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Abstract

Groundwater is a valuable source of drinking water worldwide, recognized as
an improved drinking water source. However, on-site sanitation systems may
put groundwater at risk of fecal contamination. In the present study, two
approaches were used to ascertain the sources of fecal contamination in
groundwater used by communities of the Vhembe District Municipality. Over-
all, 87.5% of boreholes (n = 70) in the wet and 72.5% in the dry season were
contaminated with Escherichia coli, and septic tank (n = 18) wastewaters dis-
played up to 10* cfu/mL E. coli. Host-specific Bacteroidales quantitative poly-
merase chain reaction (qPCR) assays established the presence of human
(BacHum and HF183) and animal (Cytb, BacCan, and Pig-2Bac) genetic
markers in groundwater from 15.7% of boreholes (wet) and 10% of boreholes
(dry). No strong associations were founded between culturable E. coli counts
and the presence/absence of marker genes for all the markers except for Cyth
marker, which showed a weak significant correlation (r = 0.217; p = <0.01)
between E. coli and the Cytb marker under dry seasonal conditions. Human
markers and Cytb were present in the household septic tank wastewater sam-
ples. Significant differences in marker genes distribution in wastewater were
observed using the Chi-squared test: HF183 (p = <0.001) and BacHum
(p = <0.001). Overall, no association was recorded between markers in
groundwater and in wastewater for 18 households' septic tanks. A combined
culturable E. coli and host-specific Bacteroidales qPCR assays remain an appro-
priate approach for the identification of fecal contamination of groundwater.

Practitioner Points

e Households primarily used private boreholes for drinking water, as a pri-
mary source.
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INTRODUCTION

Groundwater is an essential source of drinking water for
public systems worldwide, with 2.2 billion people relying
on it for their everyday needs (Murphy et al., 2017). It is
recognized as an improved drinking water source, which
is protected against outside contamination, particularly
fecal matter, by design or through active intervention
(WHO/UNICEF, 2013). Even improved drinking water
sources are susceptible to fecal contamination, and
groundwater is no exception. It is estimated that 1.7 bil-
lion people reside in areas where groundwater resources
are under threat due to overexploitation (Gleeson
et al., 2012). Fecal contamination of natural water sources
is the most significant hazard to a sustainable water sup-
ply, and it is attributed to activities nearby the water
sources. Groundwater can become contaminated with
feces from a multitude of sources, such as the discharge of
inadequately treated effluents from wastewater treatment
plants, on-site sanitation (OSS) systems, stormwater run-
off, wildlife and domestic animals, and animal manure
used as fertilizer on agricultural fields (Graham &
Polizzotto, 2013). Studies from sub-Saharan Africa have
pointed out the pollution of groundwater by sources of
microbial pathogens originating from the intestinal tract
of humans and warm-blooded animals (Kanyerere
et al., 2012; Moyo, 2013; Lutterodt et al., 2014, 2018;
Mpenyana-Monyatsi & Momba, 2012; Vilane & Dlamini,
2016). The presence of fecal contamination in groundwa-
ter could lead to outbreaks of waterborne diseases.
Therefore, it is important to monitor fecal contamina-
tion in natural water sources, such as private boreholes,
and both conventional and advanced approaches are
used to do this. The WHO and UNICEF have advised a
routine inspection and screening of water sources for
fecal indicator bacteria (FIB) (WHO/UNICEF, 2013).
One of the methods approved by the WHO for identifying
fecal contamination is the presence of FIB such as

e Most households used on-site sanitation systems, including ventilated
improved pit latrines and flush toilets connected to septic tanks.

e Escherichia coli was detected in groundwater, and the sources of fecal con-
tamination were humans and animals (pigs, dogs, and chickens).

e The presence of human and animal markers in groundwater suggests that
humans and animals are liable for fecal contamination.

e Fecal contamination in drinking water sources poses a significant concern
due to pathogenic microorganisms posing potential human health risks.

Bacteroidales markers, boreholes, fecal contamination, groundwater, microbial source
tracking, on-site sanitation

Escherichia coli or thermotolerant coliform. E. coli is uti-
lized as an indicator of fecal contamination because it
shows recent fecal contamination and the possible pres-
ence of harmful microorganisms. This bacterium is
widely distributed in the intestinal tracts of warm-
blooded animals, but it is generally not found growing
and proliferating in the environment (Saxena
et al., 2015). Traditional fecal contamination detection
methods, like E. coli, are simple and affordable but can-
not differentiate between human and nonhuman sources.
Microbial source tracking (MST) identifies the source of
fecal contamination in water sources and determines
whether it is from humans or animals (Wuertz
et al, 2011). The current study employed a
library-independent MST method that targets the 16S
rRNA gene of Bacteroidales using probe-based real-time
polymerase chain reaction (PCR). The 16S rRNA gene
sequences are highly conserved and contain source-
specific information (Kildare et al., 2007; Kreader, 1995).
TagMan™ assays are the best choice in terms of specific-
ity for distinguishing host-specific DNA sequences
(Morrison et al., 1998; Wittwer et al., 1997). Bacteroidales
make up over half of all bacterial communities in the
human intestine, outnumbering total coliforms and
E. coli (Eckburg et al., 2005). It has been demonstrated
that members of the gut-associated bacterial order Bac-
teroidales, namely, the genus Bacteroides, have coevolved
with the host (Ahmed et al., 2016). For distinguishing
human from animal fecal contamination, the order Bac-
teroidales is considered suitable for MST as Bacteroides
spp. are limited to the gastrointestinal tract of humans
and other warm-blooded animals. When the source of
fecal contamination has been established, water source
contamination issues can be managed locally. Previous
research (Santoro & Boehm, 2007; Teixeira et al., 2020)
has employed an integrated approach using both markers
and conventional fecal indicators to successfully identify
the sources of fecal contamination.
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South Africa has succeeded in increasing the percent-
age of people with access to safe drinking water, but 2.7%
of households still rely on water from unsafe sources
such as rivers, stagnant water ponds, streams, wells, and
springs (Water Research Commission, 2016). Recent evi-
dence suggests that natural water sources in the Vhembe
District Municipality (VDM) in Limpopo Province,
South Africa, are affected by fecal contamination. Several
studies have found fecal contamination in natural water
sources such as rivers and groundwater in the areas that
fall under VDM (Odiyo et al., 2020; Taonameso
et al., 2019; Traoré et al., 2016). None of the studies iden-
tified the direct sources of fecal contamination in water
sources at these specific sites. This study aims to fill that
gap by identifying the sources of fecal contamination in
groundwater from private boreholes. Two objectives were
pursued to accomplish the goal: the first was to conduct a
survey of groundwater sources, OSS facilities, and
hygiene practices through community engagement using
a structured questionnaire. Secondly, the study focused
on groundwater from private boreholes and wastewater
from domestic septic tanks (STs) to assess the sources of
fecal contamination of private boreholes by using
culture-based methods to detect the prevalence of E. coli
and by using TagMan™ PCR assays for the detection of

