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A B S T R A C T   

Water, Sanitation, and Hygiene (WaSH) interventions are the most effective in reducing diarrheal disease 
severity and prevalence. However, very few studies have investigated the effectiveness of WaSH intervention in 
reducing pathogen presence and concentration. In this study, we employed a microfluidic PCR approach to 
quantify twenty bacterial pathogens in water (n = 360), hands (n = 180), and fomite (n = 540) samples collected 
in rural households of Nepal to assess the pathogen exposures and the effect of WaSH intervention on 
contamination and exposure rates. The pathogen load and the exposure pathways for each pathogen in inter-
vention and control villages were compared to understand the effects of WaSH intervention. Pathogens were 
detected in higher frequency and concentration from fomites samples, toilet handle (21.42%; 5.4,0 95%CI: mean 
log10 of 4.69, 5.96), utensils (23.5%; 5.47, 95%CI: mean log10 of 4.77, 6.77), and water vessels (22.42%; 5.53, 
95%CI: mean log10 of 4.79, 6.60) as compared to cleaning water (14.36%; 5.05, 95%CI: mean log10 of 4.36, 
5.89), drinking water (14.26%; 4.37, 85%CI: mean log10 of 4.37, 5.87), and hand rinse samples (16.92%; 5.49, 
95%CI: mean log10 of 4.77, 6.39). There was no clear evidence that WaSH intervention reduced overall pathogen 
contamination in any tested pathway. However, we observed a significant reduction (p < 0.05) in the prevalence, 
but not concentration, of some target pathogens, including Enterococcus spp. in the intervention village 
compared to the control village for water and hands rinse samples. Conversely, no significant reduction in target 
pathogen concentration was observed for water and hand rinse samples. In swab samples, there was a reduction 
mostly in pathogen concentration rather than pathogen prevalence, highlighting that a reduction in pathogen 
prevalence was not always accompanied by a reduction in pathogen concentration. This study provides an un-
derstanding of WaSH intervention on microbe concentrations. Such data could help with better planning of 
intervention activities in the future.   

1. Introduction 

Diarrheal diseases remain a leading cause of death among all ages as 
well as a leading cause of loss of Disability-adjusted Life Years (DALYs) 
(Wang et al., 2016; Troeger et al., 2017). The burden of diarrheal 

diseases is greatest in low-income countries (LICs) with limited access to 
safe water, sanitation, and hygiene (WaSH) resources (Bartram et al., 
2010; Uprety et al., 2020). Despite the demonstrated need for WaSH 
improvements and a substantial reduction of diarrheal mortality in 
many countries, the burden of this preventable disease is still very high 
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(Troeger et al., 2017; Shrestha et al., 2023). The Millennium Develop-
ment Goal (MDG) target of halving the proportion of people with access 
to water and sanitation by 2010 was met for water, but not for sanita-
tion. Despite the failure to achieve the MDG, 2015 Sustainable Devel-
opment Goal (SDG) 6 to “Ensure availability and sustainable 
management of water and sanitation for all” by 2030 mandates the 
water and sanitation systems and services be available to all people at all 
times irrespective of age, gender or income level (Griggs et al., 2017). 
Several studies have suggested that interventions through improve-
ments in WaSH could reduce the risks of diarrheal diseases (Fewtrell 
et al., 2005; Esrey et al., 1985) and contribute towards reducing the 
disease burden associated with the diarrheal disease while helping to 
achieve SDG 6 by 2030. 

Although some studies have shown an impressive reduction in health 
burden through WaSH interventions, results have been highly variable 
(Fewtrell et al., 2005; Cairncross et al., 2010). Also, very few studies 
assessed the impact of WaSH interventions on reducing environmental 
pathogens responsible for causing diarrheal diseases. Most past studies 
largely use observational designs or self-reporting surveys to assess the 
effectiveness of different interventions. Observational studies based on 
survey methods can be prone to recall bias in reporting disease preva-
lence (Miller et al., 2008; Callahan et al., 2015; Adams et al., 1999). 
Inaccurate accounts can result from a long recall period, while intensive 
surveillance can lead to reporting fatigue. Underestimation of preva-
lence is a concern in both scenarios. Additionally, differential treatment 
between control and test groups can produce bias in reporting. Instances 
of diarrhea may be remembered more vividly among those who do not 
receive an intervention, while the response to positive expectations of 
given interventions can lead to underreporting. In all instances, 
self-reporting methods are prone to subjective bias, and validation re-
mains challenging (Schmidt and Cairncross, 2009). 

Few randomized controlled trials (RCTs) have assessed the impact of 
WaSH intervention on fecal bacteria levels in drinking water and hand 
contamination (Luby et al., 2007; Arnold et al., 2007; Greene et al., 
2012; Clasen et al., 2015), all relying on E. coli as a fecal indicator 
bacterium (FIB). It has been reported that water and soil, especially in a 
tropical climate, where most of these studies were conducted, harbor 
E. coli identical to the E. coli found in fecal sources, and this can some-
times provide misleading information about fecal contamination in 
water or hand rinse samples tested for E. coli (Goto et al., 2011; Oh et al., 
2012). One systematic review demonstrated multiple studies showing 
variable results for reduction of FIB in the intervention group and con-
trol group, and a recent review shows no effect of the intervention on the 
reduction of fecal contamination on several pathways (Clasen et al., 
2015; Sclar et al., 2016). These contradictory findings from several 
studies suggest a need for a robust longitudinal microbial study exam-
ining several transmission pathways where WaSH interventions are 
being conducted. 

This study aims to address the knowledge gap on the role of WaSH 
intervention on pathogen load and prevalence. We collected 1080 water 
and fomites samples from intervention and control sites in 2017, 2018, 
and 2019, at times before, immediately after, and one year after 
implementing several intervention activities in villages in rural Nepal. 
These samples were analyzed to assess the impact of WaSH intervention 
on different pathogen loads over time and establish several transmission 
pathways for different bacterial pathogens in these studied sites. 

