water also significantly reduced the E. coli
concentrations in cups and dishes by −0.55 log unit (95% CI:
−0.97 to −0.13) and −0.72 log unit (95% CI: −1.43 to −0.004),
respectively.
In contrast, of the seven mentioned conditions and practices,

the presence of solid doors had the strongest positive effect on
the E. coli concentrations in cups and drinking water; it
significantly increased the E. coli concentrations of cups and
drinking water by 1.45 log unit (95% CI: 0.76 to 2.15) and 1.26 log
unit (95% CI: 0.54 to 1.98), respectively. In addition, the presence
of solid walls also significantly increased the E. coli concentrations
in cups and drinking water by 1.13 log units (95% CI: 0.33 to 1.93)
and 0.88 log units (95% CI: 0.16 to 1.60), respectively. In addition,

Table 3. E. coli concentration of samples in kitchens of households using pit latrines.

Sample type (unit) n +% N.D. 0 < x= 10 10 < x= 100 100 < x= 300 300 < x= 750 750 < x= 3000 3000 < x

Stored tap water, POU (CFU/100ml) 22 54.5 10 4 4 1 3* - -

Open-dug well water, POU, and POC (CFU/100ml) 15 86.7 2 0 2 5 3 3 0*

Cup (CFU/medium) 34 47.1 18 3 7 2 1 3* -

Dish (CFU/medium) 21 52.4 10 1 3 2 0 5* -

Floor at house entrance (CFU/100 cm2) 22 59.1 9 2 8 1 1 1 0*

Floor in kitchen (CFU/100 cm2) 22 72.7 6 4 9 1 0 1 1*

n sample size, +% percentage of E. coli-positive samples, ND not detected, x E. coli concentration, POU point-of-use, POC point-of-collection.
*The lower end of the range represents the maximum detection limit of the sample, whereas the number shows the sample number above the higher
detection limit.

Table 2. Impacts of physical pit-latrine conditions and dumpsite location on E. coli concentration of floors inside and outside latrines.

Sample type (E. coli concentration unit) Physical pit-latrine conditions
and dumpsite locations

Sample no. E. coli concentration
(med. [min., max.])

p*

Floor inside latrine (log10 CFU/100 cm2) Roofed 5 3.38 [0.40,3.48] 0.27

Non-roofed 17 2.20 [0.40,3.78]

Solid wall 15 2.97 [0.40,3.78] 0.02

Polysack curtain 7 1.00 [0.40,2.31]

Solid door 12 2.54 [0.40,3.78] 0.39

Polysack curtain 10 1.80 [0.40,3.48]

Dumpsite distant from house 15 2.59 [0.40,3.78] 0.69

Dumpsite around house 7 2.31 [0.40,3.48]

Floor outside latrine (log10 CFU/100 cm
2) Roofed 5 1.00 [0.40,1.78] 1.00

Non-roofed 16 1.30 [0.40,3.48]

Solid wall 14 1.30 [0.40,3.48] 0.43

Polysack curtain 7 0.88 [0.40,1.90]

Solid door 11 1.00 [0.40,1.93] 0.64

Polysack curtain 10 1.30 [0.40,3.48]

Dumpsite distant from house 14 1.30 [0.40,1.93] 0.89

Dumpsite around house 7 1.00 [0.40,3.48]

*p value shows the significant results of Mann–Whitney tests between the current line and the line below.
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indoors significantly increased the E. coli concentration of dishes
by 1.78 log units (95% CI: 1.09 to 2.48). Based on the results of the
GLMM analysis, six out of seven physical pit-latrine conditions,
waste disposal practices, and kitchen hygiene practices had a
significant effect on the contamination of drinking water, cups,
and dishes, indicating a clear association among the physical pit-
latrine conditions, waste disposal practices, or kitchen hygiene
practices, and fecal contamination in kitchens.

