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ABSTRACT: To explore the sources of and associated risks with
drinking water contamination in low-income, densely populated
urban areas, we collected human feces, domesticated animal feces,
and source and stored drinking water samples in Nairobi, Kenya in
2019; and analyzed them using microbial source tracking (MST)
and enteric pathogen TaqMan Array Cards (TACs). We
established host−pathogen relationships in this setting, including
detecting Shigella and Norovirus�which are typically associated
with humans�in dog feces. We evaluated stored and source
drinking water quality using indicator Escherichia coli (E. coli), MST
markers, and TACs, detecting pathogen targets in drinking water
that were also detected in specific animal feces. This work
highlights the need for further evaluation of host−pathogen
relationships and the directionality of pathogen transmission to prevent the disease burden associated with unsafe drinking water
and domestic animal ownership.
KEYWORDS: zoonotic pathogen, microbial source tracking, TaqMan Array Card, host−pathogen relationship, drinking water quality,
low- and middle-income country

■ INTRODUCTION
Diarrheal disease is a leading cause of death worldwide in
children under 5 years, with most cases occurring in low- and
middle-income countries (LMICs).1 Infrastructure insufficien-
cies in these areas can promote the spread of disease-causing
pathogens,2 and insufficient water, sanitation, and hygiene
(WASH) conditions are associated with 60% of total diarrheal
disease deaths.3 Drinking water in particular has been identified
as a dominant pathway of transmission of enteric pathogens,4,5

with Julian (2016)6 identifying enterotoxigenic Escherichia coli
(E. coli), enteropathogenic E. coli, Shigella spp., Cryptosporidium
spp., rotavirus, and norovirus as important etiologies of diarrheal
disease in LMICs. These and other pathogens can spread to
humans through both improperly managed human feces and
from animal feces to humans, which is an area of particular
concern for LMICs.7

Despite rapid urban growth in these regions, animal
husbandry remains a common and valuable economic resource
for members of the population.8 Domesticated animal owner-
ship has already been associated with pathogen presence in the
surrounding environment9 and negative health outcomes for
humans.10 It is also common in LMICs for domesticated animals
to be kept around or inside the home or living spaces, raising the
risk for exposure to animal feces.8 Like any environmental
contaminant, zoonotic pathogens can be transmitted through

WASH pathways such as drinking water.9 Proper animal feces
management has been identified as a challenge or limitation for
many common WASH intervention methods;11,12 and neglect-
ing to include animal feces management in sanitation
interventions13,14 could lead to diminished impacts of WASH
intervention campaigns15 and persisting negative health out-
comes.9 Soils, human hands,16 meats,17 produce,18 household
items (e.g., children’s toys),19 and drinking water9 have been
identified as pathways by which humans are exposed to animal
feces or zoonotic pathogens. Animal husbandry more generally
has been associated with diarrheal disease in humans.20 Beyond
diarrhea, there is evidence that exposure to domesticated
animals and their feces can lead to environmental enteric
dysfunction (a condition resulting in growth and cognitive
impairment), trachoma, and increased risk of infection with soil-
transmitted helminths.9 However, there is uncertainty surround-
ing which animal hosts are most likely harboring or transmitting
certain pathogens. Many pathogens are carried by a variety of
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hosts, including humans and domesticated animals.21,22 While
some diseases are zoonotic in origin (e.g., rabies), this
uncertainty contributes to the gap in knowledge surrounding
identifying the animal source of pathogens or the direction of
animal-human transmission pathways. Increasing surveillance
and developing tools for enhancing understanding of the animal-
human disease interface have been identified as crucial steps
toward the One Health framework for managing zoonotic
diseases. Understanding what animal hosts are most likely
carrying and transmitting certain pathogens is critical for
effective management of human and animal infectious disease,
and for achieving the One Health objective for preventing,
detecting, and responding to disease threats.23

Historically, fecal indicator or model organisms such as E. coli
have been used as a proxy organism to suggest the presence of
pathogens in drinking water or other environmental samples.24

In fact, the World Health Organization Guidelines for Drinking
Water Quality do not necessarily indicate that water must be
pathogen free, only that E. coli or thermotolerant coliforms
(TTC) must not be detected in a 100 mL sample of water.25

Indicator organisms such as E. coli have been successful
regulatory tools for assessing water quality, as there is no
comprehensive method for testing for all pathogens, and some
cannot be cultured using traditional methods.24 However, there
is some evidence that coliform indicators may not be sufficient
for modeling enteric viruses and protozoan pathogens,26 and
that some pathogens with high infectivity such as Shigella spp.,
Cryptosporidium spp., rotavirus, and norovirus could sufficiently
contaminate drinking water to cause disease even when E. coli is
not detected in 100 mL of water.6

The rise of molecular, polymerase chain reaction (PCR)
methods for detecting microorganisms in the environment offers
an alternative to indicator methods. Amplifying specific gene
targets using PCR provides a reliable tool for the detection of
various infectious agents both in hosts and in the environment,
and has been used for evaluating the microbial quality of
drinking water and other environmental samples.24 Molecular
PCR methods can provide separate information from indicator
organisms, such as the source of fecal contamination in the
environment. Bacteroidales gene markers can be used with
quantitative PCR (qPCR) amplification to detect gene markers
specific to the feces of certain animal hosts, an approach known
as microbial source tracking (MST). Among many others, some
common MST markers used in LMIC settings to evaluate
zoonotic contamination of drinking water are HF183, Rum2Bac,
and Avian GFD, used to identify human, ruminant, and avian
feces, respectively.16,27 The performance of such assays,
meaning the level to which they are sensitive and specific to
their target host (i.e., the HF183 marker’s sensitivity for
detecting human feces), can vary by geography. Therefore, on-
site validation is commonly done for these MST assays.16,27−30

TaqMan Array Cards (TACs) are another molecular detection
platform, capable of simultaneous real-time PCR (RT-PCR)
amplification of up to 48 gene targets.31 TACs have been
successfully used to detect large panels of pathogen gene targets
in a variety of samples, including environmental samples such as
water.32,33 The simultaneous amplification of multiple targets, as
opposed to traditional, single-target PCR protocols, provides a
powerful investigatory tool, given the wide range of relevant
pathogens that exist in and are transmitted through environ-
mental pathways. Using TACs to detect specific pathogen
targets could identify common pathogens in the feces of
particular animal hosts, and using TACs to evaluate drinking

water could alleviate the limitations of using nonspecific
measures such as indicator organisms.

In this study, we evaluated the presence and potential sources
of enteric pathogens in source and stored drinking water in a
densely populated, low-income urban area of Kenya. We
assessed the sensitivity and specificity of three microbial source
tracking qPCR assays in this setting, then applied these assays to
source and stored drinking water samples to identify the source
of fecal contamination in drinking water. Additionally, we used a
TaqMan Array Card PCR platform to investigate the presence of
multiple enteric pathogens in the collected feces samples to
address the uncertainty surrounding host−pathogen relation-
ships in this setting. These molecular methods, coupled with
indicator E. coli enumeration, were used to evaluate the quality
of drinking water in this community, and to investigate the
strengths of molecular methods compared to traditional
indicator methods.

■ METHODS
Sample Collection. Sample collection was conducted in the

Dagoretti South subcounty of Nairobi, Kenya in 2019. These
samples were collected as a part of a larger campaign to
investigate the use of household environmental sampling for
surveillance of soil-transmitted helminths, and the impact of
animal husbandry (specifically poultry) on fecal bacteria
contamination.34,35 Inclusion criteria for household selection
included requiring at least one child <5 years of age living in the
household, and 47 households were identified and enrolled to
participate in the study. Enumerators underwent a 5-day training
session prior to sample collection to ensure compliance with
informed consent procedures, understanding of survey proto-
cols and tools, and training for sample collection and handling. A
stored drinking water sample was collected at each household (n
= 46), and the number of source water (n = 13), human fecal (n
= 22), and domesticated animal fecal (n = 111) samples
collected was determined based on availability. Household
stored drinking water was collected by pipetting 350 mL water
from the bottom of storage containers into sterile plastic
sampling bags using sterile serological disposable pipettes.
Source drinking water was collected by aliquoting 350 mL water
from the source directly into sterile plastic sampling bags. The
samples were comprised of 25 piped water samples, 29 borehole
water samples, and 5 samples collected from water tanker trucks.
The storage containers used for household water storage
included jerry cans, plastic water bottles, and other plastic
containers (e.g., buckets and jugs). Of the 59 total collected
water samples, 54 contained sodium thiosulfate to neutralize
residual chlorine,36 though free chlorine was not detected in the
majority (>91%) of drinking water samples collected in the
area.34 Domesticated animal feces was collected from chickens
(n = 26), cows (n = 24), dogs (n = 20), ducks (n = 20), and goats
(n = 21). Trained field staff identified and collected fresh animal
feces into 50 mL centrifuge tubes using a sterile collection spoon
and avoiding soil contamination. Human feces was collected,
from both adults (18+ years of age) and children (0−15 years of
age), by providing household primary caretakers a stool
collection kit, and instructing caretakers to collect feces the
morning of, or night before, follow-up/collection visits.
Households were visited up to three times to achieve successful
stool collection. Caretakers were instructed to collect feces on
aluminum foil, then, using sterile gloves and scoops, transfer the
feces to a 50 mL sterile feces collection tube for collection. Field
blanks for water samples were generated by providing field staff a
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sterile bottle of 200 mL of water to pour into a sterile plastic
sampling bags during field sampling. All samples were
transferred same-day on ice in a cooler to the field lab for
processing.