2. Material and methods 

2.1. Study site 

Water and sanitation samples were collected from two villages, one 
undergoing WaSH intervention and one where no intervention activities 
were planned. Sample collection occurred in June and July of 2017, 
2018, and 2019, for a total of three designated sampling years. Three 
rounds of samples were collected from the villages during each year of 

sampling. Two villages used in this study (Fig. 1) were located in the 
Dhading district of Nepal, adjacent to the capital city of Kathmandu. 
These two villages have almost identical hydroclimatic conditions, and 
residents have high levels of close interaction with crops and animals 
consistent with agricultural practices. Both communities were equally 
affected by the 2015 earthquake with infrastructure damage. However, 
by 2017, designated Village 1 (V1) was near full recovery with newly 
constructed concrete houses and basic plumbing, while residents in 
designated Village 2 (V2) were still living in sheet metal temporary 
shelters and using pit latrines (Fig. S1). 

Ten representative households were selected within each village for 
sample collection. In 2017, samples were collected before any WaSH 
interventions from Environmental Nepal Public Health Organization 
(ENPHO). This provided baseline data on pathogen presence and 
abundance for each village. Households in V1 then received in-
terventions following the first sampling period until the start of the 
second sampling period in 2018. No further WaSH interventions were 
given after this time point. Accordingly, V1 served as the experimental 
treatment arm, while V2 served as the control arm. Samples were 
collected again in 2019. 

2.2. Intervention activities 

A total of 33 intervention activities were carried out by ENPHO in the 
intervention arm (V1) between the sampling period of 2017 and 2018. 
Activities ranged from providing training to community groups on key 
WaSH practices (hand washing with soap, disposal of baby feces, food 
hygiene), to educating school children and administrators about regular 
usage and cleanliness of toilets. There were 1047 participants in 33 
intervention activities with 759 females and 288 males. Details of WaSH 
intervention activities performed in V1 are summarized in Table S1 of 
supporting information. The research activities received ethical 
approval from Nepal Health Research Council (NHRC): Ref 1399. 

2.3. Sample collection and processing 

A total of 1080 water, hand rinse, and swab samples were collected 
over three years from 10 households each in the intervention group (V1) 
and control group (V2). Two water sample types, three swab sample 
types and a hand rinse sample were collected from each household in 
both villages. Drinking water (DW) and cleaning water (CW) were 
collected from the designated storage containers at each household, 
with a 2 L sample volume collected in sterile Whirl-Pak® sampling bags 
(Nasco, WI). DW was designated for drinking water stored inside 
households, usually in a 2 L plastic jar, whereas CW was used for 
handwashing, washing dishes and clothes, and was stored outside the 
household in a 50 L tank. Both water types were collected from the same 
water source, but drinking water was handled more carefully than 
cleaning water and stored in separate containers. The containers for 
drinking water were equipped with secure lids, and they were observed 
to undergo more frequent cleaning compared to containers for other 
types of water. Hand rinse water (HR) was collected by having residents 
dip and rinse their hands in sterile Whirl-Pak bags pre-filled with 2 L of 
deionized water for 20 s (Mattioli et al., 2013). Three samples were 
collected from each household for each year and each sample type for 
both control and intervention villages. Residents inconsistently washed 
their hands before HR samples, and activity during collection was 
consistent across three rounds. Samples were taken from both adult 
males and females, with a majority being female participants. This 
sampling totaled 180 DW samples (90 in V1 and 90 in V2), 180 CW 
samples (90 in V1 and 90 in V2), and 180 HR (90 in V1 and 90 in V2) 
over three years. 

Three types of swab samples (fomites) were collected: swabs from 
utensils (U) used for eating daily meals, swabs from toilet handles (TH), 
and swabs from inside of the water vessels (WV) stored in households for 
drinking water to collect biofilm samples. Swab samples were collected 
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using a Sanicult Environmental Transport Kit (Thermo Fischer, Wal-
tham, Massachusetts), and the adjacent surface area of 10 cm and 10 cm 
was swabbed (Hedin et al., 2010). Similar to water samples, the sam-
pling steps amount to 90 of each swab type per village and 180 swab 
samples (U, TH, and WV) in both villages combined. 

Precautionary steps, including the frequent change of gloves and the 
separation of sterile supplies from collected samples, were taken to 
prevent cross-contamination among households. Three sampling repli-
cates were completed for each village. Samples from each village were 
collected and processed successively to avoid cross-contamination be-
tween the two sample sites. 

Within 24 h of collection, water samples were treated with sterile 2.5 
M MgCl2-6H20 (Sigma-Aldrich, St. Louis, MO) for 30 min with periodic 
mixing to coagulate particles and microorganisms (Sadik et al., 2017; 
Uprety et al., 2017). Thereafter, water samples were sequentially vac-
uum filtered through a 1.6 μm pore glass fiber filter (Millipore, Ballerica, 
MA) followed by a 0.45 μm pore nitrocellulose filter (GVS Maine, San-
ford, ME) placed in a 500 mL filtration funnel above a 2 L collection flask 
(Pall Corporation, New York, NY) (Ikner et al., 2012). The 1.6 μm pore 
filter was used as a prefilter due to the high turbidity of the collected 
water samples. Without the 1.6 μm pore filter to remove larger particles 
in the water sample, the 0.45 μm filter alone typically blocked the 
filtration of the water sample. Sample pore filters were treated with 500 
μL RNAlater (Qiagen, Helden, Germany) to preserve microbial genomes. 
They were stored in sterile Whirl-Pak bags at − 20 ◦C until transport to 
the University of Illinois at Urbana-Champaign (UIUC). All swab sam-
ples were stored at − 20 ◦C within 4 h of field collection until transport to 
UIUC. 

During sample processing, the filtration unit, all working surfaces, 
and laboratory accessories were sterilized between each sample using 
disposable chlorine and ethanol wipes to prevent cross-contamination. 
Upon return to UIUC, filters and swabs were stored at − 80 ◦C until 
DNA extraction was performed on both sample categories. 