DISCUSSION
This study analyzed the fecal contamination of drinking water
(stored tap water) and kitchenware (cups and dishes), along with
unimproved sources of water, surfaces, and flies in a peri-urban
community in Lusaka city, Zambia. The association of physical pit-
latrine conditions, waste disposal practices, and kitchen hygiene
practices with fecal contamination of drinking water and
kitchenware were examined.
Based on the GLMM results, six out of seven physical pit-latrine

conditions, waste disposal practices, and kitchen hygiene practices

were significantly associated with the contamination of at least
one of these: drinking water, cups, or dishes (Table 8). The
presence of pit-latrine roofs significantly reduced the E. coli
concentrations in cups and drinking water. The regulatory effect of
latrine roofing could be explained by fecal transmission by flies.
Previous studies in rural Kenya16 and Tanzania17 found that lower
fly density was associated with the presence of roofs on latrines.
Furthermore, a study in rural Kenya16 found that the lower the
number of flies in latrines, the lower the number of flies in the
kitchens of the same households. Roofing may act as an effective
barrier by blocking the transmission of feces via flies, leading to an
increase in sanitation. The number and E. coli concentration in flies
inside kitchens did not show statistical differences between roofed
and non-roofed pit latrines. This may be due to the limited sample
number obtained in this study, as only five roofed latrines were
analyzed, even though more roofed latrines could have been
obtained. Further studies are required to determine the role of
roofing in controlling flies that transmit E. coli.
Based on the GLMM results (Table 8), dumpsites distant from

houses significantly reduced the E. coli concentration in cups. This

Table 4. Impact of kitchen hygiene practices, physical pit-latrine conditions, and dumpsite locations on E. coli concentration of cups, dishes, and
drinking water.

Sample type (E. coli concentration unit) Kitchen hygiene practices, physical pit-latrine
conditions and dumpsite location

Sample no. E. coli concentration
(med. [min., max.])

p*

Cup (log10 CFU/medium) Stored tap dishwashing water 16 0.48 [0.40,2.88] 0.51

Well dishwashing water 18 0.40 [0.40,2.52]

Dried indoor 17 0.49 [0.40,2.88] 0.42

Dried outdoor 17 0.40 [0.40,2.52]

Roofed 7 0.40 [0.40,1.68] 0.26

Non-roofed 27 0.70 [0.40,2.88]

Solid wall 22 1.14 [0.40,2.88] 0.02

Polysack curtain 12 0.40 [0.40,1.44]

Solid door 18 1.38 [0.40,2.88] <0.01

Polysack curtain 16 0.40 [0.40,1.76]

Dumpsite distant from house 20 0.99 [0.40,2.88] 0.08

Dumpsite around house 14 0.40 [0.40,1.68]

Dish (log10 CFU/medium) Stored tap dishwashing water 8 0.40 [0.40,2.88] 0.44

Well dishwashing water 13 1.30 [0.40,2.88]

Dried indoor 12 2.27 [0.40,2.88] 0.01

Dried outdoor 9 0.40 [0.40,1.40]

Roofed 5 0.40 [0.40,1.40] 0.09

Non-roofed 16 1.35 [0.40,2.88]

Solid wall 6 1.30 [0.40,2.88] 0.48

Polysack curtain 15 0.40 [0.40,2.32]

Solid door 12 0.55 [0.40,2.88] 0.71

Polysack curtain 9 0.40 [0.40,2.88]

Dumpsite distant from house 15 1.30 [0.40,2.88] 0.25

Dumpsite around house 6 0.40 [0.40,2.32]

Drinking water (Stored tap water)
(log10 CFU/100ml)

Roofed 5 0.78 [−0.30,2.48] 0.90

Non-roofed 17 0 [−0.30,1.08]

Solid concrete wall 15 1.08 [−0.30,2.48] 0.03

Polysack curtain 7 −0.30 [−0.30,0.60]

Solid wooden door 12 1.08 [−0.30,2.48] 0.05

Polysack curtain 10 −0.30 [−0.30,1.26]

Dumpsite distant from house 15 0.78 [−0.30,2.48] 0.08

Dumpsite around house 7 −0.30 [−0.30,1.08]

*p value shows the significant results of Mann–Whitney tests between the current line and the line below.

M.-L. Chua et al.

