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ABSTRACT: Rigorous studies of water, sanitation, and hygiene
interventions in low- and middle-income countries (LMICs)
suggest that children are exposed to enteric pathogens via multiple
interacting pathways, including soil ingestion. In 30 compounds
(household clusters) in low-income urban Maputo, Mozambique,
we cultured Escherichia coli and quantified gene targets from soils (
E. coli: ybbW, Shigella/enteroinvasive E. coli (EIEC): ipaH, Giardia
duodenalis: β-giardin) using droplet digital PCR at three compound
locations (latrine entrance, solid waste area, dishwashing area). We
found that 88% of samples were positive for culturable E. coli
(mean = 3.2 log10 CFUs per gram of dry soil), 100% for molecular
E. coli (mean = 5.9 log10 gene copies per gram of dry soil), 44% for
ipaH (mean = 2.5 log10), and 41% for β-giardin (mean = 2.1 log10).
Performing stochastic quantitative microbial risk assessment using soil ingestion parameters from an LMIC setting for children 12−
23 months old, we estimated that the median annual infection risk by G. duodenalis was 7100-fold (71% annual infection risk) and by
Shigella/EIEC was 4000-fold (40% annual infection risk) greater than the EPA’s standard for drinking water. Compounds in
Maputo, and similar settings, require contact and source control strategies to reduce the ingestion of contaminated soil and achieve
acceptable levels of risk.

■ INTRODUCTION

In low- and middle-income countries (LMICs), children may
be chronically exposed to enteric pathogens during the first
years of life.1 Such exposures can lead to enteric infections,
with or without diarrheal disease,2 and a range of hypothesized
effects including poor growth,3 adverse cognitive develop-
ment,4 negative effects on the immune system,5 and reduced
efficacy of oral vaccines.6 Rigorous studies of water, sanitation,
and hygiene (WASH) interventions in LMICs have reported
mixed impacts on child health and that multiple inter-related
environmental pathways transmit enteric pathogens from feces
to new hosts in these settings.7−12 Across a diverse range of
rural and urban settings in LMICs, the ingestion of fecally
contaminated soils is increasingly recognized as a potentially
important route of exposure.13−17 Some children may practice
geophagy,14,16,17 a form of pica18 involving deliberate soil
ingestion, which has been associated with environmental
enteropathy,19 stunting,19 and grow-faltering.20,21 Uninten-
tional soil ingestion may also occur directly15 or indirectly via
hands, food, fomites, or household stored water.15 Estimating
infection risks from soil ingestion may be useful to inform
intervention strategies and reduce risks.
Fecal contamination of soils is common where safely

managed sanitation or adequate animal feces management is

absent.22 Both fecal indicator bacteria (FIB) and gene targets
from enteric pathogens have been detected at high densities in
soils from domestic and public environments where human
and animal feces lack safe management.23−29 The risk of
enteric infection in these settings may be high if contact with
soils is common. Soil ingestion may be an important pathway
of disease transmission in specific settings, populations, and
age groups.30 Quantitative microbial risk assessment (QMRA)
is a systematic, mechanistic, evidence-based framework for
estimating risks of microbial exposure.31,32 Combining QMRA
with stochastic methods propagates the variability and
uncertainty from model parameters to demonstrate the
potential range of expected risks. Whereas epidemiological
studies often require large sample sizes to detect differences in
low-frequency outcomes, and subsequently are expensive,
QMRA offers an alternative approach to estimate infection
risks. As such, QMRA has often been used to characterize the
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risk of activities with a low independent probability of
infection, such as consumption of contaminated drinking
water33−35 or ingestion of surface water during recreational
activities.35−37

Given the increasing attention to fecally contaminated soils
in the literature, some QMRA models have investigated the
potential infection risks posed by soils.38,39 However,
previously soil-focused QMRA models applied to LMICs
have not used stochastic methods,38 assumed 100% pathogen
viability,38 assumed a large amount of soil ingested per dose39

(e.g., five grams of soil), or did not include a sensitivity
analysis.38,39 In addition, we know of no previous study using
measured enteric infection prevalence in a concurrent cohort
to assess whether the output of a QMRA model for soil
ingestion was reasonable.
The data for the current QMRA were collected as part of the