2.4. DNA extraction 

Two extraction methods were applied based on differences between 
the swab samples and the two filter materials. The FastDNA Spin Kit for 
Soil (MP Biomedicals, Santa Ana, CA) was used to extract DNA from the 
1.6 μm pore glass fiber filters according to the manufacturer’s in-
structions with minor modifications to reagent volumes (Smith et al., 
2013). DNA from swab samples was also extracted using the FastDNA 
Spin Kit for Soil, with fragments of both wet and dry swab tips corre-
sponding to the same sample combined into the same extraction tube. 
The DNeasy PowerWater Kit (QIAGEN, Hilden, Germany) was used to 
extract DNA from 0.45 μm pore nitrocellulose filters according to the 

manufacturer’s instructions with minor modifications to reagent vol-
umes (Yu et al., 2004). All eluted DNA extracts were stored at − 80 ◦C 
until analyzed by microfluidic quantitative PCR (mfqPCR). Extraction 
efficiencies for DNA were determined in a subset of samples by PCR 
amplifying Pseudogulbenkiana NH8B (Sadik et al., 2017; Zhang et al., 
2018). 

2.5. qPCR assays and mfqPCR 

DNA samples were examined for a large range of bacterial pathogens 
that are the leading causes of diarrheal diseases in low- and middle- 
income countries (LMICs) using PCR. Primers designed to amplify all 
target genes here were adapted from previous studies that used primers 
to detect Enterococcus, two E. coli genes (ftsZ and uidA), Enteropatho-
genic E. coli (EPEC), two genes from Shiga-toxin producing E. coli (stx1 
and stx2), the ipaH 7.8 gene of Shigella spp., the virA gene of Shigella 
flexneri, two Camopylobacter jejuni genes (cadF and ciaB), the bipA gene 
of Campylobacter lari, two Salmonella typhimurium genes (invA and ttrC), 
the Colostridium perefringens cpe gene, two Listeria monocytogenes genes 
(iap and hylA), two Vibrio cholerae genes (ctxA and toxR), adenovirus 
Type 40/41 (HAdV) and Giardia lambia (b-Giardin P241). In addition, 
primers to amplify the atpE gene of Mycobacteria spp, and gyrB gene of 
Pseudomonas spp were used when analyzing 2018 and 2019 samples 
(Radomski et al., 2013; Lee et al., 2011; Ishii et al., 2013, 2014; Tago 
et al., 2009; Liu et al., 2013). The Pseudogulbenkiana NH8B gene was 
used as an internal amplification control (IAC). The forward and reverse 
primer pairs for each assay were obtained as custom DNA Oligos from 
Eurofins Scientific (Luxembourg). Probes were obtained from either 
from Eurofins or Universal Probe Library (Roche, Basel, Switzerland), 
and all standards were obtained as gBlock Gene Fragments (Integrated 
DNA Technologies). A standard pool was created containing all 23 
gBlock DNA standard with serial dilutions from 2 × 100 copies/μL to 2 ×
105 copies/μL. A list of target genes, standards, primer and probe se-
quences are summarized in Tables S2 and S3 in supporting information. 

A Biomark Gene Expression 48.48 IFC chip was used to probe the 
samples according to protocol provided by manufacturer (Fluidigm, 
South San Francisco, CA). Prior to enumeration using Biomark ™ HD 
System for mfqPCR, all DNA samples and standard pool dilutions un-
derwent standard target amplification (STA) to increase template DNA 
yields (Ishii et al., 2014; Miller et al., 2016; Uprety et al., 2023; Usmani 
et al., 2023). Standard pool dilutions (2 × 100 to 2 × 105 copies/μl) 
amplified in the 14-cycle STA were used to generate standard curves for 
mfqPCR. The PCR plate for STA was processed with the following 
thermal cycle on a Veriti thermal cycler (Applied Biosystems, CA, USA): 
95 ◦C for 10 min, and 14 cycles of 95 ◦C for 15 s and 60 ◦C for 4 min as 
described previously (Ishii et al., 2013). The STA products were diluted 

Fig. 1. Sampling location for intervention (village 1; V1) and control village (village 2; V2) in Dhading district of Nepal. Both villages were randomly selected and 
had the same hydroclimatic conditions and similar socioeconomic conditions. Ten houses from each village were selected for the study. Samples were taken in 2017, 
2018, and 2019 in both villages. 
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25-fold with100 μl of TE buffer and were used for mfqPCR. The sample 
premix (5 μl) contained 2.5 μl 2X TaqMan Master Mix, 0.25 μl 20X Gene 
Expression Sample Loading Reagent (Fluidigm), and 2.25 μl 25-fold 
diluted STA product. The assay mix (5 μl) contained 2.5 μl 2X Assay 
Loading Reagent (Fluidigm) and 2.25 μl 20X TaqMan primer-probe mix. 
Aliquots (5 μl) of each sample and duplicates of each assay were loaded 
onto a 48.48 chip (Fluidigm). The priming and loading steps were per-
formed on an IFC Controller (Fluidigm). It was followed by mfqPCR 
performed in a Biomark HD Real-Time PCR (Fluidigm) using the 
following thermal conditions: 50 ◦C for 2 min, 95 ◦C for 10 min, followed 
by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 60 s. Negative control 
samples (extraction and no template control) were used throughout STA 
and mfPCR process and were negative for all assayed genes. 

2.6. Data and statistical analysis 

Quantification cycle (Cq) values were generated by Real-Time PCR 
Analysis Software (Fluidigm). Standard pool dilutions (log copies/μL) 
were used to generate standard curves for each assay for each Biomark 
run. Linear regression analysis was performed to fit the standard curves 
and calculate the goodness of fit (R2). Standard curves were accepted as 
quantifiable if the efficiency achieved was greater than or equal to 90% 
and lower than or equal to 110% (Borchardt et al., 2021). Samples were 
considered positive for qPCR targets if both replicates were amplified 
and within the limit of detections (LODs). Quantitative values were 
considered negative when they were below the lowest concentration on 
the standard curve, i.e., detected but not quantifiable or when both 

Fig. 2. Pathogen presence throughout three years of sampling between intervention village and control village based on the gene (a) and sample type across any 
tested pathogen (b). CW (Cleaning Water), DW (Drinking Water), HR (Hand Rinse), TH (Toilet Handle swab). U (Utensils swab) and WV (Water Vessel swab) in (b) 
represents different sample types examined for pathogen presence. 
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technical replicates didn’t fall within the standard curve as reported in 
previous studies (Sandberg et al., 2018; Sinigalliano et al., 2013). 
Occurrence of PCR inhibition was assessed by IAC recovery efficiency 
between IAC measured in negative control samples and DNA template 
added before an STA reaction. No significant difference was observed 
between the recovery of spiked IAC in no template control and sample 
for all sample types, 1.6 μm filter membrane (p = 0.60), 0.45 μm filter 
membrane (p = 0.89), swab samples (p = 0.52). 