4

npj Clean Water (2022)    54 Published in partnership with King Fahd University of Petroleum & Minerals



was similar to the effect of roofing but was statistically clearer and
could also be explained by fecal transmission by flies. Distant
dumpsites from houses had a significantly lower number of flies
inside kitchens compared to dumpsites around houses (p < 0.01)
(Table 7), showing a regulatory effect on the number of flies inside
kitchens. Feces were found disposed along with solid wastes at
the dumpsites in this study as well as in other poor sanitation
areas such as rural India20,21 and urban Nigeria22. Flies may breed
at dumpsites and increase their E. coli concentration through
contact with existing feces. By distancing dumpsites from houses,
the frequency of fly movement from the dumpsite to the kitchens
can be reduced, thereby reducing the chance of contamination of
the kitchenware by the contaminated flies. Our results suggest
that distancing dumpsites from houses could prevent fecal
transmission of flies and reduce kitchenware contamination.
Furthermore, washing kitchenware with stored tap water

significantly reduced the contamination of cups and dishes
according to GLMM analysis (Table 8). This association could be
explained by the E. coli concentration in washing water. As a water
source, stored tap water was significantly less contaminated than
open-dug well water (Table 3). A previous study23 found that E.
coli in contaminated washing water may be transferred to
kitchenware surfaces. In this study, washing with less contami-
nated stored drinking water could have reduced the transfer of E.
coli to the surfaces of the cups and dishes. The findings suggest
that the cleanliness of dishwashing water influenced kitchenware
contamination.
Based on the GLMM results (Table 8), the presence of solid

doors and walls increased E. coli concentrations in cups and
drinking water. These association could be explained by the
proximity of the pit-latrine spaces. From Table 1, E. coli
concentrations of inside-latrine-space floors were significantly
higher due to the presence of walls (p < 0.05); although not
significant, the E. coli concentration of inside-latrine-space floors
were higher due to the presence of solid doors. A study in urban
Tanzania24 reported that sun exposure on the surfaces of latrines
and lower moisture inside may reduce surface contamination

inside the latrines compared to those shaded. In our study, the
presence of solid doors and walls may cause an increase in
humidity and block sunlight, leading to a higher concentration of
bacteria, although the exposure to sun and humidity on surfaces
inside latrine spaces was not measured. Furthermore, floor
samples in the study site were contaminated: inside-latrine-
space (med= 2.31 log10 CFU/100 cm2), outside-latrine (1.00),
house-entrance (0.85), and kitchen floors (1.10). The E. coli
concentrations on the house-entrance floors were positively
correlated with those on the inside-latrine-space floors (correlation
coefficient: 0.64) (Supplementary Table 2). As house-entrance
floors were geographically close to kitchen floors in each
household, these two floor surfaces could be inter-correlated;
the E. coli concentration on the inside-latrine-space floors may also
be positively associated with that on kitchen floors. A study in a
rural Alaskan community25 found that footwear was able to
transfer feces from one place to another. Although the present
study did not analyze foot transfer, higher contamination of
inside-latrine-space floors may potentially cause higher floor
contamination at house entrances and kitchens by foot transfer.
Contamination may potentially be transferred to cups and stored
tap water via accidental contact with floor surfaces, such as floor-
cleaning activities26,27 and indoor playing on the floor28,29. This
study suggests that the construction of well-ventilated latrines is
important for reducing floor contamination in latrines and
kitchens, leading to less contamination in kitchenware and stored
tap water.
In addition, indoor drying of kitchenware increased the E. coli

concentration in the dishes (Table 8). This association could be
caused by less exposure to the open-air environment compared
with outdoor drying. Previous studies have found that a lower
concentration of microorganisms is associated with the presence
of open-air drying30,31 as well as sunlight32,33. In this study,
outdoor drying of kitchenware may be associated with exposure
to sunlight and natural ventilation to inactivate E. coli. Open-air
drying of kitchenware should be practiced reducing fecal
contamination and to keep the kitchenware safe for use.

Table 5. Number of flies on each fly trap (flies/trap) at five places.

Place of fly traps (fly no. unit) n +% x= 0 0 < x ≤ 5 6 < x ≤ 10 10 < x ≤ 50 50 < x

Inside latrine space (fly no./trap) 22 36.4 14 8 0 0 0*

Outside latrine space (fly no./trap) 22 72.7 6 14 1 0 0*

At house entrance (fly no./trap) 22 63.6 8 12 0 0 0*

Inside kitchen (fly no./trap) 22 18.2 18 2 1 0 0*

At dumpsite (fly no./trap) 22 77.3 5 11 4 0 2*

n number of tapes, +% percentage of fly-positive samples, x fly number per trap.
*The lower end of the range represents the maximum detection limit of the sample, whereas the number shows the sample number above the higher
detection limit.