Maputo Sanitation (MapSan) trial, a controlled, before-and-
after trial that assessed the impact of a shared onsite sanitation
intervention on children’s health in low-income urban Maputo,
Mozambique.40 The primary outcome in the MapSan trial was
the prevalence of bacterial or protozoan infection as indicated
by pathogen detection in child stool samples, measured by a
multiplex reverse transcription PCR assay.41 The aims of this
study are to (1) use QMRA to assess the annual risk of
infection by Shigella/enteroinvasive Escherichia coli (EIEC) and
Giardia duodenalis from ingestion of fecally contaminated soils
in the domestic environment in the MapSan trial cohort, (2)
use sensitivity analyses to investigate the relationship between
input parameters and estimated risks, and (3) compare model
output with the age-stratified point prevalence of Shigella/
EIEC and G. duodenalis among children enrolled in the
MapSan trial. We focused on Shigella/EIEC and G. duodenalis
as these were the most prevalent bacterial and protozoan
enteric pathogens identified in the MapSan trial at 24 months
of follow-up;42 Shigella/EIEC was present in approximately
55% (95% CI: 53−59%) and G. duodenalis in 63% (60−66%)
of stools from all children enrolled in this cohort (mean
sampling age = 38 months, SD = 20).

■ METHODS
Sample Selection. We randomly selected 15 control and

15 intervention compounds for inclusion in this study from a
list of 80 MapSan trial compounds enrolled in a previous study
between May and June 2018.26 The intervention consisted of a
cinder block superstructure containing a pour flush toilet
connected to a septic tank and a drain field, while control
compounds continued using their existing shared sanitation
technologies.40−43 We selected three soil sampling locations
per compound representing a total of 90 samples. Sample
locations included a point 25 cm directly in front of (1) the
latrine entrance, (2) the outside solid waste storage container
or pile (solid waste was typically stored in a rice sack), and (3)
the point in the outside area where compound members
indicated that they most frequently washed dishes. Where
concrete flooring was present, we sampled the nearest point
not covered by concrete. We selected these standardized
locations because pilot work in February 2018 revealed that
children do not consistently play in any specific compound
area (Text S1) and the locations represent three plausible
locations where fecal contamination may be introduced in high
quantities into domestic soils. Latrine entrance soils may
receive an input of fecal material from latrines that
inadequately sequester fecal wastes, while soils at solid waste

storage areas may be contaminated from the improper disposal
of children’s feces or other fecally contaminated solid wastes,
including animal feces. However, soils at dishwashing areas
have no similar point source of fecal contamination but,
instead, may receive fecal wastes from various sources or
mechanisms that contribute to fecal contamination in the
domestic environment (e.g., yard cleaning, walking, and wind).
As the population density is high in study neighborhoods
(>15 000 people per square kilometer),44 we assumed that the
pathogen distribution from these three locations is adequate to
estimate a range of children’s plausible infection risks from soil
ingestion, although our estimates may represent an upper
bound on infection risk given that the selected sampling
locations may be more contaminated than other locations
where children play.

Sample Collection. We homogenized 100 cm3 of soil
using a sterilized spade and scooped soil into four cryovials at
each sampling location and then transported soils on ice for ≤6
h until the tubes were frozen at −80° C or used to enumerate
E. coli. Samples were shipped from the Mozambican National
Institute of Health in Maputo, Mozambique, to the Georgia
Institute of Technology in Atlanta, GA, on dry ice (−80 °C)
with in-transit temperature monitoring for molecular analysis.

Culturable E. coli Enumeration. We used a method
modified from Boehm et al. 2009 to culture E. coli.45 First, we
eluted 1 gram of soil (wet-weight) in 100 mL of distilled water
inside a Whirl-Pak bag (Nasco, Fort Atkinson, WI). Then, we
manually shook samples for 2 min, waited 15 min to allow for
settling, pipetted 1 mL of supernatant onto a Compact Dry
plate (Compact Dry EC, VWR, Vienna, Austria), and
incubated plates at 37° C for 24 h before counting colony-
forming units (CFUs). Two biological replicates were tested
from each sample, and the average of the two was used as the
final E. coli count. When a sample yielded colonies too
numerous to count, we retested the sample using a 1:15
dilution of the supernatant. Based on the manufacturer’s
instructions and the dilutions used, the lower limit of detection
was 2 log10 CFU E. coli per gram of soil, not accounting for
moisture content, and the upper limit of detection was 6.48
log10 CFU E. coli per gram of soil.29

Nucleic Acid Extraction. We heated a 500 mg aliquot of
each soil sample at 105 °C for 1 h to determine moisture
content by mass (Figure S1 and Table S1), discarded the dry
soil, and then extracted nucleic acids from a separate 1 g
portion of each sample (dry weight). Following the
manufacturer’s protocol, we extracted DNA using the RNeasy
PowerSoil DNA Elution Kit, and RNA with the RNeasy
PowerSoil Total RNA Kit (Qiagen, Hilden, Germany). We
spiked samples with MS2 as a qualitative extraction control
and included one negative extraction control on each day of
extractions (typically 15 samples per day).