Following collection and transfer to the Kenyan field lab, 100
mL of each drinking water sample was vacuum filtered onto
Millipore 0.45-μm HA membrane filters and transferred using
ethanol and flame sterilized forceps into PowerBead Pro Tubes
(Qiagen, Valencia, CA) for later nucleic acid extraction.
Laboratory blanks for water samples were generated once per
day, by rinsing the sides of the membrane filtration funnel with
deionized water, without adding a sample. To enumerate E. coli
in drinking water samples, 100 mL of undiluted water was
membrane filtered and then incubated on Tryptone Bile X-
glucuronide (TBX) agar plates for 18 h at 44 °C. If the result was
too numerous to count, it was substituted with 500 CFU per 100
mL for statistical analysis, as no sample remained for subsequent
dilution and reculture. For each feces sample, 0.25 g was
weighed out using sterile spoons and aluminum weigh trays, and
then transferred to a PowerBead Bead Tube (Qiagen, Valencia,
CA) for later nucleic acid extraction. Following transfer to the
appropriate tubes, samples were stored at −80 °C. Samples were
then transported on dry ice from Kenya to North Carolina State
University laboratories, with appropriate United States Depart-
ment of Agriculture and Centers for Disease Control and
Prevention permits, for nucleic acid extraction and PCR analysis.
Nucleic Acid Extraction. DNA and RNA were extracted

using the commercial RNeasy PowerMicrobiome kit (Qiagen,
Valencia, CA) for feces samples and the DNeasy PowerSoil Pro
kit (Qiagen, Valencia, CA) for drinking water samples. Different
kits were used as the initial project scope included investigating
just DNA targets, and extraction kits were switched to include
RNA capture for fecal samples. In order to capture DNA, the
RNA isolation steps in the RNeasy PowerMicrobiome kit
protocol were excluded. DNA was extracted from filtered
drinking water samples by following the DNeasy PowerSoil Pro
kit protocol for environmental samples. Prior to extraction,
domesticated animal fecal samples were spiked with 10 μL of the
TaqMan Universal DNA Spike-In Control (Qiagen, Valencia,
CA), also called the Xeno control. Human feces samples and
drinking water samples were not spiked with the Xeno extraction
control, as the control was only obtained after extraction of water
and human fecal samples. Up to 24 samples were extracted in a
batch, with an extraction blank created with each batch of
samples. The DNA and RNA concentration in sample extracts
were determined using Nanodrop (Thermo Fisher Scientific,
Waltham, MA, model ND-1000).
MST Assay Validation. The MST assay validation

procedure was conducted using an established method.16,27

The following assays were used for detecting human, ruminant,
and avian feces, respectively: TaqMan HF183,37 TaqMan
Rum2Bac,38 and SYBR Avian GFD.39 The assays were used in
both “target host” (i.e., human specific HF183 assay in human
feces) feces and “nontarget host” feces (i.e., HF183 in cow
feces). All reaction mixtures, template DNA volumes, and
thermocycling parameters can be seen in the Supporting
Information. For qPCR comparison, the same number of
samples per feces source was desired. With the lowest total of
samples collected by source being 20 (dogs, ducks), 20 samples
per feces source were analyzed. All collected waters were
analyzed with all three MST assays, which included 46 stored
water samples, 13 source water samples, 11 field blanks, 11 lab
blanks, and 10 extraction blanks. A standard curve was run on

each qPCR plate containing concentrations of standard (i.e.,
DNA target for each assay) ranging from 101 to 105 copies per
μL of template. Standards for each assay were MiniGene
products obtained from Integrated DNA Technologies,
quantified using Nanodrop (Thermo Fisher Scientific, Waltham,
MA, model ND-1000). A no template control was also included
in each plate. All samples, standards, and controls were run in
triplicate on each plate. For each sample, the number of copies of
target DNA per μL was calculated using that specific plate’s
standard curve, then divided by the concentration of DNA (ng/
μL) in the same samples, and the concentrations of the MST
targets were reported per nanogram of extracted DNA.16

Samples were considered positive if two or three of the triplicate
reactions successfully amplified the target DNA sequence. If just
one, or none, of the triplicate reactions amplified, the sample was
considered a nondetect. If a sample amplified, but was below 101

copies per μL, it was considered detected but not quantifiable.
All qPCR analysis was conducted using a QuantStudio 7 Flex
Real-Time PCR System (Thermo Fisher Scientific,Waltham,
MA).
Evaluating Enteric Pathogen Presence with TaqMan

Array Cards. We used a gastrointestinal enteric pathogen
TaqMan Array Card developed by Thermo Fisher Scientific,
specifically the “Gastrointestinal Trial Card, Version 3.” These
proprietary cards contain targets, including DNA and RNA, for
43 enteric pathogens (three E. coli targets run in duplicate), and
two internal controls (see Supporting Information for more
details). These cards allow for the detection of 24 bacterial, 13
viral, and 6 protozoan pathogen targets. First, samples were
preamplified using TaqPath 1-Step RT-qPCR Master Mix, GC
(Thermo Fisher Scientific, Waltham, MA) and a custom
designed primer pool. The preamplified samples were then
diluted 1:10 in nuclease-free water, and combined with TaqMan
Fast Advanced Master Mix, no UNG for the final reaction
mixture (see Supporting Information Tables SI1−SI10 for all
reaction mixture volumes and thermocycling parameters). This
final reaction mixture was added to the TAC for PCR
amplification of 8 samples simultaneously using a QuantStudio
7 Flex Real-Time PCR System (Thermo Fisher Scientific,
Waltham, MA).
Data Analysis. For the MST assays, the mean copies of

target gene per nanogram of DNA extracted were calculated and
the difference between the mean estimates among different feces
sources were compared using a t test. Following the qPCR
analysis, the sensitivity and specificity of each assay to each target
feces source was calculated using the following established
equations:16

Sensitivity
True Positives

True Positives False Negatives
=

+ (1)

Specificity
True Negatives

True Negatives False Positives
=

+ (2)

A commonly used presence/absence or binary baseline of
acceptable sensitivity and specificity for microbial source
tracking assays is 0.80, or 80%,27 and this threshold was used
to evaluate whether the MST assays were considered “sensitive”
or “specific” in this study context.

To compare the concentration of MST markers and the
average number of pathogens detected by feces source using the
TACs, a Shapiro-Wilk normality test was first used to determine
the frequency distribution of the number of positive pathogen
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targets by feces source. After identifying that not all distributions
were normal or log-normal, a nonparametric Kruskal−Wallis
Dunn’s test for multiple comparisons was used. Comparing the
proportion of samples containing each individual pathogen
between feces sources was conducted using two-proportion Z-
tests, where all possible combinations of hosts were compared
(i.e., for each pathogen, chicken vs cow, chicken vs dog, etc.).
Determining correlations between source and stored water and
contamination, and between different types of drinking water
contamination (e.g., E. coli and adenovirus) was conducted
using Fisher’s Exact tests. All tests were conducted using an α
confidence level of 0.05. All analyses were conducted using the
“stats” and “FSA” packages in R version 4.0.5. Methods and
results for investigating and resolving PCR inhibition were
conducted using established methods16 and are described in the
Supporting Information.

■ RESULTS
MST Assay Validation. All three MST assay gene markers

were detected in both target and nontarget host feces (see Table
1). The Avian GFD assay was 82.5% sensitive and 90.0%
specific. The HF183 assay was 70.0% sensitive and 78.0%
specific. The Rum2Bac assay was 85.0% sensitive and 95.0%
specific. The Avian GFD target was detected at quantifiable and
nonquantifiable concentrations in dog and goat feces, but at
statistically significantly lower (Kruskal−Wallis Dunn’s test, p <
0.05) mean concentrations compared to the “target” hosts of
chickens and ducks (see Figure 1). The HF183 target was
detected in all feces sources but cows, and the mean target
concentration in human feces was not statistically significantly
different (Kruskal−Wallis Dunn’s test, p < 0.05) compared to
the nontarget sources of ducks, goats, and dogs. High detection
of the HF183 assay in dog feces contributed to a lower specificity
of HF183 compared to the other assays. The Rum2Bac target
was detected but not quantifiable in the nontarget sources of dog
and duck feces.