ENVIRONMENT RESEARCH

MATERIAL AND METHODS
Description of the study sites

The study was conducted in the VDM, located in the far
north of the Limpopo Province, South Africa. The four
villages that form part of the Thulamela Local Municipal-
ity (Tshilapfene) and of the Makhado Local Municipality
(Tsianda, Ha-Mutsha and Njhakanjhaka) were consid-
ered for this study (Figure 1). Sampling points were indi-
cated for boreholes and sanitation facilities (STs and pit
latrines) (see Table S1 for coordinates). The majority of
the rocks in the research area's geology are basalts from
the formation of the Soutpansberg group of rocks, with
intercalated clastic sedimentary rocks (Bumby, 2000).
The study sites were selected based on the study objec-
tives using two critical criteria: variation in on-sanitation
technologies and households that use groundwater from
private boreholes.

Conduction of a questionnaire and
collection of samples

A structured questionnaire was used to gather informa-

human and non-human associated Bacteroidales tion on demographics, water supply, storage, household
markers. water treatments, sanitation facilities, and health status.
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FIGURE 1 A map showing villages where the study was conducted.
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Samples were collected four times during the wet (March
and April 2021) and dry (June and August 2021) seasons.
A total of 560 groundwater samples were collected from
70 private boreholes, 20 boreholes in each of the follow-
ing villages: Tshilapfene, Tsianda, and Ha-Mutsha as well
as 10 boreholes in Njhakanjhaka using standard methods
(APHA, 2017). Wastewater samples (144) were collected
from 18 household STs in Tshilapfene (n =6 STs),
Tsianda (n =4 STs), Ha-Mutsha (n =5 STs), and in
Njhakanjhaka (n = 3 STs) (Table 1). A modified method
described by Amin et al. (2020) was used to collect the
wastewater samples. Briefly, a stool collection cup
attached to a metal rod was inserted into the ST waste
drain to obtain the sample. The sample was transferred
to a 100-mL sterile bottle. All samples were placed in
cooler bags containing ice packs, transported to the
microbiology laboratories at the Tshwane University of
Technology and analyzed within 24 h.

Detection and enumeration of E. coli

The membrane filtration technique was used for the
detection and enumeration of the target E. coli according
to the standard methods (APHA, 2017) using
Chromocult® Coliform Agar (CCA) (Merck, Darmstadt,
Germany) (USEPA, 2005). To avoid contamination and
ensure accurate results, all the equipment used for the
membrane filtration procedure, including the filtration
apparatus, forceps, and collection vessels, were sterilized.
Prior to filtration, the filtration apparatus was rinsed with
sterile water to remove any residual contaminants.
Groundwater (100 mL) was filtered through a sterile
0.45-uym pore size membrane filter (47-mm diameter,

TABLE 1

Sartorius Stedim Biotech GmbH, Géttingen, Germany).
For wastewater, the samples were diluted by adding
0.01 mL of wastewater to 99.99 mL of sterile distilled
water before filtration. The agar plates were prepared
according to the manufacturer's instructions. Sterile for-
ceps were used to remove the membrane filter from the
apparatus to the agar plate. Blank samples (Sterile dis-
tilled water) were also filtered and plated onto CCA to
rule out contamination. Incubation of the agar plates was
performed at 36 £ 1 C for 18-24 h. Plates were always
prepared in triplicate. Following incubation, quantifica-
tion of E. coli was performed by counting individual dark
blue/violet colonies (ISO (International Organization for
Standardization), 2014), which were recorded as colony-
forming units (CFU/100 mL). A mean value of the three
replicates from all samples was obtained. Furthermore,
E. coli counts (ECC) were averaged over the four sam-
pling cycles for each season and borehole.

Molecular analysis for Bacteriodales
marker gene detection

DNA extraction

DNA extraction procedures that have been verified and
standardized were employed. Equipment and instru-
ments were calibrated prior to DNA extraction, and high-
quality reagents and chemicals as well as sterile tips and
epperndorfs were used. Samples were concentrated using
membrane filtration and centrifugation techniques as
described elsewhere with a few modifications (Tambalo
et al., 2012). Briefly, 1000 mL of groundwater samples
and 90 mL of ST wastewater samples were filtered

Groundwater and wastewater collected during the study period.

Number of water samples collected

Groundwater Wastewater

Villages/households Number of boreholes and septic tanks sampled Wet Dry Wet Dry
Tshilapfene 20 BHs 80 80 24 24
20 HHs 6 STs

Tsianda 20 BHs 80 80 16 16
20 HHs 4 STs

Ha-Mutsha 20 BHs 80 80 20 20
20 HHs 5STs

Njhakanjhaka 10 BHs 40 40 12 12
10 HHs 3 STs

Total 70 BHs 280 280 72 72

18 STs

Abbreviations: BHs, boreholes; HHs, households; STs, septic tanks.
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through a Sartorius Cellulose Nitrate Membrane Filter
with a pore size of 0.2 ym (Sartorius Stedim Biotech
GmbH, Géttingen, Germany). The membrane filters were
transferred into a 15-mL screw-cap tube containing 5 mL
of sterile PBS buffer and stored overnight at 4 C. The
cells were dislodged from these membranes by shaking
the tubes for 30 min using a benchtop orbital shaker
(Esco OrbiCult™, AS1 series) (Esco Lifesciences Group,
Singapore). This was followed by centrifugation at
12,000 rpm for 30 min to obtain a pellet. The supernatant
was discarded, and DNA was extracted from the pellets
using a Zymo genomic DNA purification kit (Zymo
Research, Irvine, CA, USA), following the manufacturer's
protocol. Negative controls were included during each
extraction cycle to rule out contamination from the
reagents and buffers. DNA quantification was achieved
using a NanoDrop™ 2000 Spectrophotometer (Thermo
Scientific, South Africa). The purity of the DNA was
assessed using the A260/A280 ratio (1.8-2.0). All the
DNA samples were stored at 80 C until further
processing.