Droplet Digital PCR. We first tested for the presence of
the extraction control MS246 using reverse transcription PCR
on an ABI 7500 (Applied Biosystems, Foster City, CA) and
then quantified gene copies of ybbW (molecular E. coli),47

ipaH (Shigella/EIEC),48 and β-giardin (G. duodenalis assem-
blage B)49 using droplet digital PCR with a QX200 droplet
reader (Bio-Rad Laboratories, Hercules, CA). Reaction
conditions and thermal cycling parameters can be found in
Table S2. Following the probit method proposed by Stokdyk
et al. 2016,50 we assayed a dilution series of Gblocks
(Integrated DNA Technologies, Coralville, IA) to determine
the 95% limit of detection (LOD) of our ipaH and β-giardin
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assays in triplicate (Figure S2). Manual thresholding was
performed between positive and negative clusters taking into
account the observed clusters in positive controls and
extraction blanks to classify positive droplets (Figures S3 and
S4).
Exposure Assessment. To model the distribution of ipaH

and β-giardin in soils, we used an imputation method in
combination with maximum-likelihood estimation to estimate
distribution parameters.51 Briefly, from our complete data set
of detects and nondetects, we imputed values for each
nondetection observed by drawing from a uniform distribution
from zero to the 95% LOD (ipaH: 315 gene copies per gram

dry soil; β-giardin: 100 gene copies per gram dry soil). We
repeated this process 100 times to create 100 unique data sets.
Then, we used the f itdistrplus52 package in R (R version 4.0.0,
R Foundation for Statistical Computing, Vienna, Austria) to fit
a log−normal distribution to the mean and standard deviation
(SD) parameters from the 100 imputed data sets. As such, the
final models were log−normal distributions for the density of
ipaH and β-giardin genes in domestic soils where the mean and
standard deviation were themselves log−normal distributions.
Without site-specific soil ingestion data, we developed

QMRA models based on two plausible soil ingestion scenarios.
First, we used parameters from the U.S. EPA Exposure Factors

Table 1. Input Parameters for QMRA Model

model variable stochastic parameters used references

Exposure Assessment
nondetect values of ipaH and β-giardin (gene copies per
gram soil)

U(0, 95% LOD) Stokdyk et al. 201650

Canales et al. 201851

nondetect values of CFUs E. coli U(0, LOD) Canales et al. 201851

gene copies β-giardin per gram dry soil LN distribution with the following LN parameter
distributions:

MLE, this study

mean = LN (1.5, 0.019)
sd = LN (0.45, 0.076)

gene copies ipaH gene per gram dry soil LN distribution with the following LN parameter
distributions:

MLE, this study

mean = LN (1.7, 0.016)
sd = LN (0.41, 0.078)

soil ingested (grams/day) (EPA 2017) <6 months: LN(−4.2, 0.78) (mean = 40 mg/day, sd = 31 mg/
day)

EPA Exposure Factors Handbook
Chapter 5 (2017 update)53

6−11 months: LN(−4.0, 0.95) (mean = 70 mg/day, sd = 66
mg/day)

12−23 months: LN(−3.4, 0.68) (mean = 90 mg/day, sd = 56
mg/day)

24−71 months: LN(−4.0, 0.95) (mean = 60 mg/day, sd = 71
mg/day)

soil ingested (grams/day) (Kwong et al. 2019) 3−5 months: LN(−1.8, 0.69) (geometric mean = 162 mg/
day, geo sd = 2)

Kwong et al. 201915

6−11 months: LN(−1.5, 0.69) (geometric mean = 224 mg/
day, geo sd = 2)

12−23 months: LN(−1.5, 0.69) (geometric mean = 234 mg/
day, geo sd = 2)

24−35 months: LN(−1.8, 0.69) (geometric mean = 168 mg/
day, geo sd = 2)

36−47 months: LN(−1.7, 0.69) (geometric mean = 178 mg/
day, geo sd = 2)

soil ingested (grams/day) for Geophagy (Geissler et al.
1997)