Initially, we tested whether the rainfall and temperature had a 
confounding effect on pathogen presence and concentration. We used 
general logistic regression to compare the frequency of target pathogen 
detection with and without temperature and rainfall to determine if 
temperature and precipitation would impact the presence of target 
pathogens. The concentration of the target pathogen were also 
compared with and without environmental conditions. Non-detected 
samples were assigned half their LOD value. Due to skewed distribu-
tion with zero inflation, gene copy counts were categorized into (0-1gc, 
1-10gc, 11-100gc, etc per mL) and analyzed using ordered logistic 
regression. 

We then tested whether intervention villages compared to controls 
had less frequent detection of target pathogens in each stored water, 
hands, or fomites. To test each pathway, logistic regression was used, 
adjusting for 48-h rainfall and temperature to compare the prevalence of 
contamination for the target pathogen in each transmission pathway 
before, after, and a year after WaSH intervention. Similarly, pathogen 
concentration was also compared between the intervention and control 
village using ordered logistic regression adjusting for 24-h temperature 
and rainfall. 

3. Results 

3.1. Pathogen prevalence in fomites across time 

Compiled data from quantification assays over three years (Fig. 2a) 
and of all six sample types (DW, CW, HR, TH, U, and WV; Fig. 2b) 
provided insight into the percentage of samples that were positive for 
bacterial genes that were targeted for amplification by using mfqPCR. 
Data in Fig. 2a were expressed as percentage detection observed in each 
village over the three years of study. For samples collected in either the 
intervention (n = 540) or control village (n = 540), samples that were 
positive for PCR products amplifying the S. typhimurium ttrC gene, the 
Enterococcus spp. 23S rRNA gene, the E. coli ftzZ and uidA genes, and the 
L. pneumophila miP gene were most prevalent. Fig. 2a showed the bac-
terial loads, as determined by the percentage of PCR reactions that were 
positive, were lowest for both communities in 2019 as compared to 
samples collected before (2017) and immediately after the intervention 
(2018). These data suggested that WaSH intervention activities did not 
dramatically change the pervasiveness of microbial contaminants in 
water. However, differences were observed when comparing the percent 
of PCR positive reactions within either the control or intervention 
village from 2017 to 2018.2017 to 2018 in c. In comparing 2017 to 2018 
samples in the control village, the prevalence of the 23S rRNA gene was 
similar. However, there was a drop in the number of samples in which 
the ftsZ, miP, stx2 and uidA genes were detected between 2017 and 2018. 
Surprisingly, there was a sharp rise in the number of samples containing 
the S. typhimurium ttrC gene in 2018 as compared to 2017. Across all 
samples, few (<2%) was positive for genes β-Giardin P241, iaP, cadF in 
both villages in 2017 and 2018 but were not detected in 2019. In the 
intervention village, a steady decline in pathogen prevalence was 
observed between 2017 and 2019 for genes 23SrRNA, ftsZ and uidA. A 
similar pattern of rise in prevalence from 2017 to 2018 and a decrease in 
prevalence from 2018 to 2019 was noted for genes eaeA, miP and ttrC. 

Fig. 2a suggests that the WaSH intervention activities did not 
dramatically change the pervasiveness of microbial contaminants. 
However, a different result was observed when examining the presence 
of pathogens by the sample type (Fig. 2b). Overall, in the control village, 

pathogen prevalence was similar for all sample types in 2017 and 2018, 
and a sharp drop was observed in 2019. In the intervention village, we 
observed the same overall trend, that the percentage of samples positive 
for pathogens was lower in 2019 versus 2017. However, one difference 
was observed when comparing pathogen presence in 2017 versus 2018. 
Compared to the control village, pathogen presence was higher in 2018 
versus 2017 for Toilet Handle, Utensils, and Water Vessel samples. Thus, 
in these samples, it appears that the intervention may have altered 
human activities in a way that actually decreased the level of sanitation 
as compared to the control village. 

3.2. Pathogen concentration in fomites over time 

Fig. 2 examined the percentage of samples that were positive for 
pathogens. Next, Fig. 3 examined the concentration of each pathogen in 
the samples from Fig. 2 that tested positive for a pathogen, as detected 
by mf-qPCR. A comparison of the pathogen concentration across these 
two villages revealed several differences observed between the two 
villages before, immediately after and one year after the intervention 
(Fig. S1). In 2017, the baseline median log10 pathogen concentration 
values were higher in the control village than in the intervention village 
for all sample types except DW. For 2018 data, a substantial increase in 
pathogen concentration was observed immediately following WaSH 
activities in both villages. The intervention village saw up to 2.14 in-
crease in median log10 pathogen concentration (TH), while the control 
village saw up to 0.64 increase in median log10 pathogen concentration 
(CW). Data from 2019 suggest that the intervention village experienced 
a reduction in pathogen concentration one year following WaSH activ-
ities. Meanwhile, the same trend was not observed in the control village. 
For example, there was an increase of 0.32 in median log10 concentra-
tion when comparing the 2019 levels for HR samples in the control 
village. 