Bacteroidales qPCR assays

Nucleic acids extracts were analyzed via gPCR for the
presence of human-, livestock ruminant-, pig-, dog-, and
chicken-associated Bacteroidales using the BacHum,
HF183, BacCow, Pig-2-Bac, BacCan, and Cytb assays, fol-
lowing published protocols (Table S2). All the Bacteroi-
dales qPCR assays employed a singleplex TagMan™
probe-based assay (TagMan™ Gene Expression Assay,
Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA), as the same reporter fluorescent dye 6-FAM
(6-carboxy-fluorescein) was attached to all the probes.
The sensitivity and specificity of each of the Bacteroidales
primers and probes were assessed on non-target human
and animal (chicken, dog, pig, and cow) fecal DNA sam-
ples to ensure that they do not cross-react with non-target
organisms. The sensitivity and specificity of the markers
were calculated as described previously (Gawler
et al., 2007). A study by Mudau et al. (2023) provides a
thorough description of the sensitivity, specificity, and
accuracy of the Bacteriodales assays employed in this
investigation. The standard curves were generated using
10-fold serial dilutions of g-Block gene fragments, con-
taining the target sequences for each target marker. The
efficiency of all the PCR assays was determined using
the formula: E = [10¢ Y™] 1 (Rutledge & Cote, 2003),
where E is the efficiency of the assay and M is the slope
of the standard curve. The efficiency of the PCR assays
was found to be between 95% and 110% (Table S3). The
lowest number of nucleic acid targets in each template

ENVIRONMENT RESEARCH

volume was determined to be the limit of detection for
each assay (Rutledge & Stewart, 2008).

To verify the success of the assay and detect contami-
nation, each PCR run included a positive control (g-Block
DNA-) and negative controls (an extraction blank from
nucleic acid extraction, PCR water, and a no-template
control). Each PCR reaction was performed in a total vol-
ume of 20 pL, which included 10 pL of Luna® Universal
Probe gPCR Master Mix (New England Biolabs Inc., Ips-
wich, Massachusetts, USA), 5.5 uL of PCR-grade water,
2.0 uL of DNA template, 0.8 pL of forward primer, 0.8 pL
of reverse primer, and 0.4 pL of the probe. The qPCR
cycling conditions were optimized for all the Bacteriodale
assays. The thermal cycling protocol was an initial dena-
turation step at 95 C for 30 s, followed by 45 cycles of
45 Cfor 55, and 60 C for 30 s. To assess the reproducibil-
ity of the results, the PCR assays were performed in
duplicate. A Ct value of 40 was set as the cut-off value.
The real-time gPCR reactions were performed using the
Bio-Rad Thermocycler CFX 960 (BioRad Hercules, CA).

Data analysis

The results were analyzed using Microsoft Office
365 Excel Analysis ToolPak and IBM SPSS (Version
28.0.1.1). A two-sample T test was performed to compare
E. coli counts. A Chi-square test was used to determine
the association between the presence/absence of Bacter-
oidales marker genes during wet and dry seasons in
groundwater and wastewater. A correlation analysis was
performed between the distribution of marker genes in
groundwater and wastewater for 18 households using STs
as their sanitation facilities. The mean difference was
considered significant at the <0.05 level. Pearson's corre-
lation coefficient (r) was used to indicate the strength of
the associations, with r = 0-0.19 being considered very
weak, 0.2-0.39 being weak, 0.40-0.59 being moderate,
0.6-0.79 being strong, and 0.8-1 being very strong. No
statistical analysis was performed on low or no detection
rates.

RESULTS AND DISCUSSIONS

Household demographic status and water
sources

During reconnaissance visits, a total of 306 members
were identified across 70 households (Table 2). The over-
all educational level in the communities showed 59.1% of
people with high school matric certificates and 40.9%
with a tertiary qualification. The survey further revealed

85UB01 7 SUOWILLIOD AIIRID 3(cedt dde au Aq pauenob ae Il VO ‘8sN JO Sa|NI Joj AReiqiT 8UlUO 8|1 LD (SUORIPUOD-PUE-SWIRIALIOY"AB 1M Ale.q1Bu Uo//:Sty) SUORIPUOD pue sWe | 8u) 89S *[6202/80/TT] Uo Ariqiauliu ABjim ‘ABojouyoe L JO AisIeAIuN suemus L A S960T JOM/Z00T 0T/I0p/Lod A8 i Ake.q pul|uo//sdny wouy papeojumod ‘2T ‘€202 ‘TESLYSST



6 of 18 Water SEKGOBELA ET AL.
TABLE 2 Household demographics and water sources.
Overall Tshilapfene Tsianda Ha-Mutsha Njhakanjhaka
Variables 70 HHs 20 HHs 20 HHs 20 HHs 10 HHs
No. of HH members n = 306 n=284 n =293 n=280 n =49
Females 117(38.2%) 33 (39.3%) 35 (37.6%) 29 (36.3%) 20 (40.8%)
Males 76 (24.8%) 23 (27.4%) 19 (20.4%) 26 (32.5%) 8 (16.3%)
Children 113 (37%) 28 (33.3%) 39 (42%) 25 (31.2%) 21 (42.9%)
No. of employed n=70 n=20 n=20 n=20 n=10
0 32 (45.7%) 11 (55%) 9 (45%) 10 (50%) 2 (20%)
1 16 (22.9%) 4 (20%) 6 (30%) 0 6 (60%)
2 11 (15.7%) 5 (25%) 2 (10%) 3 (15%) 1 (10%)
3 11 (15.7%) 0 3 (15%) 7 (35%) 1 (10%)
Education status n =137 n =30 n = 46 n=43 n=18
Matric 81 (59.1%) 18 (60%) 26 (56.5%) 25 (58.1%) 12 (66.7%)
Tertiary 56 (40.9%) 12 (40%) 20 (43.5%) 18 (41.9%) 6 (33.3%)
Main water source
Borehole tap in yard 63 (90%) 13 (65%) 20 (100%) 20 (100%) 10 (100%)
Municipal tap in yard 7 (10%) 7 (35%) 0 0 0
Wash storage container
Once/month 32 (45.7%) 7 (35%) 10 (50%) 13 (65%) 2 (20%)
Once/year 25 (35.7%) 10 (50%) 7 (35%) 1 (5%) 7 (70%)
Hardly/never 13 (18.6%) 3 (15%) 3 (15%) 6 (30%) 1 (10%)
Known water treatment methods
Do not know 24 (34.3%) 5 (25%) 8 (40%) 6 (30%) 5 (50%)
Chemical 18 (25.7%) 7 (35%) 4 (20%) 3 (15%) 4 (40%)
Boiling 22 (31.4%) 7 (35%) 6 (30%) 8 (40%) 1 (10%)
Chemical & boiling 6 (8.6%) 1 (5%) 2 (10%) 3 (15%) 0
Water treatment
Yes 5 (7.1%) 0 3 (15%) 1 (5%) 1 (10%)
No 65 (92.9%) 20 (100%) 17 (85%) 19 (95%) 9 (90%)