12−71 months: Tri(8, 28, 108) (minimum = 8 g/day, mode =
28 g/day, maximum = 108 g/day)

Geissler et al. 199717

Dose Harmonization and Infectious Unit
culturable E. coli in intracompound soils (log10 CFU/
gram of dry soil)

N (3.2, 1.1) this study

ybbW in intracompound soils (log10 gene copies/gram of
dry soil)

N (5.9, 0.36) this study

ratio of viable Shigella/EIEC CFUs: Proportion of
culturable E. coli to molecular ybbW GC

LN(−6.2, 2.4) MLE, this study
LN distribution from ratios of CFUs E. coli to ybbW
(truncated at 1)

ratio of viable Giardia cysts LN(−6.2, 2.4) MLE, this study
LN distribution from ratios of CFUs E. coli to ybbW
(truncated at 1)

β-giardin gene copies per cyst 16 Bernander et al. 200155

ipaH gene copies per CFU U(5,14) Lin et al. 201048

ybbW gene copies per E. coli genome 1 Walker et al. 201747

Dose−Response
G. duodenalis dose−response parameter, k LN (0.0208, 0.0064) Rose et al. 199158

Shigella/EIEC dose−response parameters, α, N50 log α N (−0.5768, 0.0961) Dupont et al. 197256

log N50 N (3.170, 0.1397) Crockett et al. 199657

aNote: LN = log−normal (mean, sd); N = normal (mean, sd); U = uniform (min, max); and Tri = triangle (min, mode, max). Values correspond
to the inputs used for the rlnorm, rnorm, rtri functions in R.
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Handbook Chapter 5 (2017 update),53 which are derived from
tracer studies, biokinetic models, and activity pattern models.
These daily estimates represent a low ingestion scenario from
children living in a high-income country. Children in high-
income countries may spend less time outside than in low-
income countries,54 and their exposures may be reduced by
improved flooring, the presence of vegetation or solid surfaces
in outdoor spaces, and better sanitation limiting fecal
contamination of the environment in general. These factors
suggest that the EPA soil ingestion estimates may be
conservative for settings in low-income countries where
outside play and contact with soil may be more prevalent.
Second, to represent a high ingestion scenario, we used
parameters from Kwong et al. 2019, a study that included
direct observation of children in rural Bangladesh (Table 1).
Similar to that study, the outdoor space in compounds in
urban Maputo is often dirt with few areas covered by concrete
or vegetation (Figure S5). Recognizing that children’s
interaction with their environment likely changes with age,
we disaggregate our exposure assessments and risk estimates by
age based on the available ingestion estimates from our two
sources (Table 1). In addition, evidence suggests that some
children practice geophagy,14,16 which is the intentional
ingestion of soils. Accordingly, we include soil ingestion
estimates for such children from Geissler et al. 1997.17

Dose Harmonization and Infectious Unit. Shigella/
EIEC CFUs and G. duodenalis cysts contain multiple copies of
our target sequences. To account for this in our models, we
included a uniform distribution (5−14 gene copies ipaH/
CFU)48 for Shigella/EIEC and a static input (16 gene copies β-
giardin/cyst)55 for G. duodenalis (Table 1).
To estimate the proportion of viable Shigella/EIEC colony-

forming units (CFUs) and G. duodenalis cysts, we divided each
soil sample’s count of E. coli CFUs by its matched density of
ybbW gene copies (Table 1).47 Then, we used maximum-
likelihood estimation (MLE) ( f itdistrplus package in R)52 to fit
a log−normal distribution to these ratios to use as an input for
the viable proportion in our QMRA model (Table 1).
Dose−Response. We estimated the probability of

infection with Shigella/EIEC using the approximate β-Poisson
model with the log of parameters α and the median infectious
dose normally distributed (Table 1 and Text S3).56,57 Likewise,
we estimated the probability of infection with G. duodenalis
using an exponential model with parameter k log-normally
distributed (Table 1 and Text S3).58

Risk Characterization. To propagate uncertainty and
variability from stochastic input distributions into risk
estimates, we programmed the model as a Monte Carlo
simulation in R version 4.0.0, in which we randomly sampled
from each stochastic distribution in independent trials and
then calculated the daily risk of infection for each draw (Text
S3). We executed the model by running 10 000 independent
trials. To calculate an annual probability of a single infection,
we subsampled 365 daily probabilities from the 10 000
generated by the model without replacement and calculated
the annual probability of infection using eq 1.59 We
bootstrapped the model by repeating this process 10 000
times, which we used to calculate summary statistics. To
ensure reproducibility, we standardized all Monte Carlo
simulations in R with an initial seed value of 31.