Table 6. E. coli concentration of flies (CFU/fly) at five types of places.

Place of flies n +% ND 4 < x= 10 10 < x= 100 100 < x= 1200 1200 < x

Inside latrine space (CFU/fly) 19 31.6 13 2 4 0 1*

Outside latrine space (CFU/fly) 34 58.8 14 2 9 3 6*

At house entrance (CFU/fly) 32 37.5 20 1 2 3 5*

Inside kitchen (CFU/fly) 15 53.3 7 1 5 1 1*

At dumpsite (CFU/fly) 41 46.3 22 2 7 1 9*

n sample size, +% percentage of E. coli-positive samples, ND not detected, x E. coli concentration.
*The lower end of the range represents the maximum detection limit of the sample, whereas the number shows the sample number above the higher
detection limit.
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According to the GLMM results (Table 8), the contamination of
cups and drinking water (stored tap water) had a similar direction
of effects under three physical pit-latrine conditions: the presence
of latrine roofs, solid walls, and solid doors. The similarity in the
effects of the two kitchen media suggests that the media may
have a common source of contamination. This was further
validated as the contamination of cups and stored tap water
was positively correlated (correlation coefficient: 0.71). At the
study site, cups were used to collect drinking water from water
containers and for drinking purposes. Owing to the practice of
cups, cross-contamination between cups and drinking water may
have occurred. Such cross-contamination was also observed
because of the handling and storage practices of water in
households in urban and rural Bolivia34, rural Kenya35, and rural
Uganda36.
In conclusion, this study quantified the association of physical

pit-latrine conditions and waste disposal practices with fecal
contamination of drinking water and kitchenware using GLMMs.
Based on the results of the models, six out of seven physical pit-

latrine conditions, waste disposal practices, and kitchen hygiene
practices were significantly associated with contamination of
either kitchenware or drinking water. The results highlighted that
improving the physical pit-latrine conditions, dumpsite location,
washing water, and kitchenware-drying location may potentially
reduce fecal contamination of drinking water, cups, and dishes.
This study has several limitations. As the sample size of roofed pit
latrines was small, the association of roofing with fly numbers
inside the latrines—which can likely cause the contamination of
cups and drinking water—could not be confirmed, even though
more roofed pit latrines could have been observed. The role of
flies should be carefully investigated to track fly movement in
contributing to fecal contamination in the living environment.
Further, this is a case study, and the findings of this study cannot
be directly generalized in other contexts. Nevertheless, this study
successfully demonstrated the quantitative association of physical
pit-latrine conditions and waste disposal practices with the
contamination of drinking water and kitchenware.

Table 7. Fly numbers and E. coli concentration of flies by physical pit-latrine conditions and dumpsite locations.

Place of fly trap (E. coli
concentration unit)

Physical pit-latrine conditions and
dumpsite locations

Trap no. Fly no. per trap
(med [min, max])

p* E. coli conc.
per fly (med.)