Abbreviation: HHs, households.

a high unemployment rate of 45.7%. Overall, 90% of
households use groundwater from electricity-powered
private boreholes as their primary source of drinking
water, and 10% use it as an alternative source when there
is no water supply from the municipal standpipe located
in the yard. The electric borehole extracts the water from
the ground and pumps it to the JoJo storage tanks, which
are covered and placed outdoors in direct sunlight
(Figure 2c,d). It was observed that the electric borehole
abstraction points are protected using wood, fences,
bricks, and/or metal structures (Figure 2a,b). Boreholes
in Tshilapfene, Tsianda, Ha-Mutsha, and Njhakanjhaka
villages were considered low-risk and had a sanitary risk
score of 25% (Murei et al., 2023). A study by Enitan-
Folami et al. (2020) revealed a lack of fences around the

boreholes in the Thulamela Municipality. Contamination
problems often arise from broken seals, ill-fitting bore-
holes, well covers, or both (Rusinga, 2004). In total, 45.7%
of households wash the storage tank once a month,
35.7% once a year, and 18.6% hardly ever clean the JoJo
storage tanks. A limited number of households have
knowledge of water treatment methods, such as chlorina-
tion (25.7%) and boiling (31.4%), and a smaller percent-
age (8.6%) are familiar with both. Only 7.1% of
households in this study treats the groundwater before
use, and the majority (92.9%) do not apply these water
treatment methods. Groundwater from private boreholes
rarely undergoes household-level treatment methods, as
it is believed that clear water is clean and free of fecal
contamination (Kioko & Obiri, 2012).
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FIGURE 2 Types of sealed and
protected borehole pump heads at
Tshilapfene (a), Tsianda (b), and JoJo
groundwater storage tanks of households
placed outdoors in direct sunlight in
Tshilapfene (c) and Tsianda (d).

An overview of sanitation, hygiene
practices, and perception of health

In South Africa, OSS systems like pit latrines and flush
toilets connected to STs are increasing in rural and urban
areas. In 2020, 61% of households used sewer connec-
tions, 30% use pit latrines, and 3% used STs (WHO, 2021).
In this current study, the most common type of sanitation
facility used in households was the ventilated improved
pit (VIP) latrine (50%), followed by the traditional pit
latrine (24%), and the flush toilet connected to the ST
(26%) (Table 3). The VIP toilet is considered the most
effective, affordable, and appropriate OSS technology
(WHO, 2021). In total, 65.7% of households reported that
they have been using their sanitation facilities for more
than 10 years. Evidence suggests that the use of OSS sys-
tems puts groundwater at risk of fecal contamination
(Shahare et al., 2016). However, it has been pointed out
that excreta must be safely disposed of either in situ or
transferred and treated offsite for sanitation to be man-
aged safely (WHO/UNICEF, 2017). Study homes (25.7%)
indicated that sanitation compartments are emptied
when they are at capacity, and this process is usually per-
formed by a vacuum tanker truck. Emptying the OSS
compartment is an additional cost and not all homes
afford to pay for that service (Burt et al., 2019), and the
survey data revealed that 45.7% of household members
are unemployed. Pit latrines trash poses a challenge to
emptying; vacuum tanker trucks are used for ST empty-
ing (Chipeta et al.,, 2017). In South Africa, vacuum
tankers are not usually practical for emptying pit latrines,
as some of the pit latrines are also used for domestic
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waste (Still et al., 2013). The majority of households
(67.1%) seal the full pit latrine and dig another one
because emptying manually the pit poses a serious health
hazard (Beukes & Schmidt, 2022).

Poor hand hygiene is a major concern globally, as it
plays an important role in drinking water contamination
(Navab-Daneshmand et al., 2018; Pickering et al., 2010).
Only 19% of people globally wash their hands after possi-
bly coming into touch with excreta (Freeman
et al., 2014). Around 2.3 billion people globally lack
access to basic handwashing facilities with water and
soap at home (UNICEF, 2020). The present study points
out that 57.1% of household sanitation facilities lacked a
standard hand-washing station (a tap with a basin),
whereas 97.1% always practiced hand washing with soap
that is placed in a 2-L water bottle next to the sanitation
facility. Only a few members of the households (17.1%)
reported that they initially suffered from diarrheal epi-
sodes. The domestic animals found on household pre-
mises across the four villages included dogs, chickens,
cows, sheep, and goats. Only one household in Tshilap-
fene had a dog in the yard. The most common animals
were the dogs (14.3%) followed by chickens (10%) and
other households kept both dogs and chickens (8.6%).