We next compared the concentrations of individual pathogens’ genes 
to better understand pathogens’ transmission routes that could cause 
diarrheal disease. We first examined pathogen concentrations in the 
control village and reported data as the logarithmic number of copies/L 
for DW and CW, copies/two hands for HR and copies/10 cm2 for swab 
samples. In general, the concentration of pathogens for different sample 
types either increased over time or increased in 2018 and decreased 
again in 2019. The median log10 concentration of CW samples (copies/ 
L) in the control village increased from 4.78 (IQR: 4.29–5.20) to 5.41 
(IQR: 4.69–6.18) from 217 to 2018 but slightly decreased to 5.32 (IQR: 
4.33–6.27) in 2019. A substantial increase in the median log10 concen-
tration of bacterial pathogens tested here was observed for DW samples 
as increased over time from 4.52 (IQR: 4.14–4.19) in 2017 to 4.96 (IQR: 
4.41–5.80) in 2018 and 6.16 (IQR: 4.52–6.90) in 2019 in the control 
village. Similarly, median log10 concentrations for HR samples (copies/ 
two hands) were 5.12 (IQR: 4.67–5.76), 5.95 (IQR: 5.00–7.23) and 6.27 
(IQR: 5.14–7.16) in 2017, 2018 and 2019 respectively in the control 
village. The TH samples for the control village had a median log10 
concentration (copies/10 cm2) of 5.03 (IQR: 4.63–5.85), 5.19 (IQR: 
4.71–6.66) and 5.01 (IQR: 4.48–5.63) in 2017, 2018 and 2019, 
respectively. For WV, concentrations from 2017 to 2018 increased from 
5.52 (IQR: 4.75–7.55) to 6.16 (IQR: 4.98–6.88) but decreased to 5.39 
(IQR: 4.69–6.25) for 2019. For utensils, the median log10 concentration 
from 2017 to 2019 spiked in 2018 at a value of 6.09 (IQR: 4.89–7.19) as 
compared to the values in 2017 at 5.36 (IQR: 4.63–5.85), and 2019 at 
5.34 (IQR: 4.68–5.63). 

In the intervention village, a similar trend was observed for CW and 
DW samples, where the median log10 concentration steadily increased 
from 2017 to 2019. The median log10 concentration for CW was 4.57 
(IQR: 4.12–5.26), 4.98 (IQR: 4.39–6.03) and 5.32 (IQR: 4.33–6.27) from 
2017 to 2019, respectively. Similarly, the median log10 concentration 
for DW from 2017 to 2019 was 4.54 (IQR: 4.19–4.98), 5.15 (IQR: 
4.49–6.32) and 5.42 (IQR: 4.45–6.25), respectively. Unlike the control 
village, the median log10 concentration for HR decreased in 2019 after a 
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slight increase in 2018. The median log10 concentration for HR was 5.00 
(IQR: 4.59–5.61), 5.71 (IQR: 4.75–26.81) and 4.92 (IQR: 4.48–5.79). 
Similarly, all swab samples in the intervention village also had an in-
crease in median log10 concentration from 2017 to 2018 and a sharp 
decrease in the concentration from 2018 to 2019. The median log10 
concentration for TH samples from 2017 to 2019 was 4.99 (IQR: 
4.53–5.59), 7.14 (IQR: 5.32–6.82) and 5.02 (IQR: 4.43–5.20). Likewise 
for U samples, the median log10 concentration from 2017 to 2019 was 
5.02 (IQR: 4.49–6.25), 5.89 (5.26–6.90), and 5.11 (4.65–5.72), respec-
tively. For the WV samples, we found that the median log10 concentra-
tion from 2017 to 2019 was 4.79 (IQR: 4.31–6.02), 6.08 (IQR: 
5.28–7.11) and 5.31 (4.73–5.79) from 2017 to 2019, respectively. This 
decrease in concentrations for hand rinse swab samples over time in the 
intervention village, but not in the control village, indicated that WaSH 
intervention could lead to a pathogen reduction on fomites and hands. 

3.3. Temperature and precipitation influence pathogen prevalence and 
concentration 

Three rounds of sampling were conducted each year (2017–2019) in 
both villages, and since the sampling was conducted in the wet season 
(May–July), the rainfall and temperature varied on each day of sampling 
(Fig. S2). It is known that environmental conditions such as rainfall and 
temperature could elevate the bacterial indicators (Islam et al., 2017; Al 
Aukidy et al., 2017). Temperature and precipitation data (48 h before 
sampling) were used to evaluate the odds ratio (OR) for pre-
sence/absence of targeted pathogen genes (logistic regression) and 
concentration of pathogen genes (ordered logistic regression) between 
control village and intervention village (Fig. 4). When examining the 
prevalence of pathogens using logistic regression, no significant differ-
ence was observed between changes in environmental conditions for any 
sample type in the year 2017 and 2019. However, a significant differ-
ence (p < 0.05) was observed for 2018 Utensil and Toilet Handle sam-
ples between rainfall/temp adjusted and unadjusted ORs, indicating that 
rainfall and temperature data could impact pathogen prevalence 
(Fig. 4). We detected more pathogens at the intervention village for 
Utensil samples (OR: 1.90, 95%CI: 1.27–2.84) without considering 
environmental conditions. When adding the 48-h rainfall/temperature 
data into the model, there was an increase in detection of pathogens in 

the control village (OR: 0.81, 95%CI: 0.51–2.29). However, more 
frequent detection of TH samples was observed in the intervention 
village (OR: 2.33, 95%CI: 1.42–3.83), including the environmental 
conditions and in the control village (OR: 0.91, 95%CI: 0.62–1.33) 
without including environmental conditions. For pathogen concentra-
tions, although no significant differences were observed between 
incorporating environmental conditions using ordered logistic regres-
sion, a slight difference in adjusted ORs and unadjusted ORs were 
observed (Fig. 4). This analysis suggests that incorporation of environ-
mental data into a model allows for greater precision in determining the 
impact of WaSH intervention on pathogen prevalence and pathogen 
load. 

3.4. Intervention impact on pathogen prevalence higher in water samples 

An overall reduced prevalence of pathogens, as evidenced by a 
reduction in the detection of target genes from a bacterium, was not 
observed in the intervention village as compared to the control village. 

Fig. 3. Pathogen concentration for all detected pathogens across control village and intervention village in different sample types: CW (Cleaning Water), DW 
(Drinking Water), HR (Hand Rinse Water), TH (Toilet Handle swab), U (Utensils swab) and WV (Water Vessel swab) for three years. 