p*

Inside latrine space (log10 CFU/fly) Roofed 5 0 [0,0] 0.07 −a −a

Non-roofed 17 0 [0,5] 0.27 0.6

Solid wall 5 0 [0,5] <0.01 1.83 <0.01

Polysack curtain 17 1 [0,3] 0.77 0.3

Solid door 12 0 [0,4] 3.08 <0.01

Polysack curtain 10 1.5 [0,5] 0.3

Dumpsite distant from house 15 0 [0,5] 0.6 0.14

Dumpsite around house 7 0 [0,3] 1.83

Outside latrine space (log10 CFU/fly) Roofed 5 1 [0,2] 0.18 0.3 0.13

Non-roofed 17 2 [0,9] 0.88 0.9

Solid wall 5 2 [0,3] 0.26 0.3 0.06

Polysack curtain 17 2 [0,9] 0.91 1.3

Solid door 12 1 [0,3] 0.3 0.05b

Polysack curtain 10 2 [0,9] 1.3

Dumpsite distant from house 15 2 [0,3] 0.3 0.88

Dumpsite around house 7 2 [0,9] 1.3

At house entrance (log10 CFU/fly) Roofed 5 2 [0,4] 0.25 0.75 0.82

Non-roofed 17 0 [0,3] 0.71 0.6

Solid wall 5 0 [0,4] 0.08 0.3 0.7

Polysack curtain 17 2 [0,3] 0.79 1.19

Solid door 12 0 [0,4] 0.75 0.77

Polysack curtain 10 3 [0,4] 0.3

Dumpsite distant from house 15 1 [0,4] 0.6 0.24

Dumpsite around house 7 2 [0,4] 0.9

Inside kitchen (log10 CFU/fly) Roofed 5 0 [0,3] 0.79 0.3 0.14

Non-roofed 17 0 [0,9] 0.16 0.3

Solid wall 5 0 [0,3] 0.41 0.3 0.73

Polysack curtain 17 0 [0,9] <0.01 0.3

Solid door 12 0 [0,3] 0.3 0.73

Polysack curtain 10 0 [0,9] 0.3

Dumpsite distant from house 15 0 [0,0] 0.3 0.38

Dumpsite around house 7 0 [0,9] 0.9

*p value shows the significant results of Mann–Whitney tests between the current line and the line below.
aNo E. coli and p value data are available as no inside-latrine-space flies were caught in roofed pit latrines.
bp= 0.054.
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METHODS
Ethics
The protocol of this study was approved by the Excellence in
Research Ethics and Science (ERES) Converge (2019-Feb-009) in
Zambia and the Research Institute for Humanity and Nature (RIHN)
(2017-2) in Japan. All participants were informed about the aim
and procedures of this study, and written consent was obtained
before conducting the survey in each household.

Study area
Lusaka is the capital city of Zambia with approximately 2 million
residents; over 70% of this population lives in 33 settlements
located in the outskirt areas of Lusaka37,38. As cases of peri-urban
communities, two settlements, namely Chawama and Kanyama
compounds, were selected in the dry season of June-July 2019.
These settlements were selected as the study sites as severe
cholera outbreaks have been reported in these settlements of
Lusaka, Zambia; moreover, they have low sanitation cov-
erages39,40. In addition, most residents had irregular income
patterns (74.6%), regardless of the amount of income obtained41.
Public taps in communities are common sources of water

shared among households. Tap water was collected for daily use,
such as drinking, cooking, dishwashing, and laundry. After the
collection of tap water using plastic pails, the filled pails were kept
in the kitchens before use. On the other hand, open-dug wells
were constructed either with or without the physical protection of
linings and covers and shared in the community. Well water was
used as an alternative for daily activities, such as dishwashing and
laundry, excluding drinking and cooking.
Pit latrines are shared by several neighboring households in the

community. Other types of sanitation facilities include septic tanks
and dry UDDT. However, the scattering of human feces was still
observed around certain houses, indicating the practice of open
defecation.
Kitchenware, such as cups and dishes, were used in each

household, and they were commonly made of plastic. The cups
were used to drink and collect stored tap water from the filled
pails. The kitchenware was washed using stored tap water or
open-dug well water and dried either indoors or outdoors. After
drying, they were kept on open shelves in the kitchens before use.
Household wastes in the communities were mainly food waste,

plastic waste, and sanitary wastes, such as diapers and menstrual
wastes. These wastes are disposed of in polysack bags or metal
containers located outside the houses, which are known as
dumpsites.
Flies were found in the living environment of households and

moving freely within locations such as inside kitchens, outside the
houses, inside and outside sanitation facilities, and around the
dumpsites.

Onsite investigation of physical conditions of sanitation
facilities, waste disposal practices, and kitchen hygiene
practices
Target households were selected objectively based on the
availability of kitchenware and stored tap water for sampling.
Snowball sampling was used to collect target samples from those
households. An onsite investigation was conducted in 17 house-
holds to observe six types of physical sanitation conditions and
waste disposal practices: physical sanitation facility conditions
(five types) and dumpsite locations (one type). The five types of
physical conditions were roofs, floors, doors, walls, and the
distance of sanitation from households. The roof conditions were
classified as roofed and non-roofed sanitations; the floor condi-
tions as ground and concrete floors; the door conditions as
polysack curtains and solid wooden doors; the wall conditions as
polysack curtains and solid concrete walls. In addition, the

dumpsite location was classified based on the house walls as
next to the house walls (around the house) and apart from the
house walls (distant from house). Household interviews were also
conducted to learn two types of hygiene practices in kitchens:
handling kitchenware and storing tap water in each household.
The method of drying the kitchenware were categorized as drying
inside or outside the house, and the type of dishwashing water
was categorized into stored tap water and well water.