∏= − − =P P n1 (1 ) , 365
n

iinf,annual
1

inf, daily,
(1)

Sensitivity Analysis. We conducted two unique analyses
to assess the sensitivity of our model with stochastic input
parameters for children 12−23 months old, focusing on this
single age range to avoid repetition as inputs were similar. First,
we ran our stochastic model while holding individual
parameters constant to examine the impact on annual infection
risk.60 Then, we simulated an intervention by reducing the
ingested dose in increments of 1 log10 to determine what
reduction in dose, whether by contact or source control, would
be necessary to achieve the EPA standard for drinking water
(i.e., ≤1 in 10 000 annual infection risk).61

■ RESULTS
Fecal Contamination of Soils. We found evidence of

widespread fecal contamination across all three compound
sampling locations when combining the data from both trial
arms (Figure 1 and Table S3). We detected the β-giardin gene

in 41% (37/90) of samples, the ipaH gene in 44% (40/90) of
samples, the ybbW gene in 100% of samples (90/90), and
culturable E. coli in 88% (79/90) of samples. Per gram of dry
soil, observed densities of the β-giardin gene (mean = 2.1 log10,
sd = 0.61) and the ipaH gene (mean = 2.5 log10, sd = 0.52)
were relatively stable across compound locations and were
substantially lower than the ybbW gene (mean = 5.9 log10, sd =
0.37). Though we more frequently detected ipaH, β-giardin,
and culturable E. coli at MapSan intervention compounds
compared to those at controls, the mean gene copy and CFU
densities were similar (Tables S4 and S5). Results from control
experiments can be found in Table S6 and ddPCR droplet
counts in Table S7.

QMRA Model Output. Daily Risk. For both pathogens
under both ingestion scenarios, the daily risk of infection was
relatively low but was about three- to fivefold lower for the low
ingestion scenario (Table S8). For example, using soil
ingestion estimates from the U.S. EPA 2017, we estimated
that the median daily risk of infection for a child 12−23
months old by G. duodenalis was 1 in 48 000 and by Shigella/

Figure 1. Results from molecular- and culture-based assays. All
nondetects (NDs) were imputed to a random value from zero to the
95% LOD for molecular assays and from zero to the LOD for the
culture-based assay.
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EIEC was 1 in 110 000. Using soil ingestion estimates from
Kwong et al. 2019, we estimated that the median daily risk of
infection for a child 12−23 months old by G. duodenalis was 1
in 16 000 and by Shigella/EIEC was 1 in 36 000.
Annual Risk. Regardless of age or soil ingestion scenario, we

estimated that the 10th, 50th, and 90th percentiles of the
annual risk of infection for both G. duodenalis and Shigella/
EIEC substantially exceeded the U.S. Environmental Protec-
tion Agency’s (EPA) normative standard for drinking water
(≤1 in 10 000 infection risk per year). For children 12−23
months old, using ingestion estimates from Kwong et al. 2019,
the median annual risk of infection by G. duodenalis was 7100-
fold and by Shigella/EIEC was 4000-fold greater than the
EPA’s standard for drinking water (Table 2). As expected,
because the mean amount of soil ingested was greater, the
estimated annual risks were much higher using soil ingestion
estimates from Kwong et al. 2019 compared to those of the
U.S. EPA Exposure Factors Handbook (Figure 2A,B).
Likewise, children practicing geophagy had the highest
estimated annual risks (Table 2).
Sensitivity Analysis. To evaluate the impact of variation in

individual parameters on the annual infection risk, we ran our
model for children 12−23 months old using the Kwong et al.
2019 soil ingestion rate but fixed individual parameters to
plausible values (Table 3). For both Shigella/EIEC and G.
duodenalis, a 10-fold increase in the soil ingestion, gene copy
density, or cyst/CFU viability parameters dramatically
increased annual infection risks (Figure S6), whereas each 2-
fold increase in the dose−response parameter k (G. duodenalis)
and N50 (Shigella/EIEC) modestly increased annual infection
risks.
Finally, we simulated an intervention that reduced the

ingested dose (dose = mass soil ingested per day × gene copy
density per gram) in increments of 1 log10. To achieve a
median annual infection risk of ≤1 in 10 000, we estimated
that a 5 log10 reduction in dose would be necessary for G.
duodenalis and a 4 log10 reduction for Shigella/EIEC (Figure S7
and Table S9).