Table 1. Number of Samples (n = 20 per Feces Source) by Feces Source Detecting Each Microbial Source Tracking (MST) Assay
Using Quantitative Polymerase Chain Reactiona

assay chicken (n = 20) cow (n = 20) dog (n = 20) duck (n = 20) goat (n = 20) human (n = 20) sensitivity specificity

Avian GFD *15 (75%) 0 (0%) 4 (20%) *18 (90%) 4 (20%) 0 (0%) 0.825 0.90
HF183 1 (5%) 0 (0%) 15 (75%) 4 (20%) 2 (10%) *14 (70%) 0.70 0.78
Rum2Bac 0 (0%) *20 (100%) 1 (5%) 3 (15%) *14 (70%) 0 (0%) 0.85 0.95

aThe “target” host for each assay (e.g., human feces for HF183) are indicated with an asterisk for identification in the table. The “correct” or
“target” hosts are chicken and duck feces for the Avian GFD assay, human for the HF183 assay, and cow and goat for the Rum2Bac assay.

Figure 1. Concentrations of microbial source tracking assay target gene copies per nanogram of DNA extracted. Feces sources analyzed include
chicken, cow, dog, duck, goat, and human feces. Target host data points (i.e., chicken and duck data for the avian-specific Avian GFD assay) are
represented in red, and the nontarget data points are represented in black. The mean concentration in each source and assay are marked by a cross, with
the mean’s 95% confidence interval marked as horizontal lines above and below the mean. Samples where the target was detected but not quantifiable
(below 101 copies per μL), and where the target was not detected, are marked at detected but not quantifiable (DNQ) and nondetect (ND),
respectively.
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Enteric Pathogens Detected in Human and Domes-
ticated Animal Feces. For the TAC analysis, 25 chicken feces
samples, 24 cow feces samples, 19 dog feces samples, 19 duck

feces samples, 21 goat feces samples, and 14 human feces
samples, were used (see Figure 2). Dog feces contained
statistically significantly (Kruskal−Wallis Dunn’s test, p <

Figure 2. Proportion of samples detecting individual pathogen targets by fecal source. The heatmap represents the proportion of positive samples for
each pathogen target, separated by the source of feces analyzed, including chicken, cow, dog, duck, goat, and human feces. The heatmap operates
between white cells, representing zero samples from a specific host being positive for an individual pathogen target, to black cells, representing 100% of
samples from a specific host being positive for an individual pathogen target. Results are separated by the pathogen type, separating bacterial (E. coli and
general), viral, protozoan, and control targets.
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0.05) the most pathogens (excluding controls, duplicate targets,
and targets that include multiple pathogens) on average (range =
7−19, median = 15), followed by duck,3−15 goat,2−10 human
(2−11, 5.5), chicken,1−10 and cow1−12 feces, which were not
significantly different from each other. A Shapiro-Wilk normality
test was used to determine the distribution of the number of
pathogens detected in each sample and within each feces source
type. Each source type fit a normal distribution, except for cow
feces.

The first, second, and third most commonly detected
pathogens for each source are as follows: E. coli O157:H7,
Blastocystis hominis, and Campylobacter jejuni in chicken feces;
Entamoeba histolytica, enteroaggregative E. coli, and E. coli
O157:H7 in cow feces; E. coli O157:H7/enteroaggregative E.
coli, enteroinvasive E. coli, and Shigella in dog feces; E. coli
O157:H7, B. hominis, and enteroinvasive E. coli in duck feces; E.
coli O157:H7/enteroaggregative E. coli, E. histolytica, and
enterotoxigenic E. coli in goat feces; and enteroinvasive E. coli,
E. coli O157:H7/enteroaggregative E. coli, and enterotoxigenic
E. coli/Dientamoeba fragilis in human feces. Pathogens detected
in all hosts include: Aeromonas hydrophila, astrovirus,
Cryptosporidium, pathogenic E. coli (O157:H7, enteroinvasive,
enterohemorrhagic, enteroaggregative, enteropathogenic, enter-
otoxigenic, and shiga toxin-producing), and Giardia lamblia.
Any pathogen detected in human feces was also detected in the
feces of at least one domesticated animal. Dog feces in particular
contained a wide range of pathogens, with many viral targets
being detected in at least one individual dog sample. This
included viruses typically associated with human infections, and
some were observed in higher prevalence in dogs (26% of dog
fecal samples contained the adenovirus F40/41 target)
compared to humans (7% contained the adenovirus F40/41
target). In fact, the only pathogens detected in human feces
using the TAC in this setting that were not detected in at least
one dog feces sample were Bacillus atrophaeus and E. histolytica.

Some pathogens were more likely to be detected in one type
of feces (two-proportion Z-test, p < 0.05), meaning that the
detection rate of a pathogen target was statistically significantly
higher in one feces group (e.g., dog or ruminant feces) compared
to all others. A hydrophila, Campylobacter upsali, Plesiomonas
shigelloides, and Shigella were statistically correlated with dog
feces. D. fragilis was statistically correlated with human feces. E.
histolyticawas correlated with ruminant feces, and B. hominiswas
correlated with poultry feces.
Comparing Multiple Measures of Drinking Water

Quality. Indicator E. coli was detected in 23% (3/13) of source
water samples, with an average of 3 CFU per 100 mL (standard
deviation = 3.5), and in 54% (25/46) of stored water samples,
with an average concentration of 43 CFU per 100 mL (standard
deviation = 99.5) (including one sample that was too numerous
to count). The HF183 marker was detected in 7.7% (1/13) of
source water and in 2.2% (1/46) of stored water samples, all
below the level of quantification. The source water that was
positive for HF183 was sampled in duplicate, and each of the
duplicate samples detected HF183 below the quantification
level. The stored water sample which contained the HF183
marker was not collected from the source water that tested
positive. There was no detection of the Avian GFD or Rum2Bac
markers in any of the water samples or associated blanks.
However, being below the 0.8 sensitivity and specificity
threshold, detection of HF183 in water is inconclusive for
human feces.

According to the TAC results, stored drinking water exhibited
higher contamination, on average, compared to source drinking
water, both in nucleic acid present (represented by the 18s
control, 31% detection in source vs 61% in stored) and in
average number of pathogens detected (0.31 pathogens on
average for source waters and 0.63 pathogens on average for
stored waters). Vibrio and B. hominis were detected in 7.7% (1/
13) and 15% (2/13), respectively, of source water samples, but
were not detected in stored waters. A. hydrophilawas detected in
23% (3/13) of source waters and 15% of stored (7/31) waters.
Cryptosporidium was detected in 19% (6/31) of stored waters,
but was not detected in source water samples. Of stored water
samples analyzed, up to 9.7% (3/31) contained enter-
oaggregative E. coli, 9.7% (3/31) contained enterotoxigenic E.
coli, and 3.2% (1/31) contained enteropathogenic E. coli.
Pathogenic E. coli gene targets were not detected in source
waters.

There were no statistically significant associations between
either the source of water or the storage container used and E.
coli contamination, HF183 detection, or any detected
pathogens. There were also no statistically significant associa-
tions between source vs stored water and E. coli contamination,
HF183 detection, or any detected pathogens. However, the
association between stored water and the presence of E. coli was
close to significant, with a p-value of 0.06. There were also no
statistically significant associations between the presence of E.
coli contamination and HF183 detection or any detected
pathogens. The stored water sample and the source water
sample which contained the HF183 marker both contained E.
coli. However, Aeromonas hydrophilia was detected in 1 source
water and 3 stored water samples which did not contain E. coli.
Additionally, B. hominis was detected in one E. coli-free source
water sample, and Cryptosporidium and enterotoxigenic E. coli
were each detected in one stored water sample.

All inhibition and quality control results are available in the
Supporting Information.