Fecal contamination of environmental media
Focusing on 17 households, nine types of samples were collected:
stored tap water at point-of-use, open-dug well water at point-of-
source, cups, dishes, floors inside sanitation spaces, floors outside
sanitation spaces, floors at the house entrance, floors in kitchens
and flies. For water samples, 24 samples of stored tap water were
collected from pails kept in kitchens using the existing cups used
by local people to collect the water, and 15 samples of open-dug
well water were collected directly from 12 wells using the existing
pails used by local people to collect the well water. Water samples
were collected in sterilized sampling bags. For kitchenware, 37
cups and 23 dishes were sampled from the inner surfaces using
swab test kits (Pro-media ST25 PBS, ELMEX, Japan); these
kitchenware were obtained from kitchen shelves. For floor
samples, each of the 24 floor surfaces inside sanitation spaces,
outside sanitation spaces, at house entrances, and in kitchens
were sampled from each of 10 cm by 10 cm surface area using
swab test kits. Sticky fly tapes were used to catch flies in each
household at five places: inside sanitation spaces, outside
sanitation spaces, at house entrances, in kitchens, and at
dumpsites. In total, 22 fly tapes were collected from 17 house-
holds, with seven households repeatedly visiting after 1 h of
setting up. The fly tapes were then stored in sterilized
sampling bags.
All the samples were transported on ice to the laboratory in the

Integrated Water Resources Management Center, the University of
Zambia, within 4 h of sampling. In the laboratory, a maximum of
five flies from each fly tape were picked using sterilized forceps
and placed in individual 50 mL Falcon tubes. The flies were rinsed
with 40 mL of phosphate buffer solution. All sample solutions for
the water, surface, and fly samples were mixed well before being
analyzed for E. coli. The sample solutions were filtered (0.45-μm
pore size, EMD Millipore Microfil V Filtration Device, Fisher
Scientific, USA) to cultivate E. coli on a specific enzyme substrate
medium (XM-G agar, Nissui, Japan) and incubated at 37 °C for
22 h. Blue colonies on each agar plate were enumerated to obtain
the E. coli concentrations. For quality control, field blanks and
laboratory blanks were prepared using sterilized distilled water
per sampling day. All blanks were tested for E. coli and none of the
blanks were E. coli-positive. For every ten samples, the E. coli
samples were triplicated and then the average of triplicated data
was used as a result.

Data analysis
Of the 17 households visited, 15 used pit latrines, 1 used a septic
tank, and 1 used a UDDT. The association of the above-mentioned
physical pit-latrine conditions, waste disposal practices, and
kitchen hygiene practices with the contamination of stored tap
water, cups, and dishes in kitchens were analyzed using general-
ized linear mixed models (GLMMs). The generalized linear mixed
model is an extension of a generalized linear model that allows
more flexible handling of non-normal data and includes random
effects in which sample values can be considered as random
draws from a larger population; GLMM allows repeated sampling
from a group42. In certain types of samples collected, more than
one sample was collected from a single household; therefore, the
GLMM was used to include the random effects of households.
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In this study, the GLMM of the gamma distribution with a log-
link function, as shown in Eq. (1), which can be transformed into
Eq. (2).

logCi ¼ βo; j þ
X

j; i
βj; i � xj þ ri (1)

Ci ¼ eβo; j �
Y

j; i
eβj; i�xj � eri (2)

where
Ci is the E. coli concentration of sample type i;
βo,j is the intercept of the model of sample type i;
βj,i is the coefficient of the explanatory variable of condition or

practice j for sample type i.
xj is the explanatory variable of condition or practice j;
ri is the random effect of households for sample type i.
For each GLMM model for a sample type, submodels with all

possible combinations of explanatory variables were generated
using the dredge function in the R package MuMIn43. Then, these
submodels were ranked by the lowest corrected Akaike informa-
tion criterion (AICc) and further filtered by taking submodels with
less than or equal to the value of 2 of the delta of AICc, which is
the difference between the AICc of one submodel and the lowest
AICc in all submodels44,45. Under these criteria, the top three
submodels with the lowest AICc were selected and evaluated for
the association of physical pit-latrine conditions, waste disposal
practices, and kitchen hygiene practices with fecal contamination
of stored tap water, cups, and dishes.
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