Fig. 4. Forest plot of the odds ratio of pathogen presence (logistic/binomial 
regression) and pathogen concentration (ordinal regression, B) for all three 
years of sampling by sample type. OR were calculated for both regressions 
adjusting for 48-h rainfall/temperature data and with no adjustment. 
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However, a slight trend of decreased pathogen prevalence was observed 
for 23S rRNA gene, but only in physical water samples (CW, DW) and 
hand rinse samples (HR) in the intervention village as compared to the 
control village (Fig. 5). The adjusted Odds Ratio (aOR) for CW samples 
decreased from 2.69 (95%CI, 1.29–5.65) to 0.51 (95%CI, 0.51–1.15) 
from 2017 to 2019 and aORs for HW samples decreased from 1.78 (95% 
CI, 0.75–4.17) to 0.67 (95%CI: 0.67–1.46) from 2017 to 2019. A similar 
trend was observed for the ftsZ and stx2 genes in CW, and the stx2, eaeA, 
and ttrC genes in HW samples (Fig. 5). Other PCR-amplified genes in 
DW, CW, and HW water samples were detected either at higher rates in 
the intervention village after 2017, or were similar throughout the three 
years of study. The pathogen prevalence between intervention and 
control village for swab samples was quite different than what was 
observed for water samples. Although a high prevalence of pathogens 
was observed for swab samples as compared to water samples in both 
villages (Fig. 1), no substantial reduction of pathogen prevalence was 
observed in the intervention village as compared to the control village 
(Fig. 5). However, the ftsZ, uidA, and miP genes all showed higher 
prevalence in the intervention village as compared to control village 
from 2017 to 2019. Gene ftsZ was 4.46 (95%CI, 0.46–42.51) times 
higher in the intervention village compared to the control village in 
2019, whereas aOR was 0.30 (95% CI, 0.3–0.92) in 2017. Similarly, aOR 
for another E. coli gene uidA increased from 0.43 (95% CI, 0.14–1.23) to 
2.15 (95% CI, 0.36–12.76), indicating higher detection of the gene in the 
intervention village after WaSH intervention activities. Gene mip was 
also 3.41 (95%CI: 0.65–17.56) fold higher in the intervention village in 
2019, whereas its aOR for 2017 was only 0.45 (95%CI: 0.20–1). There 
was no specific trend for other pathogenic genes in other swab samples, 
and no substantial decrease in pathogen prevalence was observed. Sta-
tistical analysis confirmed that there was an increased reduction of 
target genes in water samples than in swab (fomites) samples in the 
intervention village as compared to the control village (see Fig. 6). 

3.5. Intervention impact on pathogen concentration higher in fomites 

An overall reduced prevalence of pathogens, as determined by the 
presence of a defined set of bacterial genes, was not observed in the 
intervention village as compared to the control village. However, the 
presence of the 23S rRNA gene from Enterococcus spp. in CW samples 
showed a significant reduction in pathogen load in the intervention 
village from 2017 (aOR, 1.08: 95% CI, 0.75–1.56) to 2019 (aOR, 0.51: 
95%CI, 0.26–0.90). No other such reduction was observed for any 
physical water samples (DW, CW) and hand rinse samples (HR). Several 
pathogens in water samples were detected at a significantly higher 

concentration in intervention village than control village. This increase 
was observed for Salmonella ttrC gene for CW, DW and H samples from 
2017 (aOR: 1.28: 95% CI, 1.18–1.57; aOR: 0.86: 95% CI, 0.58–1.26; 
aOR: 1.05: 95% CI, 0.73–1.53, respectively) to 2019 (aOR: 1.93: 95% CI, 
1.03–4.15; aOR: 1.58: 95% CI, 1.11–2.28; aOR: 2.10: 95% CI, 1.36–3.38, 
respectively). This increase in pathogen load in intervention village after 
2017 was also observed for 23S rRNA gene in DW (aOR: 1.05, 95% CI, 
0.75–1.44 in 2017 and aOR: 1.46, 95% CI, 0.96–2.28 in 2019) and eaeA 
gene in HR (aOR: 0.88, 95% CI, 0.43–1.76 in 2017 and aOR: 2.35, 95% 
CI, 0.92–10.36 in 2019). The observation of odds ratio between inter-
vention and control village was slightly different for swab samples (TH, 
U, WV) from water samples and hand rinse samples. A substantial 
reduction in pathogen load was observed for 23S rRNA, ftsZ and miP 
from 2017 to 2019 in TH samples for the intervention village, whereas 
there was an increase in pathogen load for gene eaeA. Adjusted OR in TH 
samples decreased from 2.69 (95% CI, 1.61–4.53) to 0.47 (95%CI, 
0.34–0.92) from 2017 to 2019 for 23S rRNA gene, from 1.62 (95% CI, 
1.02–2.63) to 0.46 (95%CI, 0.1–1.26) for ftsZ gene and from 1.45 (95% 
CI, 0.99–2.16) to 0.53 (95%CI, 0.20 to 1.14) between 2017 and 2019 
respectively. Pathogen load in the intervention village was 3.73 (95% 
CI; 1.54–16.3) times higher in 2019 whereas it was only 1.22 (95%CI, 
0.47–3.45) times higher in 2017. Most of the genes in U samples were 
consistent for all years with no significant changes. Similar to TH sam-
ples, a reduction in concentration for 23S rRNA gene and an increase in 
pathogen load for eaeA was observed in the intervention village. Path-
ogen concentration as 2.11 (95% CI, 1.31–3.52) times higher in inter-
vention village for gene 23S rRNA in 2017 which decreased to 0.73 
(95%CI, 0.46–1.65) in 2019. On the other hand, aOR of eaeA increased 
from 0.67 (95%CI, 0.33–1.46) to 2.66 (95% CI, 2.05–11.76) from 2017 
to 2019. Gene stx2 was not detected in 2019, so OR could not be 
calculated in most cases. Unlike pathogen prevalence, statistical analysis 
confirms a higher reduction in pathogen levels in fomites samples 
compared to water samples in the intervention village. 