The prevalence of E. coli in groundwater
and wastewater

The results showed that 87.5% of boreholes were contam-
inated with feces during the wet season and 72.5% during
the dry season. E. coli was detected in groundwater
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TABLE 3 Sanitation, hygiene, and perception of health.
Overall Tshilapfene Tsianda Ha-Mutsha Njhakanjhaka

Variables 70 HHs 20 HHs 20 HHs 20 HHs 10 HHs
Type of sanitation facility

VIP 35 (50%) 14 (70%) 9 (45%) 8 (40%) 4 (40%)

Traditional pit 17 (24%) 0 7 (35%) 7 (35%) 3(30%)

Septic tank 18 (26%) 6 (30%) 4 (20%) 5 (25%) 3 (30%)
Hand-washing station next to sanitation facility

Yes 30 (42.9%) 4 (20%) 7 (35%) 16 (80%) 3 (30%)

No 40 (57.1%) 16 (80%) 13 (65%) 4 (20%) 7 (70%)
Existence of the sanitation facility

Current 2 (2.9%) 0 0 0 2 (20%)

1-10 years 20 (28.6%) 7 (35%) 4 (20%) 3 (15%) 6 (60%)

>10 years 46 (65.7%) 13 (65%) 16 (80%) 17 (85%) 0

Do not know 2 (2.8%) 0 0 0 2 (20%)
Methods employed when the sanitation facility is full

Empty it 18 (25.7%) 6 (30%) 4 (20%) 5 (25%) 3 (30%)

Dig another one 48 (68.6%) 14 (70%) 15 (75%) 12 (60%) 7 (70%)

Add chemicals 4 (5.7%) 0 1 (5%) 3 (15%) 0
Health incidents

No data 57 (81.5%) 18 (90%) 14 (70%) 17 (85%) 8 (80%)

Diarrhea 12 (17.1%) 2 (10%) 5 (25%) 3 (15%) 2 (20%)

Body lice 1 (1.4%) 0 1 (5%) 0 0
Washing hands

Yes 68 (97.1%) 20 (100%) 20 (100%) 20 (100%) 8 (80%)

Sometimes 2 (2.9%) 0 0 0 2 (20%)
Do you use soap

Yes 60 (85.7%) 15 (75%) 17 (85%) 20 (100%) 8 (80%)

Sometimes 10 (14.3%) 5 (25%) 3 (15%) 0 2 (20%)
Types of animals found in the dwellings

Dog 10 (14.3%) 1 (5%) 5 (25) 4 (20%) 0

Chicken 7 (10%) 0 1 (5%) 1 (5%) 5 (50%)

Cow 1 (1.4%) 0 0 0 1 (10%)

Sheep; goat 3 (4.3%) 0 1 (5%) 2 (10%) 0

Dog; chicken 6 (8.6%) 0 2 (10%) 0 4 (40%)

Goat; cow; pig 2 (2.8%) 0 2 (10%) 0 0

No animals 41 (58.6%) 19 (95%) 9 (45%) (65%) 0

Abbreviations: HHs, households; N/A, not applicable; VIP, ventilated improved pit latrine.

samples from all BHs (100%) from Tsianda, Ha-Mutsha,
and Njhakanjhaka villages, whereas only 50% of BHs in
Tshilapfene tested positive for E. coli in both the dry and
the wet seasons (Figure 3). The mean E. coli counts in
groundwater were below 100 CFU/100 mL across all the
villages in both the wet and the dry seasons (Table 4).
The presence of E. coli indicates recent fecal

contamination and may be related to the potential pres-
ence of pathogenic microorganisms (WHO, 2011). Cul-
turable E. coli was recorded in 87.5% of boreholes during
the wet season and 72.5% of boreholes in the dry season
with counts ranging from 6 to 228 CFU/100 mL. Despite
the presence of E. coli in most of the private boreholes,
some groundwater samples such as those collected from
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FIGURE 3 The prevalence of Escherichia coli in boreholes during dry and wet season.
TABLE 4 . . . .
. Summary of th_e average Tshilapfene Tsianda Ha-Mutsha Njhakanjhaka
E. coli counts (CFU/100 mL) in
groundwater. Wet Dry Wet Dry Wet Dry Wet Dry

Minimum 0
Maximum 228
Mean 20

SD 51.506

0 31 0 25 0 6 0

168 160 130 169 100 117 44

24 66 43 70 47 51 10
46.940 32.087 35211 36.934 33305 33615 17.119

Abbreviations: CFUSs, colony forming unit; SD, standard deviation.

50% of BHs (n = 10) in Tshilapfene were found to be free
of E. coli during both seasons. The WHO guidelines for
drinking water stipulate that E. coli should not be detect-
able in any 100-mL sample (WHO, 2011). Moreover, the
South African National Standards (SANS, 2015) point out
that water that is used for drinking purpose should be
good and acceptable without any trace of pathogens.
Thus, high counts of E. coli in groundwater used by rural
community of the VDM in the Limpopo may have poten-
tial health risk to communities. Although this study
focuses on microbial contaminants, previous studies con-
ducted in groundwater within metamorphic rocks, such
as in our study area, have shown positive correlations
between E. coli and the concentrations of calcium and
magnesium as these ions dominate this groundwater cat-
egory (Krishna Kumar et al., 2017).

The mean concentrations of E. coli count in wastewa-
ter ranged from 1.08 10% to 1.4  10* CFU/100 mL in

the wet season and from 1.09 10*° to
1.24  10* CFU/100 mL in the dry season (Table 5). The
two T tests indicated significant differences in the means
of the E. coli counts in groundwater between the wet
(M =1[52.32], SD =56.60]) and the dry season (M =
[34.15], SD = [53.996]); t (558) = [3.886], p = [<0.001].
Significant differences were also found in means of E. coli
counts in wastewater between the wet (M = [1.29  107],
SD =8.08 10%) and the dry season (M =[8.96 107],
SD =[7.99 10%); t (142) = [2.953], p = [0.004].