■ DISCUSSION
We found evidence of widespread pathogen-associated genes
and culturable E. coli in compound soils in low-income urban
neighborhoods of Maputo, Mozambique. Regardless of the soil
ingestion scenario used, the infection risks from children’s
ingestion of domestic soils contaminated by G. duodenalis and
Shigella/EIEC were high compared with normative tolerable
risk levels associated with drinking water exposures.61

Estimated annual infection risks were lowest using ingestion
parameters from a high-income setting (U.S. EPA 2017),
higher using ingestion parameters from a low-income setting
(Kwong et al. 2019), and highest for children practicing
geophagy. In both ingestion scenarios, infection risk increased
with age, peaked for children 12−23 months old, and then
decreased. We estimated lower infection risks using soil
ingestion parameters from the U.S. EPA 2017 compared to
those of Kwong et al. 2019 but simulated at least a 4 log10
reduction in dose that was necessary to reduce risks below EPA
standards for acceptable risk in drinking water. These findings
suggest that both contact control (e.g., safe child play spaces or
upgrading dirt floors to concrete)62 and source control (e.g.,
reduction of open defecation, improved latrines, improved
hygienic pit emptying, animal control)43 may be useful to
reduce the risk of infection by G. duodenalis and Shigella/EIEC.

Such contact control strategies could be deployed rapidly but
are likely insufficient, whereas improvements to source control
could be more effective but would probably occur
incrementally.
E. coli counts in soils were, on average, 1.6 log10 greater than

a study in urban Harare, Zimbabwe,29 1.1 log10 greater than a
study in peri-urban Tanzania,63 and 2.2 log10 less than a study
in rural Bangladesh.64 Possibly due to local variations in
infection prevalence or because we used ddPCR, which is less
prone to inhibition than qPCR,65 we detected genes associated
with Shigella/EIEC and Giardia more often than studies in

Table 2. Estimated Annual Infection Risks

Model output using soil ingestion estimates from the U.S. EPA
Exposure Factors Handbook

estimated annual risk of G. duodenalis
infection

percentile
10th
(%)

50th
(%)

90th
(%)

MapSan
point prevalence

age <6 months 9.6 15 29 13
6−11 months 16 26 54 22
12−23
months

20 31 48 59

24−71
months

13 21 38 73

estimated annual risk of Shigella/EIEC
infection

point prevalence

age <6 months 4.4 7.3 14 5.0
6−11 months 7.2 12 20 21
12−23
months

9.4 15 25 36

24−71
months

5.9 10 19 68

Model output using soil ingestion estimates from Kwong et al. 2019

estimated annual risk of G. duodenalis
infection

percentile
10th
(%)

50th
(%)

90th
(%)

MapSan
point prevalence

age 3−5 months 39 57 83 13
6−11 months 50 69 90 22
12−23
months

53 71 96 59

24−35
months

40 57 80 72

36−47
months

43 62 83 75

estimated annual risk of Shigella/EIEC
infection

point prevalence

age 3−5 months 19 29 45 5.0
6−11 months 25 36 51 21
12−23
months

28 40 56 36

24−35
months

21 31 47 56

36−47
months

21 32 47 73

Model output using geophagy estimates from Geisler et al. 1997

estimated annual risk of G. duodenalis infection

percentile 10th (%) 50th (%) 90th (%)

geophagy >99% >99 >99
estimated annual risk of Shigella/EIEC infection
geophagy >99% >99 >99

aNote: MapSan point prevalence data represents a total of 922
children enrolled in the MapSan trial. Annual risk is for a single
infection.
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rural Bangladesh66 (Shigella/EIEC: 1.2%; Giardia: <1%) and in
urban Kenya23 (Shigella/EIEC: <1%; Giardia: 18%). The
presence and density of enteric pathogens and FIB are likely to
be highly variable because soil contamination with fecal
material is a function of sanitation infrastructure and function,
the prevalence and density of various domestic animals, waste
disposal practices, drainage, and other localized and context-
specific hygiene behaviors and practices. The survival of enteric
pathogens in domestic soils may be related to a range of
environmental factors including temperature,67 soil moisture
content,68,69 soil composition,67 and exposure to sunlight.70

Various factors may contribute to the widespread fecal
contamination detected in soil. Most neighborhoods in this
setting, have a population density greater than 15 000 people
per square kilometer and subsequently produce large amounts
of human feces in a small geographic area.44 Open defecation
by young children and the unsafe disposal of children’s feces
are common.41 Furthermore, pit latrines and septic tanks are
often emptied unhygienically using manual equipment and the
fecal wastes buried onsite.43 Animals are also commonly
owned including cats, dogs, chickens, and ducks.26,41 We tested
for G. duodenalis assemblage B, which can infect dogs and

Figure 2. (A) Kernel density plot of the estimated annual risk of a single infection using ingestion parameters from Kwong et al. 2019 for children
12−23 months old. (B) Kernel density plot of the estimated annual risk of infection using ingestion parameters from Kwong et al. 2019 for children
12−23 months old.