■ DISCUSSION
Our study used gastrointestinal TaqMan Array Cards to
investigate the presence of enteric pathogens in both
domesticated animal and human feces in a dense, low-income
area in Dagoretti South, Nairobi, Kenya. We detected multiple
enteric pathogens in the feces of various domesticated animals
(including a maximum of 24 different positive pathogen targets
in a 0.25-g sample of dog feces), identifying potential human
exposure to pathogens associated with animal feces in the study
setting. The impact of domesticated animal feces on water,
sanitation, and hygiene conditions is rarely targeted in
intervention and monitoring campaigns,13,40 and we have
potentially identified canine feces as an important source of
human pathogens in this area. This compliments a United
States-based study,41 which also identified the threat of canine
zoonotic pathogens. Specifically, we detected the highest
average number of pathogens in dog feces (15.5 pathogens on
average per sample). Dog feces also contained the largest
diversity of pathogens, with only two pathogens detected in
feces in this setting not being detected in dogs. Exposure to dog
feces has been associated with soil-transmitted helminth
seropositivity,9,22 as well as child infection of C. jejuni and
enteropathogenic E. coli (EPEC),9 which we detected in 79 and
84% of dog fecal samples, respectively. Conan et al. (2017)42

investigated the animal-related factors and pathogen infections
associated with moderate or severe diarrhea in children in

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c10041
Environ. Sci. Technol. 2024, 58, 21839−21849

21844

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10041/suppl_file/es4c10041_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Kenya. They detected Campylobacter (both C. jejuni andC. coli),
nontyphoidal Salmonella, enteroaggregative E. coli, Giardia, and
Cryptosporidium in domestic dog feces, and identified Giardia
and Salmonella in the feces of both dogs and children under 5
years experiencing moderate-to-severe diarrhea within the same
household. Harvey et al. (2020)43 identified overlapping
infections of Giardia and Cryptosporidium between children
and dogs in Brazil and observed frequent contact between dogs
and children as potentially promoting zoonotic pathogen
transmission. Penakalapati et al. (2017)9 suggest that improving
animal containment and feces management as target areas for
reducing the risk of exposure to animal (including canine) feces,
but that further research is needed. Prendergast et al. (2019)40

suggest including animal feces management as a core tenant to
WASH management, and we contend that dog feces should be
included in the consideration of hazardous waste among other
traditional domesticated animals. Understanding exposure to
dog feces is a necessary first step to determining if proper canine
feces management interventions have potential to reduce
negative health outcomes.

Our TAC analysis detected Campylobacter in 65 and 25% of
chicken and duck fecal samples, respectively, and in 9% of
human fecal samples, which suggests the possibility for poultry-
to-human Campylobacter transmission. Zambrano et al.
(2014)20 conducted a systematic review and meta-analysis
which identified a relationship between exposure to domestic
poultry and subsequent infection with Campylobacter. Crypto-
sporidium in the stool of children has been associated with
household presence of chickens in Cambodia,44 and we
observed similar rates of Cryptosporidium detection between
chicken feces (13%) and human feces (9%) in Kenya. In 40% of
cow and 67% of goat feces, respectively, we detected shiga toxin-
producing E. coli (STEC); a pathogen that has been associated
with millions of acute illnesses annually, and exposure to
ruminant feces is considered critical to the burden of disease
associated with STEC.21

We found that all pathogens detected in human feces were
also detected in domesticated animal feces, highlighting
potential for animal-human transmission of pathogens. In both
humans and domesticated animals, we detected: enteric viruses
such as adenovirus, astrovirus, enterovirus, norovirus, parecho-
virus, and sapovirus; enterotoxigenic, enteropathogenic, enter-
oaggregative, enteroinvasive, shiga toxin-producing, and
O157:H7-type E. coli; and enteric protozoan pathogens such
as Cryptosporidium and E. histolytica. There is evidence that
humans can share elements of their microbiome with animals
they are in close contact with, such as pets (i.e., dogs),45 further
highlighting how microorganism transmission may occur
between humans and their domesticated animals. However, it
is unclear in which direction this pathogen exchange between
animals and humans is occurring, from animal to human, vice
versa, or in both directions. In addition, humans and one animal
host, such as dogs, may both be exposed to a pathogen sourced
from a different animal host, such as cows. Further temporal
investigation of pathogen mobilization and transmission
throughout environmental reservoirs is needed to properly
evaluate the level of animal-to-human pathogen exposures.
Genetic sequencing could also prove useful for understanding
the specific characteristics of pathogen strains in different
hosts.46

There is also substantial lack of knowledge surrounding which
pathogens are consistently prevalent in the feces of certain hosts,
and our results do not always support existing literature.

Campylobacter is considered common in poultry and cattle
feces.21 While we detected multiple species (C. coli, C.
upsaliensis, C. jejuni) in various hosts, we did not detect
Campylobacter in cow feces. Norovirus has been identified as a
human-hosted pathogen,6,21 while we detected it in both human
and dog feces. Shigella has been claimed to be hosted by humans
and related primates,6,21,47 however we detected Shigella in all
analyzed hosts except chickens, including in 85% of dog fecal
samples. Adenovirus F40/41 has been considered human-
specific,21,48 however we detected it in higher rates in dog feces
compared to human feces. Human norovirus (i.e., strains
typically associated with human infections) has been detected in
domesticated dogs in contact with infected humans,49 human
adenovirus has been detected in dog feces,50 and Shigella has
been isolated in asymptomatic dogs.51 However, it is uncertain
whether molecular targets isolated in unexpected hosts indicate
pathogenicity or transmissibility to humans, but the potential
exists. These discrepancies highlight the gap in knowledge
surrounding host−pathogen relationships in various domes-
ticated animals and humans, and in different environmental
contexts. This is valuable information for conducting accurate
risk assessments and disrupting pathways by which humans are
exposed to pathogens. Further research is needed on the
temporal and spatial mobilization of pathogens, and the
pathogen profile of animal and human hosts in order to fully
understand and mitigate zoonotic disease transmission.

Our study also used MST for human, avian, and ruminant
feces to identify the source of fecal contamination in both source
and stored drinking waters in this urban area of Kenya. As each
assay in this study was detected but not quantifiable in some
samples, we primarily report the sensitivity and specificity using
a common binary threshold.27 Using this metric, we determined
the Rum2bac and Avian GFD assays to be sensitive and specific
in this setting to their target hosts, ruminant and avian animals,
respectively. However, the HF183 assay did not reach this
threshold for either sensitivity or specificity, meaning that
HF183 markers detected in drinking water are not conclusive for
human fecal contamination and may contain type 1 and/or type
2 errors. Hamzah et al. (2020)29 investigated these same
markers (among others) in a rural setting in Kenya, finding all
sensitive under the 0.8 threshold, but finding HF183, Rum2Bac,
and Avian GFD not sufficiently specific under the binary
criterion. Boehm et al. (2013)27 evaluated the performance of
nine human-specific MST markers in multiple United States-
based laboratories, finding the HF183 TaqMan assay sensitive
but not specific using this binary metric. These assay
performance results are relatively similar to studies using these
assays in other settings, but assay performance vary across
various context (e.g., geographies, urban vs rural con-
text)16,27,38,39 and validating assays in specific contexts should
be done before using them to evaluate environmental samples.
As a particular challenge, we detected high levels of cross-
detection of the HF183 marker in dog feces. We also found
cross-detection of the Avian GFD and Rum2Bac markers in dog
feces. Human MST assays have been observed to cross-react
with dog feces in previous studies,30 and our TAC analysis
suggests that their pathogen profiles contain substantial overlap
as well. Dogs often live in close proximity to other animals,
including humans, and have been observed to consume the feces
of those other animals.52 Overlapping omnivorous diets (e.g.,
households feeding dogs food scraps/waste) could also promote
similar gut microbiomes.53 These canine characteristics could
contribute to the cross-detection of nondog MST assays and
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pathogens, and new assays are needed to effectively differentiate
between dog feces and other hosts. However, in this context, we
suggest that Rum2Bac is effective for identifying ruminant fecal
contamination, Avian GFD is acceptable for identifying avian
fecal contamination, and HF183 is not validated in this setting.

There are limitations associated with the methods presented
in this study. Cost and logistic considerations (particularly the
high per-sample cost of TACs) resulted in a small sample size, as
we elected to prioritize robust analysis (e.g., E. coli, MST targets,
and pathogen analyses) on the samples collected, which reduced
the statistical power of our analysis and the generalizability of
our results to other contexts. Viral targets were not analyzed in
drinking water samples as the filtration and extraction methods
with these samples only isolated DNA. Molecular methods, such
as MST and TAC, amplify gene sequences, but they do not shed
light on the viability of detected genes or organisms. These
methods do not provide information to determine if the nucleic
acid detected was extracted from inactivated cells and viable cells
that would be pathogenic.54 There are also limitations associated
with certain molecular targets. E. coli O157:H7 has been
previously identified using a gene unique to O157:H7, rfbE.55,56

However, there is evidence that the strain may not be toxigenic
unless the rfbE gene is accompanied by a shigatoxin (stx)
gene.55,57 Culturing organisms is still required to make certain
that nucleic acid detected is from viable organisms, and careful
selection of gene targets is needed to ensure pathogen targets
properly represent pathogenic organisms. Our samples were
collected as 0.25 g of feces and 100 mL of water, which partially
drives the detection limit of the assays. The small reaction
volume used in the TAC, 1.5 μL per target, has been attributed
to a lower sensitivity compared to qPCR techniques.33 However,
our preamplification step was included to increase the sensitivity
of the TAC to detect low concentration targets.32,58 Addition-
ally, collecting deposited feces from the ground introduces
uncertainty surrounding the age of feces samples. While trained
personnel were employed to identify and prioritize freshly
deposited feces, aging feces could lead to degradation of
contained organisms and genes. Given these limitations, there
could be false negatives represented in our analysis. We also lack
the robust temporal sampling scheme of the feces of humans and
their associated domesticated animals that would allow for
identifying the direction of animal-human pathogen trans-
mission, therefore, we do not have the ability to estimate
whether animal-to-human or human-to-animal transmission is
the primary pathway. The preamplification step also introduces
additional uncertainty into quantifying the starting concen-
tration of pathogen targets in the samples, so the data is reported
as binary instead of quantitative. Other studies have made
quantitative estimates with TAC results using known concen-
trations of targets and standard curves, which is useful
information to apply to risk assessments.31,33