4. Discussion 

4.1. Prevalence and concentration of target genes on different exposure 
pathways 

The genes from bacterial pathogens studied here were found across 
all environmental samples in both villages and in all three years of 
sampling, suggesting that there is widespread bacterial contamination in 
and around these communities. The increase in pathogen concentration 
of CW samples from 2017 to 2019 in both communities (Fig. 3) poten-
tially could lead to higher rates of illness for the village residents. Poor 
storing practices for cleaning water (e.g., no cover or lid for a water 
storage tank) could have contributed to the high prevalence and load of 
pathogens, as has been found previously (Worrell et al., 2016). Also, 
biofilms in plastic storage containers, such as those commonly used to 
store CW, can serve as a reservoir for pathogenic microorganisms. A 
thick layer of biofilm was observed in all CW storage containers studied 
here. Interestingly, there was frequent detection of the miP gene of 
Legionella pneumophila in higher concentrations in CW samples, the 
samples where the biofilms were seen. A recent study in the Peruvian 
rural community has also shown a high prevalence of bacterial carriage 
in water used only for washing, (Loyola et al., 2020) similar to our 
observation here. These findings emphasize the need to incorporate CW 
handling and cleaning in future WaSH intervention initiatives to capture 
the entirety of practicing proper WaSH behavior. 

DW samples, usually stored inside the house in a covered container, 
also showed similar pathogen presence and concentration like the CW 
samples in both villages. With 16% pathogen present in the control 
village and 13% in the intervention village and being a direct exposure 
route for the ingestion of enteric pathogens, DW poses a high risk of 
diarrheal disease. Out of the genes surveyed, genes specific for E. coli 
were detected in ~21% if the DW samples, similar to detection rates 

Fig. 5. Forest plot of the odds ratio using logistic distribution of detecting 
pathogenic genes in different exposure pathways in sanitation trial intervention 
over control village. aOR >1 represents more detection in intervention village 
and aOR <1 represents more detection in the control village. 
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observed in tap water in Iran (Momtaz et al., 2013). Similarly, E. coli 
genes eaeA and stx2 that are associated with pathogenic strains of E. coli 
were detected in ~13% and ~10% samples, respectively. This finding is 
similar to levels observed in a recent intervention study conducted in 
Bangladesh, where eaeA and stx1/2 were present in samples at ~13% 
and ~15%, respectively (Fuhrmeister et al., 2020a). One possible reason 
for the high pathogen presence and concentration in DW samples is that 
the water is contaminated by hands, (Navab-Daneshmand et al., 2018; 
Pickering et al., 2010) which was investigated in the study as well 
(Fig. 4). 

Pathogen prevalence and concentration were higher in HR samples 
as compared to DW and CW samples in both study locations, indicating 
compromised hand hygiene in the households. This finding could 
potentially a result from poor handling of animals or animal feces when 
it is used as fertilizer. Testing for the presence of genes for bacteria that 
are only present in agricultural animals would help answer these ques-
tions, but we did not measure for human or animal-associated fecal 
contamination here. Nevertheless, this study provides evidence of the 
importance of hand-to-mouth contact for pathogen transmission. For 
example, the prevalence of pathogenic E. coli virulence genes eaeA and 
stx2 in HW samples (adult’s hand) were 13% and 10%, respectively, 
slightly higher than reported previously (Fuhrmeister et al., 2020a). In 
addition to physical water samples (DW, CW), hand rinse samples (HR) 
and fomites samples (TH, U, WV) contributed significantly toward 
overall pathogen prevalence and thus highlight the role fomites play in 
indirect transmission of enteric pathogens. 

A recent study in Ondo state in Nigeria demonstrated a higher total 
bacterial count from toilet handles as compared to inside walls of a 
house, suggesting that toilet handles can be an important route of 
transmission (Oluyemi et al., 2019). TH samples in both locations >50% 
prevalence of 23SrNA and ttrC and higher prevalence of other patho-
genic genes. This high prevalence could primarily be due to the location 
of handwash facilitates. Although some houses in the intervention arm 
had indoor handwashing facilities, most households used the CW water 
facility outside the household for handwash. Repeated touching of 
handles between toilet use and handwash could have resulted in higher 
pathogen presence in high concentrations. Neglecting proper hand hy-
giene, particularly in instances where individuals fail to wash their 
hands after coming into contact with restroom door handles, especially 

following urination, has been identified as a potential factor contrib-
uting to an increased likelihood of pathogen transmission (Ngonda, 
2017; Leone et al., 2016). 

Surprisingly, swab samples for utensils also showed high pathogen 
presence and concentration (Figs. 3 and 4). This could occur if highly 
contaminated CW was used to wash dishes. Also, washed dishes were 
dried in the sun, which then would be easily accessible to flies carrying 
human pathogens (Ercumen et al., 2017). A recent intervention study in 
Bangladesh showed 43% E. coli contamination in treatment households 
and 25% in control households (Hasan et al., 2017). Our observation 
was slightly lower, with 26% prevalence in the intervention village and 
20% in the control village. The findings presented here and from Hasan 
and Gerber underlines the need to include utensils/dishes in WaSH 
studies and intervention for overall WaSH coverage. 

Similarly, biofilms are also not well studied in the context of WaSH. A 
biofilm can be formed in storage containers within 24 h of exposure to 
untreated water (Budeli et al., 2018). A study in Cameroon has shown 
higher copy numbers of E. coli and total coliforms in containers and cups 
as compared to source water (Bae et al., 2019). Our results show the 
highest average pathogen prevalence in WV swab samples among all 
sample types throughout three years of study. Such high presence and 
concentration (Fig. 3) of pathogenic genes in water storage containers 
emphasizes the need to use locally-available cleaning agents to find 
appropriate methods to remove biofilms from storage container surfaces 
(String et al., 2020). 