Table 3. Sensitivity Analysis

estimated annual risk (percentile)

pathogen fixed parameter fixed Value units 10th (%) 50th (%) 90th (%)

G. duodenalis soil ingestion 10 mg/day 2.7 4.4 8.1
100 24 36 57
1000 93 99 >99

gene copy density 10 gene copies/gram soil 2.6 3.7 5.3
100 23 32 43
1000 92 98 >99

viability 0.01% % viable cysts 0.51 0.65 0.92
0.10% 5.0 6.4 8.8
1% 40 48 60
10% >99 >99 >99

dose−response parameter k 0.00995 unitless 31 46 78
0.0199 53 71 95
0.0398 78 92 >99

Shigella/EIEC soil ingestion 10 mg/day 1.2 1.9 3.3
100 11 17 27
1000 65 78 88

gene copy density 10 gene copies/gram soil 0.60 0.89 1.3
100 5.8 8.4 12
1000 43 55 66

viability 0.01% % viable CFUs 0.22 0.29 0.43
0.10% 2.2 2.8 4.1
1% 20 24 32
10% 87 91 95

dose−response parameter N50 740 CFUs 42 56 72
1480 25 35 50
2960 13 20 31

aResults from sensitivity analysis that held individual parameters constant as part of the stochastic QMRA model.
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humans.71,72 In addition, it is common for people to sweep the
soil surface in the shared compound living space each morning,
which may help spread pathogens across domestic soils in this
setting.73 Although the study’s small sample size and cross-
sectional nature suggest a need for cautious interpretation,
these factors may explain why we did not observe a drastic
difference in pathogen gene copy density between MapSan
intervention compounds, which were recipients of a source
control intervention,40−43 and control compounds.
The dose of pathogens ingested is a product of the viable

pathogen concentration estimate and the assumed quantity of
soil ingested. This mathematical relationship offers two
potential risk reduction strategies: source control to lower
pathogen concentration and/or contact control to lower the
quantity of soil ingested. Our sensitivity analysis indicated that
both strategies may be effective at reducing infection risks. In
addition, the median infectious dose of Shigella/EIEC (N50 =
1480 CFU)56,57 is 42 times greater than G. duodenalis (N50 =
35 cysts),58 but the observed concentrations of both pathogens
were generally equivalent to tens or hundreds of pathogens per
gram soil. Considering G. duodenalis assemblage B is
zoonotic71,72 and has a low median infectious dose, a
comprehensive intervention targeting the source control of
human and animal feces74,75 may be necessary to reduce
infection risks in low-income Maputo. Unlike G. duodenalis,
Shigella/EIEC is human-specific76 and therefore does not
require the control of animal feces to reduce infection risk.
Where source control is impracticable, as it may be with
respect to zoonotic pathogens associated with waste from free-
ranging animals, contact control may be preferred. Hardscape,
cleanable paving has been suggested as a potentially trans-
formative intervention to reduce children’s contact with
contaminated soils in the domestic environment.62 Such
improvements can and should be studied further to assess
whether they may effectively limit exposures, especially
because such interventions could also exacerbate flooding77

and the associated spread of fecal pathogens through the
environment.78

At a national policy level in LMICs, efforts to control
sources and limit contact with soils would likely fall under
different ministries or agencies, call on different sources of
funding, and involve different actors. These differences suggest
that interventions in LMICs may target source control or
contact control individually. When comprehensive interven-
tions are not possible, efforts targeting either source or contact
control are necessary to progress toward the drastic reduction
in dose, which our model indicates is needed to achieve
acceptable levels of risk. Although rigorous trials of sanitation
infrastructure found that effective source control may be a
distant prospect in LMICs,7−12,42 contact control, while
insufficient, may be important in the near-term to reduce
infection risks.
In the QMRA literature, ingestion of soil has received less