Our study used multiple methods for evaluating the
contamination of source and stored drinking water in the
Dagoretti South constituency of Nairobi, Kenya, including
traditional indicator E. coli, host-specific microbial source
tracking, and pathogen-detecting TaqMan Array Cards. While
the MST assays did not yield useful data, the E. coli and TAC
data suggest contamination in both the source and stored
drinking water in this area. While the connection between
animal feces runoff and surface waters is clear, there is also
evidence in the literature of animal feces contaminating
groundwater drinking water sources as well.9 Using TACs, we
identified A. hydrophilia and B. hominis in source drinking water,

which were also present in dog feces and poultry feces,
respectively, in this setting. Using these tools in a continuous,
temporal sampling campaign of water sources, animal feces, and
human feces would also inform the directionality of animal-
human pathogen transmission. Failure to manage domesticated
animal feces could result in contaminated drinking water and
reduced benefits from traditional WASH improvements,13−15,40

and this study suggests that TACs can be a powerful tool for
characterizing the risks associated with animal feces and
environmental transmission pathways, such as drinking water.

There is evidence that coliform indicators, such as E. coli, may
not correlate with enteric viruses and protozoan parasites.26 We
detected two protozoan pathogens (B. hominis and Cryptospori-
dium) in drinking water samples in which we did not detect
indicator E. coli. We also detected three bacterial pathogens in
samples which did not contain indicator E. coli, including
pathogenic enterotoxigenic E. coli. This could partially be
explained by the TAC amplifying nucleic acid from both viable
and nonviable cells, while the indicator E. coli was cultured,
detecting only viable cells. TACs have the capacity to expand
surveillance of a wide range of pathogens, and have been used in
this study and others33,58 across multiple animal hosts and
environmental reservoirs. Molecular methods have been used
for surveillance of pathogens in municipal wastewater,59 and
others33,60 have successfully used TACs to detect pathogen
targets in wastewater. Application-specific TACs could be
successfully used for monitoring animal-specific diseases in
agricultural settings, and for broad, community wide disease
surveillance via wastewater monitoring.

This study highlights issues surrounding the microbial quality
of drinking water, potential sources of fecal contamination in
water, and health-hazards of domesticated animal and human
feces in Nairobi, Kenya. We provide insight on pathogen-host
relationships in this setting, which informs our understanding of
the zoonotic transmission potential of different pathogens. This
information can be used by residents and human health
researchers to make more informed decisions regarding
managing and preventing potential pathogen exposures
associated with certain domesticated animal hosts. We also
demonstrate the utility of TaqMan Array Card methods for
evaluating environmental contamination and hazards posed to
humans, and identified exposures and risk associated with dog
feces as specifically warranting further investigation. While using
traditional fecal indicator organisms indicates the presence of
feces in environmental samples, molecular methods can be
powerful tools for identifying risks and identifying transmission
pathways of pathogens to humans, and pairing TAC and culture-
based methods could help address limitations in both strategies.
Adding setting-validated MST targets to TACs is also feasible,
and would allow for the simultaneous detection of enteric
pathogen genes in the environment and the potential source of
fecal contamination in an environmental sample. This would
allow for robust risk characterization to be achieved and enhance
capabilities for a One Health approach for effective prevention
and management of disease outbreaks.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.4c10041.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c10041
Environ. Sci. Technol. 2024, 58, 21839−21849

21846

https://pubs.acs.org/doi/10.1021/acs.est.4c10041?goto=supporting-info
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PCR inhibition, qPCR assays-methods, TaqMan array
cards-methods, inhibition and quality control-results
(PDF)
GI target analysis for NCSU TaqMan gastrointestinal
Card v.3 (XLSX)

■ AUTHOR INFORMATION
Corresponding Author
Angela R. Harris − Department of Civil, Construction, and
Environmental Engineering, North Carolina State University,
Raleigh, North Carolina 27695, United States; orcid.org/
0000-0001-8639-8539; Email: aharris5@ncsu.edu

Authors
Sean W. Daly − Department of Civil, Construction, and
Environmental Engineering, North Carolina State University,
Raleigh, North Carolina 27695, United States; orcid.org/
0000-0002-2918-446X

Benard Chieng − Kenya Medical Research Institute, Nairobi
00100, Kenya

Sylvie Araka − Kenya Medical Research Institute, Nairobi
00100, Kenya

John Mboya − Kenya Medical Research Institute, Nairobi
00100, Kenya; Department of Civil and Environmental
Engineering, University of California, Berkeley, Berkeley,
California 94720, United States

Christine Imali − Innovations for Poverty Action, Nairobi
00100, Kenya

Jenna M. Swarthout − Civil and Environmental Engineering,
Tufts University, Medford, Massachusetts 02155, United
States; orcid.org/0000-0002-0181-0828

SammyM. Njenga−KenyaMedical Research Institute, Nairobi
00100, Kenya

Amy J. Pickering − Department of Civil and Environmental
Engineering, University of California, Berkeley, Berkeley,
California 94720, United States; Chan Zuckerberg Biohub,
San Francisco, California 94158, United States; orcid.org/
0000-0001-6193-2221

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.4c10041

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by funding from the Bill & Melinda
Gates Foundation (Grant no. OPP1129535). We also recognize
Ramya Balasubramanian, Anne Okello, Fredrick Okuku Owuor,
Eric Kipchirchir, Glory Wairimu, Henry Emonje Mukabwa,
Gretchen Walch, Maya Nadimpalli, Deeksha Bathini, Gracie
Hornsby, Jeremy Lowe, and other attachments and staff at
KEMRI for their contributions to this work.

■ REFERENCES
(1) Boschi-Pinto, C.; Velebit, L.; Shibuya, K. Estimating child

mortality due to diarrhoea in developing countries. Bull. World Health
Org. 2008, 86 (9), 710−717.
(2) Berendes, D.; Capone, D.; Knee, J.; Holcomb, D.; Sultana, S.;

Pickering, A. J.; Brown, J. Associations between enteric pathogen
carriage and height-for-age, weight-for-age and weight-for-height in
children under 5 years old in urban Dhaka, Bangladesh. Epidemiol.
Infect. 2020, 148, No. e39.

(3) Prüss-Ustün, A.; Wolf, J.; Bartram, J.; Clasen, T.; Cumming, O.;
Freeman, M. C.; Gordon, B.; Hunter, P. R.; Medlicott, K.; Johnston, R.
Burden of disease from inadequate water, sanitation and hygiene for
selected adverse health outcomes: an updated analysis with a focus on
low-and middle-income countries. Int. J. Hyg. Environ. Health 2019, 222
(5), 765−777.
(4) Briscoe, J. Intervention studies and the definition of dominant

transmission routes. Am. J. Epidemiol. 1984, 120 (3), 449−456.
(5) Fewtrell, L.; Kaufmann, R. B.; Kay, D.; Enanoria, W.; Haller, L.;

Colford, J. M., Jr Water, sanitation, and hygiene interventions to reduce
diarrhoea in less developed countries: a systematic review and meta-
analysis. Lancet Infect. Dis. 2005, 5 (1), 42−52.
(6) Julian, T. R. Environmental transmission of diarrheal pathogens in

low and middle income countries. Environ. Sci.: Processes Impacts 2016,
18 (8), 944−955.
(7) Wagner, E. G.; Lanoix, J. N.; World Health Organization. Excreta
Disposal for Rural Areas and Small Communities; World Health
Organization, 1958.
(8) Barnes, A. N.; Mumma, J.; Cumming, O. Role, ownership and

presence of domestic animals in peri-urban households of Kisumu,
Kenya. Zoonoses and Public Health 2018, 65 (1), 202−214.
(9) Penakalapati, G.; Swarthout, J.; Delahoy, M. J.; McAliley, L.;

Wodnik, B.; Levy, K.; Freeman, M. C. Exposure to animal feces and
human health: a systematic review and proposed research priorities.
Environ. Sci. Technol. 2017, 51 (20), 11537−11552.
(10) Kaur, M.; Graham, J. P.; Eisenberg, J. N. Livestock ownership

among rural households and child morbidity and mortality: an analysis
of demographic health survey data from 30 sub-Saharan African
countries (2005−2015). Am. J. Trop. Med. Hyg. 2017, 96 (3), 741.
(11) Ngure, F. M.; Reid, B. M.; Humphrey, J. H.; Mbuya, M. N.; Pelto,

G.; Stoltzfus, R. J. Water, sanitation, and hygiene (WASH), environ-
mental enteropathy, nutrition, and early child development: making the
links. Ann. N.Y. Acad. Sci. 2014, 1308 (1), 118−128.
(12) Cumming, O.; Curtis, V. Implications of WASH Benefits trials

for water and sanitation. Lancet Global Health 2018, 6 (6), e613−e614.
(13) Pickering, A. J.; Null, C.; Winch, P. J.; Mangwadu, G.; Arnold, B.