4.2. Intervention impact 

We found no evidence that the conducted WaSH interventions 
reduced all enteric pathogen prevalence or levels on different trans-
mission pathways at any time during the study. This finding is consistent 
with the other WaSH intervention benefit trials in Bangladesh and Kenya 
(Fuhrmeister et al., 2020a; Ercumen et al., 2018; Pickering et al., 2019) 
and in India (Odagiri et al., 2016; Clasen et al., 2012, 2014). However, 
sample and gene specific reductions in presence and levels were 
observed, which could be essential in understanding specific trans-
mission pathways and specific enteric pathogens in the environment. 
The most substantial reduction was observed in gene 23S rRNA in CW 
samples. Both presence and levels of 23S rRNA were reduced 

Fig. 6. Forest plot of odds ratio of pathogen concentration using ordered logistic regression in different exposure pathways in sanitation trial intervention over 
control village. aOR >1 represents higher pathogen load in intervention village and aOR <1 represents higher pathogen load in the control village. 
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significantly (p < 0.05) from a baseline period to year two of the study in 
the intervention arm (Figs. 4 and 5). Also, a substantial reduction in 
detection of Enterococcus spp in the intervention arm compared to the 
control arm was observed for DW and HW samples. Detection of the 23S 
rRNA gene is used as an indicator of fecal pollution in microbial water 
and environmental samples in low-middle income countries, because a 
direct correlation between Enterococcus spp. and gastrointestinal 
symptoms has been suggested (Pickering et al., 2010; Boehm et al., 
2014). The considerable reduction in Enterococcus spp. presence and 
levels for CW, HW, and HW samples implicates potentially decreased 
fecal contamination in water and hands in the households after inter-
vention because Enterococcus spp. is often used as a fecal indicator (Liao 
et al., 2015; Arnold et al., 2013; Wheeler et al., 2002). Similarly, a 
reduction in prevalence was observed in the intervention arm compared 
to the control village for ftsZ gene of CW, 23S rRNA gene of DW and 
23SrRNA, ttrC, and eaeA gene of HW. The reduction of ftsz and 23S rRNA 
gene could indicate the reduction of fecal indicators in the bulk water 
samples and the reduction of ttrC gene prevalence could be attributed to 
better handling of poultry and animals in the households. However, no 
such reductions in the pathogen prevalence in swab samples indicate 
little to no effect of the intervention activities on pathogen prevalence 
on fomites and again underlines the need for further studies on the 
transmission of enteric pathogens through fomites/biofilm. 

The effect of the intervention on pathogen concentration was slightly 
different than that of pathogen prevalence. This is a notable finding from 
this study as most of the previous studies usually rely on prevalence to 
assess the impact of increased WaSH coverage. No significant reduction 
in pathogen concentration was observed for any water samples, unlike 
for pathogen prevalence, indicating that even with the reduction of 
pathogen presence in a transmission pathway, it might still pose a risk 
because of the high concentration of present pathogens. A Quantitative 
Microbial Risk Assessment (QMRA) in rural settings undergoing WaSH 
intervention could provide precise insight into exposure risk for each 
pathogen and transmission pathway (Petterson, 2016). However, a 
significant reduction (p > 0.05) in pathogen levels was observed in some 
swab samples for specific pathogens in the intervention village 
compared to the control village. The reduction in pathogen load was 
seen in genes 23S rRNA, ftsZ, miP, and uidA for TH samples and genes 
23S rRNA and uidA for WV samples. This reduction in concentrations but 
not in prevalence emphasized the need to use quantitate 
microbial-based methods to study pathogen and sanitation at household 
level. Contrary to the expected positive impacts of WaSH intervention, 
we found suggestive evidence of an increase in both detection and 
concentration of selected pathogens in all sample types. The increases in 
pathogen prevalence in the intervention village were observed in ftsZ 
gene in DW and TH, mip gene in DW and TH, uidA gene in Th and ttrC 
gene in U (Fig. 4). Similarly, increased pathogen level in the intervention 
village was observed in genes uidA and 23S rRNA in CW, gene ttrC in DW 
and genes ttrC and eaeA in HW. All these increases in pathogenic genes 
concentrations over the study period reiterate that WaSH interventions 
implemented in this study did not reduce the overall pathogen presence 
and levels on stored water or adult hands and fomites tested in the study, 
while there were some pathogen/sample type-specific reductions. 
Additional studies using quantification methods for a broad array of 
pathogens are required to understand exposure in households for enteric 
pathogens better. 

In conclusion, the study extensively explored the prevalence and 
concentration of target genes on various exposure pathways within two 
villages over three years. Despite showing certain sample and gene- 
specific reductions in pathogen presence, the intervention did not 
conclusively achieve a significant overall reduction in enteric pathogen 
prevalence or levels across various transmission pathways. The results of 
this study can be a guide to develop effective future WASH in-
terventions, emphasizing the need for additional research and quanti-
fication methods to better understand the complexities of pathogen 
exposure in households and to inform more impactful WaSH 

interventions. 

5. Limitations and recommendations 

This study has several notable limitations. The limited sample size of 
households (n = 10 for the control arm and n = 10 for the intervention 
arm) may account for a lack of the relative statistical significance 
observed. Although there were large total numbers of samples (n = 240 
for the control arm and n = 240 for intervention arm) for each trans-
mission pathway throughout three years of study, including the repli-
cates, a higher number of households in the study would be more 
appropriate. Similar future studies should increase the sample size of 
households and have broader coverage of geographical regions. Detec-
ted DNA in water and environmental samples by mfqPCR does not 
confirm the viability or infectivity of the detected pathogens (Baral 
et al., 2018; Masters et al., 2011). Culture-based assays could have been 
used for some bacteria but inaccurate for nonrecoverable bacteria like 
Vibrio cholorae, Shigella, Campylobacter or EPEC (Baker et al., 2018). The 
connection between animal presence and ownership with several enteric 
pathogens and fecal indicators has been reported (Bauza et al., 2020; 
Fuhrmeister et al., 2019, 2020b). This connection was not studied here 
because all studied households owned either goat, chicken, cows, or 
buffalo (two or more of them). A future study with a larger number of 
households including animal ownership in households as a variable is 
needed. Future work should also involve QMRA to confirm the validity 
of the secondary associations between the transmission pathway and 
specific pathogens. 
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