attention than other fecal−oral pathways such as water and
food (Figure S8).79 Comparing our estimates of infection risk
with the observed prevalence of G. duodenalis and Shigella/
EIEC infections suggests that soil ingestion alone could
plausibly comprise a substantial proportion of pathogen
transmission in this setting, and therefore, soils may be an
understudied and underappreciated pathway in similar
environments.
Though this study expands upon previous QMRA models

that focused on soil ingestion,38,39 there remain numerous

areas of future work to improve risk estimates. We used a ratio
of culturable E. coli as CFUs to gene copies to estimate viability
of specific enteric pathogens, but our sensitivity analysis
indicated that a 10-fold increase in viability would substantially
increase the estimated risk. On the one hand, E. coli and other
microbes may be viable but nonculturable,80 suggesting that
our model underestimates risk. On the other hand, if infectivity
is quickly lost and pathogen DNA are persistent,81 then our
model may overestimate risk. Pretreatment with DNA-binding
propidium monoazide before quantitative PCR may help
improve viability estimates.82,83 Further, given the limitations
of QMRA32 and the importance of the local context,2 more
research is needed to more accurately characterize soil
ingestion, the subsequent infection risks, and the reduction
in exposure associated with source and contact control in this
setting. In addition, the dose−response models we used are
derived from studies of adults in the United States.84 Their
applicability to young children in an LMIC is not clear due to
differences in age, lifestyle, and genetics and because repeated
infections may compromise the immune system resulting in
greater susceptibility to infection, or conversely, acquired
immunity due to endemic exposure.76,85 Likewise, the dose−
response curve for G. duodenalis and Shigella/EIEC from soil
ingestion may be different from that observed in feeding
studies where participants received G. duodenalis cysts in
gelatin capsules or Shigella spp. CFUs in milk.56,86−88 While we
treated these input parameters as stochastic distributions to
propagate this uncertainty, additional work is needed to better
characterize the dose−response relationship for children in
LMICs where the burden of enteric disease is high.
Our analysis is constrained by several important limitations.

First, we did not collect site-specific ingestion data, but instead
relied on parameters from two plausible soil ingestion rate
scenarios. For these two scenarios, we extrapolated daily soil
ingestion to estimate the annual risk, but the soil ingestion
values may not be representative of long-term averages.53 This
extrapolation may overestimate the risk for children who
consistently ingest small amounts of soil or conversely
underestimate the risk for children who consistently ingest
relatively large amounts of soil. Second, several of our
assumptions may result in overestimates of risk. Our analysis
was limited to samples collected from three compound
locations, which may have been more contaminated than
other compound locations. Additionally, bacteria are capable of
regrowth and E. coli may not be a reliable indicator of fecal
contamination generally in soil.89,90 As such, it is possible that
some of the E. coli we detected did not originate from feces but
was instead part of the naturalized microbial community
present in soils. If so, our model could overestimate viability of
Giardia and therefore infection risks. Third, other assumptions
may result in underestimates of risk. We assumed 100%
recovery efficiency of nucleic acid from our extractions, which
suggests that the gene copy densities used in our model may be
underestimates. As well, we tested for G. duodenalis assemblage
B, but assemblage A is also infectious to humans49 and
subsequently our approach may underestimate the infection
risks posed by G. duodenalis. Finally, we used a ratio of
culturable E. coli to gene copies of E. coli to estimate G.
duodenalis cyst and Shigella/EIEC CFU viability. Limited data
suggests that the persistence of Shigella/EIEC91 in soil may be
comparable to that of E. coli, but G. duodenalis cysts may be
more persistent in the environment than E. coli.67,92,93 This
may suggest that the proportion of viable G. duodenalis we used
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could underestimate cyst viability. In fact, given the model’s
strong sensitivity to the viability parameter, an underestimate
of cyst viability would have resulted in an underestimation of
G. duodenalis infection risks.
In LMICs where the relationship between sanitation and

health is complex, we offer evidence that children’s ingestion of
fecally contaminated soils results in a high risk of infection with
G. duodenalis and Shigella/EIEC. Interventions targeting
contact control and source control are needed to reduce
children’s ingestion of fecally contaminated soils. Similar
stochastic QMRA models that use objective measures of
enteric pathogen gene targets from the environment in LMICs
may offer improved insight into local infection risks and could
inform locally relevant control strategies, including for the wide
range of other important sanitation-related pathogens whose
prevalence and priority for intervention vary across settings.
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