F.; Prendergast, A. J.; Njenga, S. M.; Rahman, M.; Ntozini, R.;
Benjamin-Chung, J.; Stewart, C. P.; Huda, T. M. N.; Moulton, L. H.;
Colford, J. M., Jr.; Luby, S. P.; Humphrey, J. H. The WASH Benefits and
SHINE trials: interpretation of WASH intervention effects on linear
growth and diarrhoea. Lancet Global Health 2019, 7 (8), E1139−
E1146.
(14) World Health Organization. Progress on household drinking water,
sanitation and hygiene 2000−2020: five years into the SDGs; World
Health Organization, 2021.
(15) Clasen, T.; Schmidt, W. P.; Rabie, T.; Roberts, I.; Cairncross, S.

Interventions to improve water quality for preventing diarrhoea:
systematic review and meta-analysis. BMJ 2007, 334 (7597), 782.
(16) Harris, A. R.; Pickering, A. J.; Harris, M.; Doza, S.; Islam, M. S.;

Unicomb, L.; Luby, S.; Davis, J.; Boehm, A. B. Ruminants contribute
fecal contamination to the urban household environment in Dhaka,
Bangladesh. Environ. Sci. Technol. 2016, 50 (9), 4642−4649.
(17) Mpalang, R. K. A.; Boreux, R.; Melin, P.; Akir Ni Bitiang, K.;

Daube, G.; Daube, G.; De Mol, P. Prevalence of Campylobacter among
goats and retail goat meat in Congo. J. Infect. Dev. Countries 2014, 8
(02), 168−175.
(18) Uga, S.; Hoa, N. T.; Noda, S.; Moji, K.; Cong, L.; Aoki, Y.; Rai, S.

K.; Fujimaki, Y. Parasite egg contamination of vegetables from a
suburban market in Hanoi, Vietnam.NepalMed. College J.: NMCJ 2009,
11 (2), 75−78.
(19) Vujcic, J.; Ram, P. K.; Hussain, F.; Unicomb, L.; Gope, P. S.;

Abedin, J.; Mahmud, Z. H.; Islam, M. S.; Luby, S. P. Toys and toilets:
cross-sectional study using children’s toys to evaluate environmental
faecal contamination in rural Bangladeshi households with different
sanitation facilities and practices. Trop. Med. Int. Health 2014, 19 (5),
528−536.
(20) Zambrano, L. D.; Levy, K.; Menezes, N. P.; Freeman, M. C.

Human diarrhea infections associated with domestic animal husbandry:

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c10041
Environ. Sci. Technol. 2024, 58, 21839−21849

21847

https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10041/suppl_file/es4c10041_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.4c10041/suppl_file/es4c10041_si_002.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+R.+Harris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8639-8539
https://orcid.org/0000-0001-8639-8539
mailto:aharris5@ncsu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+W.+Daly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2918-446X
https://orcid.org/0000-0002-2918-446X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benard+Chieng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sylvie+Araka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+Mboya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christine+Imali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jenna+M.+Swarthout"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0181-0828
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sammy+M.+Njenga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amy+J.+Pickering"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6193-2221
https://orcid.org/0000-0001-6193-2221
https://pubs.acs.org/doi/10.1021/acs.est.4c10041?ref=pdf
https://doi.org/10.2471/BLT.07.050054
https://doi.org/10.2471/BLT.07.050054
https://doi.org/10.1017/S0950268820000369
https://doi.org/10.1017/S0950268820000369
https://doi.org/10.1017/S0950268820000369
https://doi.org/10.1016/j.ijheh.2019.05.004
https://doi.org/10.1016/j.ijheh.2019.05.004
https://doi.org/10.1016/j.ijheh.2019.05.004
https://doi.org/10.1093/oxfordjournals.aje.a113909
https://doi.org/10.1093/oxfordjournals.aje.a113909
https://doi.org/10.1016/S1473-3099(04)01253-8
https://doi.org/10.1016/S1473-3099(04)01253-8
https://doi.org/10.1016/S1473-3099(04)01253-8
https://doi.org/10.1039/C6EM00222F
https://doi.org/10.1039/C6EM00222F
https://doi.org/10.1111/zph.12429
https://doi.org/10.1111/zph.12429
https://doi.org/10.1111/zph.12429
https://doi.org/10.1021/acs.est.7b02811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02811?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4269/ajtmh.16-0664
https://doi.org/10.4269/ajtmh.16-0664
https://doi.org/10.4269/ajtmh.16-0664
https://doi.org/10.4269/ajtmh.16-0664
https://doi.org/10.1111/nyas.12330
https://doi.org/10.1111/nyas.12330
https://doi.org/10.1111/nyas.12330
https://doi.org/10.1016/S2214-109X(18)30192-X
https://doi.org/10.1016/S2214-109X(18)30192-X
https://doi.org/10.1016/S2214-109X(19)30268-2
https://doi.org/10.1016/S2214-109X(19)30268-2
https://doi.org/10.1016/S2214-109X(19)30268-2
https://doi.org/10.1136/bmj.39118.489931.BE
https://doi.org/10.1136/bmj.39118.489931.BE
https://doi.org/10.1021/acs.est.5b06282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b06282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b06282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3855/jidc.3199
https://doi.org/10.3855/jidc.3199
https://doi.org/10.1111/tmi.12292
https://doi.org/10.1111/tmi.12292
https://doi.org/10.1111/tmi.12292
https://doi.org/10.1111/tmi.12292
https://doi.org/10.1093/trstmh/tru056
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


a systematic review and meta-analysis. Trans. R. Soc. Trop. Med. Hyg.
2014, 108 (6), 313−325.
(21) Delahoy, M. J.; Wodnik, B.; McAliley, L.; Penakalapati, G.;

Swarthout, J.; Freeman, M. C.; Levy, K. Pathogens transmitted in
animal feces in low-and middle-income countries. Int. J. Hyg. Environ.
Health 2018, 221 (4), 661−676.
(22) Jung, B. K.; Lee, J. Y.; Chang, T.; Song, H.; Chai, J. Y. Rare case of

enteric Ancylostoma caninum hookworm infection, South Korea.
Emerging Infect. Dis. 2020, 26 (1), 181.
(23) Salyer, S. J.; Silver, R.; Simone, K.; Behravesh, C. B. Prioritizing

zoonoses for global health capacity building�themes from One Health
zoonotic disease workshops in 7 countries, 2014−2016. Emerging Infect.
Dis. 2017, 23 (Suppl 1), S55.
(24) Odonkor, S. T.; Ampofo, J. K. Escherichia coli as an indicator of

bacteriological quality of water: an overview.Microbiol. Res. 2013, 4 (1),
No. e2.
(25) World Health Organization. Guidelines for drinking-water quality;

World Health Organization, 2004; Vol. 1.
(26) Wen, X.; Chen, F.; Lin, Y.; Zhu, H.; Yuan, F.; Kuang, D.; Zhihui,

J.; Yuan, Z. Microbial indicators and their use for monitoring drinking
water quality�A review. Sustainability 2020, 12 (6), 2249.
(27) Boehm, A. B.; Van De Werfhorst, L. C.; Griffith, J. F.; Holden, P.