Prevalence of human- and animal-specific
marker genes in groundwater and
wastewater

The molecular study using real-time PCR revealed the
presence of both human-specific and animal-specific
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Villages Season Minimum Maximum Mean SD TA B_L E5  Summary of a\{erage )
Tshilapfene Wet 467 102 331 10* 1.29 10 917 10° ;;S:N:;?er&;(gu,loo I

Dry 1.83 10* 249 10* 1.04 10 828 10°
Tsianda Wet 467 10° 267 10 1.20 10 910 10°

Dry 2.70  10° 277 10° 1.05 10* 892 10°
Ha-Mutsha Wet 390 10° 264 10 144 10* 6.83 10°

Dry 1.07 10° 246 10° 897 10° 829 10°
Njhakanjhaka ~ Wet 333 10° 251 10 116 10* 669 10°

Dry 147 10° 817 10° 339 10° 227 10°

Abbreviations: CFU, colony forming unit.
A b a d Overall TABLE 6 Prevalence of
Marker SeEsan =60 n =80 n=80 n=40 n = 280 Bacteroidales markers in groundwater
wtm W 0 awww o0 sesew DRSSO
w Dry 4(5%)1* 0 0 0 4 (1.4%) 1* number of boreholes with the markers.
HF183 Wet 0 0 3(3.8%)1* 0 3 (1.1%) 1*
ﬁ. Dry 0 0 0 0 0
BacCow Wet 0 0 0 0 0
™ oy o0 0 0 0 0
Pig-2-Bac  Wet 0 3(38%)1* 0 4 (5%) (1*) 7 (2.5%) 2*
- Dry 0 3(38%)1* 0 3 (1.1%) 1*
Cyth Wet 0 0 3(3.8%)1*  3(3.8%)2* 6 (2.1%) 3*
”' Dry 4(5%)1* 0 6 (7.5%)2* 0 10 (3.6%) 3*
BacCan Wet 4 (5% 1* 0 0 2 (25%) 1* 6 (2.1%) 2*
‘H‘ Dry 0 12 (15%) 3* 4 (5%)1* 0 16 (5.7%) 4*
Chi-square test of independence
BacHum HF183 BacCow Pig-2-Bac Cytb BacCan

X2 7.089 3.016 NC 7.089 1.969 4731
DF 1 1 NC 1 1 1
p 0.008 0.082 NC 0.008 0.161 0.030

Note: The prevalence of markers in groundwater samples (n; %) and number of boreholes with the markers
(*); Tshilapfene (a); Tsianda (b); Ha-Mutsha (c); Njhakanjhaka (d); Chi-square (x); degrees of freedom

(DF); p value (p); not computed (NC).

markers in groundwater samples, except for the BacCow
marker, which was not detected in groundwater across all
the villages during both seasons (Table 6). More than one
type of Bacteroidales marker was present in each village,
although they were present in a limited number of bore-
holes (indicated by asterisk [*]) on Table 6. The results
depicted that the animal-specific BacCan [16 (5.7%) 4*]
was the most prevalent marker during the dry season,
whereas the Pig-2-Bac marker [7 (2.5%) 2*] was the most
prevalent during the wet season. Moreover, the human-

specific HF183 marker [3 (1.1%) 1*] was the least domi-
nant marker in the wet season, and the Pig-2-Bac marker
[3 (1.1%) 1*] was the least dominant in the dry season.
The Chi-squared test results for the distribution of the
presence/absence of markers in groundwater between the
wet and dry seasons revealed significant differences for
the following marker genes: BacHum (p = 0.008), Pig-
2-Bac (p =0.008), and BacCan (p =0.030). Non-
significant  differences were recorded for HF183
(p = 0.082) and for Cytb (p = 0.161) during both seasons.
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Both human markers BacHum and HF183 were
found to be the most prevalent compared with other tar-
get markers under both seasonal conditions (Table 7).
The BacCow and Pig-2-Bac markers were found to be
absent in all wastewater samples during both seasons.
The results further revealed that markers other than
human markers were present in the household ST waste-
water samples; these included the Cytb [Wet =17
(23.6%) 5* Dry=19 (26.4%) 6*] and the BacCan
[Wet = 10 (13.9%) 3*; Dry = 6 (8.3%) 2*] markers. Signifi-
cant differences in marker gene distribution in wastewa-
ter were observed in the Chi-squared test: HF183
(p = <0.001) and BacHum (p = <0.001). Non-significant
associations were observed for the Cytb (p = 0.552) and
BacCan (p = 0.413) marker genes. Correlation analysis
showed no association between markers in groundwater
and wastewater for 18 households using STs for sanita-
tion, indicating no significant correlation between the
two: BacHum, BacCow, Pig-2-Bac, Cyth, and BacCan. The
HF183 marker revealed a non-significant association
(x? = 0.010; DF = 1; p = 0.919) during the wet season.

Overall, results revealed a low prevalence or absence
of the target marker genes in some private boreholes.
These findings imply that the Bacteroidales markers

ENVIRONMENT RESEARCH

present in private boreholes might not be common in all
the boreholes throughout the study period. The sources
of fecal contamination were only identified in a limited
number of boreholes, namely, 11 boreholes in the wet
season and 7 boreholes in dry seasons. The study suggests
that boreholes with unknown fecal contamination
sources may contain other genetic markers. Little is
known about marker prevalence in groundwater systems
or treated drinking water (Krentz et al., 2013). A study by
Schulz and Childers (2011) indicated that the persistence
of Bacteroidales markers and marker cells in the non-
intestinal environment under the interaction of various
environmental factors should be considered when using
gPCR data to identify the sources of fecal contamination
from each specific source. Therefore, the low prevalence
could be due to the limited survival rate of these Bacteroi-
dales markers in groundwater. The Bacteroides spp. are
found in large quantities in the feces of animals and
humans, due to their anaerobic nature; have limited sur-
vival rates outside the host; and are thus considered an
indicator of recent fecal contamination (Ballest¢ &
Blanch, 2010; Lee et al., 2014; Schriewer et al., 2010).
Their nucleic acid can remain intact and can be detected
by PCR after days or weeks. However, evidence suggests

TABLE 7 Prevalence of Bacteroidales markers in septic tank wastewater samples.

a b

6 STs 4STs
Marker n=24 n=16
BacHuUm Wet 22 (91.7%) 6* 10 (62.5%) 3*
x Dry 12 (50%) 5* 10 (62.5%) 3*
HF183 Wet 22 (91.7%) 6* 7 (43.8) 2*
ﬁ. Dry 7 (29.2%) 4* 7 (43.8) 2*
BacCow Wet 0 0
-y Dry 0 0
Pig-2-Bac Wet 0 0
b Dry 0 0
Cytb Wet 4 (16.7%) 1* 0
w Dry 3 (12.5%) 1* 8 (50%) 2*
BacCan Wet 8 (33.3%) 2* 0
W Dry 0 2 (12.5%) 1*