A.; Jay, J. A.; Shanks, O. C.; Wang, D.; Weisberg, S. B. Performance of
forty-one microbial source tracking methods: a twenty-seven lab
evaluation study. Water Res. 2013, 47 (18), 6812−6828.
(28) Schriewer, A.; Odagiri, M.; Wuertz, S.; Misra, P. R.; Panigrahi, P.;

Clasen, T.; Jenkins, M. W. Human and animal fecal contamination of
community water sources, stored drinking water and hands in rural
India measured with validated microbial source tracking assays. Am. J.
Trop. Med. Hyg. 2015, 93 (3), 509.
(29) Hamzah, L.; Boehm, A. B.; Davis, J.; Pickering, A. J.; Wolfe, M.;

Mureithi, M.; Harris, A. Ruminant fecal contamination of drinking
water introduced post-collection in rural Kenyan households. Int. J.
Environ. Res. Public Health 2020, 17 (2), 608.
(30) Holcomb, D. A.; Knee, J.; Sumner, T.; Adriano, Z.; de Bruijn, E.;

Nalá, R.; Cumming, O.; Brown, J.; Stewart, J. R. Human fecal
contamination of water, soil, and surfaces in households sharing poor-
quality sanitation facilities in Maputo, Mozambique. Int. J. Environ. Res.
Public Health 2020, 226, No. 113496.
(31) Liu, J.; Gratz, J.; Amour, C.; Kibiki, G.; Becker, S.; Janaki, L.;

Verweiji, J.; Taniuchi, M.; Sobuz, S.; Haque, R.; Haverstick, D.; Houpt,
E. R. A laboratory-developed TaqMan Array Card for simultaneous
detection of 19 enteropathogens. J. Clin. Microbiol. 2013, 51 (2), 472−
480.
(32) Baker, K. K.; Senesac, R.; Sewell, D.; Sen Gupta, A.; Cumming,

O.; Mumma, J. Fecal fingerprints of enteric pathogen contamination in
public environments of Kisumu, Kenya, associated with human
sanitation conditions and domestic animals. Environ. Sci. Technol.
2018, 52 (18), 10263−10274.
(33) Lappan, R.; Henry, R.; Chown, S. L.; Luby, S. P.; Higginson, E.

E.; Bata, L.; Jirapanjawat, T.; Schang, C.; Openshaw, J. J.; O’Toole, J.;
Lin, A.; Tela, A.; Turagabeci, A.; Wong, T. H. F.; French, M. A.; Brown,
R. R.; Leder, K.; Greening, C.; McCarthy, D. Monitoring of diverse
enteric pathogens across environmental and host reservoirs with
TaqMan array cards and standard qPCR: a methodological comparison
study. Lancet Planet. Health 2021, 5 (5), e297−e308.
(34) Chan, E. M.; Swarthout, J.; Chieng, B.; Araka, S.; Mboya, J.;

Imali, C.; Harris, A. R.; Njenga, S. M.; Pickering, A. Poultry Ownership
in Urban Kenya is Associated with Increased Fecal Contamination in
Household Soil. medRxiv, 2023, DOI: 10.1101/2023.09.16.23295449.
(35) Manuel, M.; Amato, H. K.; Pilotte, N.; Chieng, B.; Araka, S. B.;

Siko, J. E. E.; Harris, M.; Nadimpalli, M.; Janagaraj, V.; Houngbegnon,
P.; Rajendiran, R.; Thamburaj, J.; Kaliappan, S. P.; Sirois, A. R.; Walch,
G.; Oswald, W. E.; Asbjornsdottir, K. H.; Galagan, S. R.; Walson, J. L.;
Williams, S. A.; Luty, A. J. F.; Njenga, S. M.; Ibikounlé, M.; Ajjampur, S.
S. R.; Pickering, A. J. Soil surveillance for monitoring soil-transmitted
helminth infections: method development and field testing in three
countries. medRxiv, 2023, DOI: 10.1101/2023.09.26.23296174.

(36) Murray, A. L.; Kumpel, E.; Peletz, R.; Khush, R. S.; Lantagne, D.
S. The effect of sodium thiosulfate dechlorination on fecal indicator
bacteria enumeration: laboratory and field data. J. Water Health 2018,
16 (1), 70−77.
(37) Green, H. C.; Haugland, R. A.; Varma, M.; Millen, H. T.;

Borchardt, M. A.; Field, K. G.; Walters, W. A.; Knight, R.; Sivaganesan,
M.; Kelty, C. A.; Shanks, O. C. Improved HF183 quantitative real-time
PCR assay for characterization of human fecal pollution in ambient
surface water samples. Appl. Environ. Microbiol. 2014, 80 (10), 3086−
3094.
(38) Mieszkin, S.; Yala, J. F.; Joubrel, R.; Gourmelon, M. Phylogenetic

analysis of Bacteroidales 16S rRNA gene sequences from human and
animal effluents and assessment of ruminant faecal pollution by real-
time PCR. J. Appl. Microbiol. 2010, 108 (3), 974−984.
(39) Green, H. C.; Dick, L. K.; Gilpin, B.; Samadpour, M.; Field, K. G.

Genetic markers for rapid PCR-based identification of gull, Canada
goose, duck, and chicken fecal contamination in water. Appl. Environ.
Microbiol. 2012, 78 (2), 503−510.
(40) Prendergast, A. J.; Gharpure, R.; Mor, S.; Viney, M.; Dube, K.;

Lello, J.; Berger, C.; Siwila, J.; Joyeux, M.; Hodobo, T.; Hurt, L.; Brown,
T.; Hoto, P.; Tavengwa, N.; Mutasa, K.; Craddock, S.; Chasekwa, B.;
Robertson, R. C.; Evans, C.; Chidhanguro, D.; Mutasa, B.; Majo, F.;
Smith, L. E.; Hirai, M.; Ntozini, R.; Humphrey, J. H.; Berendes, D.
Putting the “A” into WaSH: a call for integrated management of water,
animals, sanitation, and hygiene. Lancet Planet. Health 2019, 3 (8),
e336−e337.
(41) Barker, T.; Capone, D.; Amato, H. K.; Clark, R.; Henderson, A.;

Holcomb, D. A.; Kim, E.; Pape, J.; Parker, E.; VanderYacht, T.; Graham,
J.; Brown, J. Public toilets have reduced enteric pathogen hazards in San
Francisco. PLoS Water 2023, 2 (8), No. e0000152.
(42) Conan, A.; O’Reilly, C. E.; Ogola, E.; Ochieng, J. B.; Blackstock,

A. J.; Omore, R.; Ochieng, L.; Moke, F.; Parsons, M. B.; Xiao, L.;
Roellig, D.; Farag, T. H.; Nataro, J. P.; Kotloff, K. L.; Levine, M. M.;
Mintz, E. D.; Breiman, R. F.; Cleaveland, S.; Knobel, D. L. Animal-
related factors associated with moderate-to-severe diarrhea in children
younger than five years in western Kenya: a matched case-control study.
PLoS Neglected Trop. Dis. 2017, 11 (8), No. e0005795.
(43) Harvey, T. V.; Tang, A. M.; da Paixao Sevá, A.; Albano dos

Santos, C.; Santos Carvalho, S. M.; Magalhaes da Rocha, C. M. B.;
Oliveira, B. C. M.; Albuquerque, G. R. Enteric parasitic infections in
children and dogs in resource-poor communities in northeastern Brazil:
Identifying priority prevention and control areas. PLoS Neglected Trop.
Dis. 2020, 14 (6), No. e0008378.
(44) Moore, C. E.; Elwin, K.; Phot, N.; Seng, C.; Mao, S.; Suy, K.;

Kumar, V.; Nader, J.; Bousfield, R.; Perera, S.; Bailey, J. W.; Beeching,
N. J.; Day, N. P. J.; Parry, C. M.; Chalmers, R. M. Molecular
characterization of Cryptosporidium species and Giardia duodenalis
from symptomatic Cambodian children. PLoS Neglected Trop. Dis.
2016, 10 (7), No. e0004822.
(45) Song, S. J.; Lauber, C.; Costello, E. K.; Lozupone, C. A.;

Humphrey, G.; Berg-Lyons, D.; Caporaso, J. G.; Knights, D.; Clemente,
J. C.; Nakielny, S.; Gordon, J. I.; Fierer, N.; Knight, R. Cohabiting family
members share microbiota with one another and with their dogs. eLife
2013, 2, No. e00458.
(46) Richardson, E. J.; Bacigalupe, R.; Harrison, E. M.; Weinert, L. A.;

Lycett, S.; Vrieling, M.; Robb, K.; Hoskisson, P. A.; Holden, M. T. G.;
Feil, E. J.; Paterson, G. K.; Tong, S. Y. C.; Shittu, A.; van Wamel, W.;
Aanensen, D. M.; Parkhill, J.; Peacock, S. J.; Corander, J.; Holmes, M.;
Fitzgerald, J. R. Gene exchange drives the ecological success of a multi-
host bacterial pathogen. Nat. Ecol. Evol. 2018, 2 (9), 1468−1478.
(47) Heymann, D. L. Control of Communicable Diseases Manual (No.
Ed. 19). American Public Health Association, 2008.
(48) Ghebremedhin, B. Human adenovirus: Viral pathogen with

increasing importance. Eur. J. Microbiol. Immunol. 2014, 4 (1), 26−33.
(49) Summa, M.; von Bonsdorff, C. H.; Maunula, L. Pet dogs�A

transmission route for human noroviruses? J. Clin. Virol. 2012, 53 (3),
244−247.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c10041
Environ. Sci. Technol. 2024, 58, 21839−21849

21848

https://doi.org/10.1093/trstmh/tru056
https://doi.org/10.1016/j.ijheh.2018.03.005
https://doi.org/10.1016/j.ijheh.2018.03.005
https://doi.org/10.3201/eid2601.191335
https://doi.org/10.3201/eid2601.191335
https://doi.org/10.3201/eid2313.170418
https://doi.org/10.3201/eid2313.170418
https://doi.org/10.3201/eid2313.170418
https://doi.org/10.4081/mr.2013.e2
https://doi.org/10.4081/mr.2013.e2
https://doi.org/10.3390/su12062249
https://doi.org/10.3390/su12062249
https://doi.org/10.1016/j.watres.2012.12.046
https://doi.org/10.1016/j.watres.2012.12.046
https://doi.org/10.1016/j.watres.2012.12.046
https://doi.org/10.4269/ajtmh.14-0824
https://doi.org/10.4269/ajtmh.14-0824
https://doi.org/10.4269/ajtmh.14-0824
https://doi.org/10.3390/ijerph17020608
https://doi.org/10.3390/ijerph17020608
https://doi.org/10.1016/j.ijheh.2020.113496
https://doi.org/10.1016/j.ijheh.2020.113496
https://doi.org/10.1016/j.ijheh.2020.113496
https://doi.org/10.1128/JCM.02658-12
https://doi.org/10.1128/JCM.02658-12
https://doi.org/10.1021/acs.est.8b01528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b01528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S2542-5196(21)00051-6
https://doi.org/10.1016/S2542-5196(21)00051-6
https://doi.org/10.1016/S2542-5196(21)00051-6
https://doi.org/10.1016/S2542-5196(21)00051-6
https://doi.org/10.1101/2023.09.16.23295449
https://doi.org/10.1101/2023.09.16.23295449
https://doi.org/10.1101/2023.09.16.23295449
https://doi.org/10.1101/2023.09.16.23295449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1101/2023.09.26.23296174
https://doi.org/10.1101/2023.09.26.23296174
https://doi.org/10.1101/2023.09.26.23296174
https://doi.org/10.1101/2023.09.26.23296174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2166/wh.2017.077
https://doi.org/10.2166/wh.2017.077
https://doi.org/10.1128/AEM.04137-13
https://doi.org/10.1128/AEM.04137-13
https://doi.org/10.1128/AEM.04137-13
https://doi.org/10.1111/j.1365-2672.2009.04499.x
https://doi.org/10.1111/j.1365-2672.2009.04499.x
https://doi.org/10.1111/j.1365-2672.2009.04499.x
https://doi.org/10.1111/j.1365-2672.2009.04499.x
https://doi.org/10.1128/AEM.05734-11
https://doi.org/10.1128/AEM.05734-11
https://doi.org/10.1016/S2542-5196(19)30129-9
https://doi.org/10.1016/S2542-5196(19)30129-9
https://doi.org/10.1371/journal.pwat.0000152
https://doi.org/10.1371/journal.pwat.0000152
https://doi.org/10.1371/journal.pntd.0005795
https://doi.org/10.1371/journal.pntd.0005795
https://doi.org/10.1371/journal.pntd.0005795
https://doi.org/10.1371/journal.pntd.0008378
https://doi.org/10.1371/journal.pntd.0008378
https://doi.org/10.1371/journal.pntd.0008378
https://doi.org/10.1371/journal.pntd.0004822
https://doi.org/10.1371/journal.pntd.0004822
https://doi.org/10.1371/journal.pntd.0004822
https://doi.org/10.7554/eLife.00458
https://doi.org/10.7554/eLife.00458
https://doi.org/10.1038/s41559-018-0617-0
https://doi.org/10.1038/s41559-018-0617-0
https://doi.org/10.1556/EuJMI.4.2014.1.2
https://doi.org/10.1556/EuJMI.4.2014.1.2
https://doi.org/10.1016/j.jcv.2011.12.014
https://doi.org/10.1016/j.jcv.2011.12.014
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(50) MacNeil, K. M.; Dodge, M. J.; Evans, A. M.; Tessier, T. M.;
Weinberg, J. B.; Mymryk, J. S. Adenoviruses in medicine: innocuous
pathogen, predator, or partner. Trends Mol. Med. 2022, 29 (1), 4−19.
(51) Zheng, Y.; Hao, X.; Lin, X.; Zheng, Q.; Zhang, W.; Zhou, P.; Li, S.

Bacterial diversity in the feces of dogs with CPV infection. Microbial
Pathog. 2018, 121, 70−76.
(52) Gil, A.; Lanata, C.; Kleinau, E.; Penny, M. Strategic Report 11:
Children’s Feces Disposal Practices in Developing Countries and
Interventions to Prevent Diarrheal Diseases: A Literature Review; Instituto
de Investigacion Nutricional: Peru, 2004.
(53) Swarthout, J. M.; Fuhrmeister, E. R.; Hamzah, L.; Harris, A. R.;

Ahmed, M. A.; Gurley, E. S.; Satter, S. M.; Boehm, A. B.; Pickering, A. J.
Differential overlap in human and animal fecal microbiomes and
resistomes in rural versus urban Bangladesh. Appl. Environ. Microbiol.
2022, 88 (14), No. e0075922.
(54) Cangelosi, G. A.; Meschke, J. S. Dead or alive: molecular

assessment of microbial viability. Appl. Environ. Microbiol. 2014, 80
(19), 5884−5891.
(55) Bertrand, R.; Roig, B. Evaluation of enrichment-free PCR-based

detection on the rfbE gene of Escherichia coli O157�application to
municipal wastewater. Water Res. 2007, 41 (6), 1280−1286.
(56) Garrido, A.; Chapela, M. J.; Román, B.; Fajardo, P.; Vieites, J. M.;

Cabado, A. G. In-house validation of a multiplex real-time PCR method
for simultaneous detection of Salmonella spp.; Escherichia coli O157
and Listeria monocytogenes. Int. J. Food Microbiol. 2013, 164 (1), 92−
98.
(57) Sen, K.; L Sinclair, J.; Boczek, L.; Rice, E. W. Development of a

sensitive detection method for stressed E. coli O157: H7 in source and
finished drinking water by culture-qPCR. Environ. Sci. Technol. 2011, 45
(6), 2250−2256.
(58) Tsai, K.; Simiyu, S.; Mumma, J.; Aseyo, R. E.; Cumming, O.;

Dreibelbis, R.; Baker, K. K. Enteric pathogen diversity in infant foods in
low-income neighborhoods of Kisumu, Kenya. Int. J. Environ. Res. Public
Health 2019, 16 (3), 506.
(59) Kotlarz, N.; Holcomb, D. A.; Tanvir Pasha, A. B. M.; Reckling, S.;

Kays, J.; Lai, Y. C.; Daly, S. W.; Palani, S.; Bailey, E.; Guidry, V. T.;
Christensen, A.; Berkowitz, S.; Hoppin, J. A.; Mitasova, H.; Engel, L. S.;
de los Reyes, F. L., III; Harris, A. Timing and Trends for Municipal
Wastewater, Lab-Confirmed Case, and Syndromic Case Surveillance of
COVID-19 in Raleigh, North Carolina. Am. J. Public Health 2023, 113
(1), 79−88.
(60) Rao, G.; Capone, D.; Zhu, K.; Knoble, A.; Linden, Y.; Clark, R.;

Lai, A.; Kim, J.; Huang, C.; Bivins, A.; Brown, J. Simultaneous detection
and quantification of multiple pathogen targets in wastewater. PLoS
Water 2023, 3 (2), No. e0000224.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c10041
Environ. Sci. Technol. 2024, 58, 21839−21849

21849

https://doi.org/10.1016/j.molmed.2022.10.001
https://doi.org/10.1016/j.molmed.2022.10.001
https://doi.org/10.1016/j.micpath.2018.04.043
https://doi.org/10.1128/aem.00759-22
https://doi.org/10.1128/aem.00759-22
https://doi.org/10.1128/AEM.01763-14
https://doi.org/10.1128/AEM.01763-14
https://doi.org/10.1016/j.watres.2006.11.027
https://doi.org/10.1016/j.watres.2006.11.027
https://doi.org/10.1016/j.watres.2006.11.027
https://doi.org/10.1016/j.ijfoodmicro.2013.03.024
https://doi.org/10.1016/j.ijfoodmicro.2013.03.024
https://doi.org/10.1016/j.ijfoodmicro.2013.03.024
https://doi.org/10.1021/es103365b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es103365b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es103365b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijerph16030506
https://doi.org/10.3390/ijerph16030506
https://doi.org/10.2105/AJPH.2022.307108
https://doi.org/10.2105/AJPH.2022.307108
https://doi.org/10.2105/AJPH.2022.307108
https://doi.org/10.1371/journal.pwat.0000224
https://doi.org/10.1371/journal.pwat.0000224
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c10041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