Chi-square test of independence

c d Overall
5STs 3STs 18 STs
n=20 n=12 n=72

18 (90%) 5* 4 (33.3%) 1* 54 (75%) 15*

6 (30%) 2*

0

28 (38.7%) 10*

17 (85) 5* 0 46 (63.9%) 13*
0 0 14 (19.4%) 6*
0 0 0

0 0 0

0 0 0

0 0 0

11 (55%) 3* 2 (16.7%) 1* 17 (23.6%) 5*
7 (35%) 2* 1(8.3%) 1* 19 (26.4%) 6*
2 (10%) 1* 0 10 (13.9%) 3*
4 (20%) 1* 0 6 (8.3%) 2*

BacHum HF183 BacCow
X 19.15 3.064 NC
DF 1 1 NC
p <0.001 0.08 NC

Abbreviations: NC, not computed; STs, septic tanks.
Note: The prevalence of markers in groundwater samples (n; %) and number of boreholes with the markers (*); Tshilapfene (a); Tsianda (b); Ha-Mutsha (c);
Njhakanjhaka (d); Chi-square (x); degrees of freedom (DF); p value (p).

Pig-2-Bac Cytb BacCan
NC 0.354 0.670
NC 1 1

NC 0.552 0.413
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that this depends on environmental conditions such as
sunlight, salinity, the presence of predators, and tempera-
ture. If these conditions are not favorable, their nucleic
acid might be degraded. High temperatures kill the Bac-
teroides spp. and degrade their nucleic acids (Bell
et al., 2009; Kreader, 1998). Data from the questionnaire
indicated that households place their JoJo storage tanks
in direct sunlight (Figure 3). Sunlight heat can degrade
Bacteroides spp. DNA in groundwater, making it difficult
to detect markers using advanced molecular methods
like gPCR.

The study indicates multiple sources of fecal contami-
nation, with both human-specific (BacHum and HF183)
and animal-specific (Pig-2-Bac, Cytb, and BacCan)
marker genes detected in groundwater samples. How-
ever, fecal contamination in target villages is primarily
caused by animals, with animal-specific markers being
more frequently detected than human-specific markers.
Human-associated markers (HF183 and BacHum) were
the least prevalent, whereas pig-specific and dog-specific
markers were more prevalent during wet and dry sea-
sons, respectively. The findings of the current study cor-
roborate those of Krolik et al. (2016) and Weiss et al.
(2016) who reported variable contamination sources
(humans and animals) in groundwater from private
wells. The BacCow marker was not detected in any of the
groundwater samples across all the villages during both
seasons. In contrast, the BacCow marker was more fre-
quently found in groundwater than the BacCan,
BacHum, and HF183 markers, according to a study by
Vadde et al. (2022).

The low detection of the human marker genes in
areas where most households use OSS facilities suggests
that the waste generated by the OSS systems might not
have a detrimental effect on the nearby groundwater
sources. In a study conducted by Malla et al. (2018), most
human-specific markers were found in groundwater
wells in highly populated areas that use OSS systems.
Animals serve as reservoirs for various enteric pathogens,
including Salmonella, E. coli, and Cryptosporidium (Scott
et al., 2002). The detection of both the human-specific
and animal-specific marker genes in these groundwater
samples signifies a danger to the members of the commu-
nity who rely solely on groundwater from private bore-
holes for drinking and other domestic needs. The study
results suggest that there should be measures for

BacHum HF183 Pig-2-Bac Cytb

managing human and animal fecal matter (especially
from pigs, chickens, and dogs) at these specific sites.

The results of gqPCR Bacteroidales marker gene detec-
tion in groundwater samples from the 18 HHSs utilizing
STs revealed that both humans and animals were the
sources of fecal contamination. The overall prevalence of
both the human markers (BacHum and HF183) was
higher in wastewater from STs compared with the two
animal markers (Cytb and BacCan). The presence of Bac-
teroidales marker genes in wastewater from the ST cor-
roborates findings by (Santo Domingo & Edge, 2010),
implying that the ST might host fecal contamination
from domestic animals. Animal-specific markers (Cytb
and the BacCan) in sewage from the ST could be likely
linked to the fact that the household members dispose of
the fecal waste of these domestic animals into a flush toi-
let connected to the ST. Detecting other Bacteroidales
markers besides human markers in the ST wastewater
suggests that the STs could be a source of fecal contami-
nation from humans and animals. The survey results also
indicated that some households keep dogs (14.3%;
n = 10) or chickens (10%; n = 7), whereas other house-
holds possess both of these animals (8.6%; n = 6). The
most prevalent marker in groundwater was the BacCan
marker, which specifies fecal contamination from
canines (dogs) compared with the chicken-specific Bac-
teroidales marker (Cytb). Miura et al. (2021) concluded
that animal fecal sources found in groundwater wells
might result from recurrent flooding events that allow
excessive surface runoff carrying untreated wastewater
and animal wastes to infiltrate the water table. The most
important fact is that there was no clear association
between the Bacteroidales markers detected in STs and
those in boreholes for the 18 households that use these
STs as their sanitation facilities. This suggests that
domestic animals may be the sole sources of fecal con-
tamination of boreholes used by these specific 18 house-
holds that have STs as their sanitation facilities.

The relationship between E. coli and
Bacteroidales markers in groundwater

The findings of this study did not show strong associa-
tions between E. coli counts and the presence/absence of
marker genes for all the markers except for the Cytb

TABLE 8 Anoverview of the
association between the concentrations

BacCan

Wet Dry Wet Dry Wet Dry Wet
r 0.016 NC 0.031 NC 0.054 NC 0.056
p 0.791 NC 0.602 NC 0.372 NC 0.922

Dry Wet  Dry
0.217 0.003 0.041
<0.01* 0.958 0.496

of E. coli and the presence/absence of
Bacteroidales markers in groundwater.
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marker. There was a low/weak significant correlation
(r=0.217; p=<0.01) between E. coli and the Cytb
marker under dry seasonal conditions (Table 8), suggest-
ing that the E. coli counts might impact the presence/
absence of the chicken marker in groundwater, but there
could be other important determinants. The results of
this study concur with the findings of (Sauer et al., 2011).
According to these authors, there was no link between
culturable E. coli and human Bacteroides g°PCR markers,
and a slight correlation (r? = 0.34) was observed between
a broad-ranging Bacteroidales marker and culturable
E. coli. In other similar studies, Lee et al. (2010) found no
relationship between E. coli and Bacteroides markers in
creek and river waters.

The results indicated that E. coli was found in several
boreholes, but only a small proportion of boreholes had
Bactereiodale markers. Groundwater from 87.5% of BHs
in the wet season and 72.5% of BHs in the dry season was
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FIGURE 4 Concentrations of Escherichia coli (CFU/100 mL)
and the identified sources of fecal contamination in groundwater
samples from Tshilapfene boreholes during wet and dry seasons.

Note: §8 = BacHum; ‘ymf* = BacCan; and wg = Cytb.
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contaminated with fecal matter/had culturable E. coli,
and Bacteroidales markers were only present in (15.7%;
n = 11) BHs in the wet season and (10%; n = 7) BHs in
the dry season (Figures 4-7). In a study by Krolik et al.
(2014), MST was conducted on well water samples that
had previously tested positive for E. coli; nearly half
(49%) of the samples tested positive for human-specific
Bacteroidales markers, whereas a quarter (25.7%) of the
samples tested positive for only general Bacteroidales
markers, and 12.6% tested positive for bovine-specific
markers. In another study by Krolik et al. (2016), MST
was applied to private wells that had high E. coli concen-
trations to identify the source of fecal contamination; the
results indicated human fecal contamination in 50% of
the groundwater samples.

The source of fecal contamination was not identified
in all the groundwater samples that had high E. coli
counts. For example, Tshilapfene groundwater samples
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FIGURE 6 Concentrations of Escherichia coli (CFU/100 mL)
and the identified sources of fecal contamination in groundwater
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FIGURE 7 Concentrations of
Escherichia coli (CFU/100 mL) and the
identified sources of fecal contamination
in groundwater samples from
Njhakanjhaka boreholes during wet and
dry seasons. Note: ‘H" = BacCan;

w# = Cyth; and W = Pig-2-Bac.
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(Figure 4) from borehole 10 (BH10) had the highest
E. coli count (228 CFU/100 mL) in the wet season,
whereas Tsianda groundwater samples (Figure 5) from
BH16 had average counts of 160 CFU/100 mL, but the
potential source of the fecal contamination was not iden-
tified by either of the target markers used in this study.
During this season, BH9 was the only groundwater sam-
ple that exhibited the presence of E. coli, and the source
of fecal contamination (marker BacCan) was identified.
During the dry season, BH16 of the Tshilapfene
(Figure 4) exhibited the highest E. coli counts, and the
identified source of fecal contamination was BacHum. In
Tsianda, the qPCR assays identified potential animal
sources of fecal contamination in groundwater from 7/20
BHs of which their presence was displayed in four BH
(n = 4—BH1, BH2, BH5, and BH10) during the wet sea-
son and three (n = 3—BH13, BH15, and BH20) during
the dry season in the presence of E. coli. In Ha-Mutsha
(Figure 6), E. coli was detected in all 20 BHs, and the
markers were identified in four borehole water samples,
of which only BH18 exhibited two sources of contamina-
tion during both seasons and BH1 one source during the
wet, and BH2 and BH8 exhibited one source each during
the dry season. In Njhakanjhaka (Figure 7), the source of
contamination in groundwater was identified in 4/10
boreholes, during the wet season. Overall, boreholes with
zero E. coli displayed the presence of Bacteroidales
markers during the study period. However,
Bacteroidales markers were detected in some groundwa-
ter samples with low E. coli counts (<20 CFU/100 mL).
This was evident in BH 9 in Tshilapfene (Figure 4), BH
15 in Tsianda (Figure 5), and BH 2 in Ha-Mutsha
(Figure 6).

The findings of this current study differed from those
of other studies that detected the markers in different
water sources (river and creek water). Lee et al. (2014)
reported a significant correlation (r =0.73) between

m Dry season

E. coli and Bacteroides markers in multiple sampling
points across rivers. A survey by Layton et al. (2006) also
reported a significant correlation (r =0.92) between
E. coli concentrations and human, cattle, and horse
markers in creek water sample households. In rural
India, Schriewer et al. (2015) found a positive correlation
between fecal coliforms (FCs) and animal specific Bacter-
oides markers in community water sources and stored
drinking water but no correlation between FC and
human markers. For the mentioned studies, the correla-
tion could have existed because the prevalence of the
markers in the water samples was high, compared with
the low prevalence of markers found in private boreholes
used in this study. The absence of Bacteroidales is not
necessarily evidence of the absence of fecal and patho-
genic bacteria and thus does not signify the safety of the
water (Shahryari et al., 2014). Hence, the use of Bacteroi-
dales along with traditional FIB such as E. coli is impor-
tant and recommended as it provides more data on the
overall quality of water.

CONCLUSION

The presence of E. coli in private boreholes suggests that
these groundwater sources are vulnerable to fecal con-
tamination. The Pig-2-Bac marker during the wet season
and the BacCan marker during the dry season were the
most prevalent marker genes. This study suggests that
there should be measures for the management of both
human and animal fecal matter. There should be proper
management of OSS facilities. Long-term solutions will
be to introduce the use of sanitation systems in which
excreta waste is collected and treated off-site. Owners of
livestock should take precautions to manage animal
waste, such as limited grazing, and adequate manure dis-
posal. Fecal contamination of drinking water sources is a
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major concern because fecal matter contains pathogenic
microorganisms that may cause harm to humans. To
improve the quality of drinking water in these study sites,
households should be provided with water testing kits
that will identify contaminants in groundwater, both
qualitatively and quantitatively. Technologies such as the
water and sanitation safety tool web must be adopted or
used in these communities to safeguard the quality of
water. Community engagement awareness and
community-based groundwater remediation programs
are better choices than household private boreholes. To
obtain more in-depth knowledge of fecal contamination
in groundwater sources at the household level, additional
research is required to test gPCR assays targeting other
potential hosts.

STUDY LIMITATIONS

The current study focused on fecal contamination detec-
tion and identification of sources of fecal contamination
in groundwater from private boreholes. There was no
data on the depth of the sampled boreholes and geohy-
drology of the study sites. For future studies on the iden-
tification of sources fecal contamination in groundwater
sources, there should be a collaboration between microbi-
ologists, hydrogeologists, and environmental engineers to
have more comprehensive data on groundwater contami-
nation assessment.
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