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Rural households in developing countries rely on communal water supplies and household water
frequently becomes contaminated following its collection, transportation and during its storage. Using
culture-dependent and -independent techniques, we examined the changes in microbial water quality
between communal tap water and household water storage in a rural area of Cameroon, Africa. The
culturable fecal indicator bacteria (FIB) were used to assess the potential health risks associated with
different household water storage conditions (e.g., type of container and open vs. closed container) and
interventions (e.g., water storage days, cleaned on the last day of use, and hygiene practices). Only the
amount of days the water was stored significantly differed (p-value < 0.05), which showed that potential
health risks increased when water was stored for more than 3 days. The higher abundance of molecular
FIB in biofilm than household water suggested that omnipresent biofilm in household water could po-
tential health risk. The high-throughput sequencing revealed that the most abundant phylum was Pro-
teobacteria, followed by Actinobacteria and Bacteroidetes in both the water and the biofilm samples.
Bacterial genera seen in biofilm bacteria, such as Pseudomonas, Acinetobacter and Comamonas. Acineto-
bacter, Chryseobacterium, Stenotrophomonas and Corynebacterium, were relatively more abundant in the
biofilm than in the water. Potential bacterial pathogens including Acinetobacter baumannii, Citrobacter
freundii, Stenotrophomonas maltophilia and Haemophilus influenza, were detected in household water and
biofilm. The microbial quality might be affected by water-storage time and households repeatedly using
the same water storage containers without proper sanitization, triggering microbial regrowth and bio-
film formation on water containers. Higher bacterial diversity and potentially pathogenic bacteria found
in the biofilm samples of a household water supply are unhealthy for the house’s inhabitants. It is
important to develop interventions aimed at preventing the formation of these dangerous biofilms in a
communal water supply.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There has been significant progress in improving the quality of
drinking water worldwide; 91% of the global population uses an
improved water source (e.g. piped water, public tap stands, bore-
hole, rainwater, protected spring or dug well), which is an increase
from 76% in 1990 (Dos Santos et al., 2017). However, more than 663
million people, mainly living in sub-Saharan Africa and Asia, still
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lack access to improved sources of drinking water (WHO/UNICEF,
2015). While the water situation has improved in sub-Saharan Af-
rica since 1990, the region as a whole lags behind every other
developing region in the world in water and sanitation coverage
(Dos Santos et al., 2017). Even in communities with access to
potable water, the elderly and children under five years old espe-
cially face the risk of drinking contaminated water due to unsafe
drinking water, poor sanitation and poor hygiene (Mintz et al.,
1995; Wright et al., 2004). In Cameroon, for instance, only 47% of
the rural population has access to clean drinking water (WHO/
UNICEF, 2015).

In rural areas, microbial contaminations are recognized to be a
problem during water collection and transport from the source and
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then in the subsequent storage of water in a household. To reduce
the waterborne disease in household water, environmental health
interventions such as household water treatments and safe storage
solutions, encouraging inhabitants to wash their hands with soap,
and proper sanitation have been highlighted (Davis et al., 2011;
Wright et al., 2004). For instance, household water treatment,
better sanitation facilities and hygiene education reduced the levels
of diarrhea frommeta-analysis (Fewtrell et al., 2005). However, the
users of the communal water supply often transport their water to
private residences to ensure they have enough water to last
through non-supply periods. At these residences, the water
frequently becomes contaminated during storage due to poor hy-
gienic practices (Mintz et al., 1995). The unsafe storage of potable
water and poor hygiene increased the number of coliform inside
storage containers possibly due to microbial regrowth and their
ability to survive as biofilm (Mellor et al., 2013).

Biofilm formation has been observed on all surfaces of house-
hold containers where microorganisms can attach by secreting an
extracellular polymer substance (Burkowska-But et al., 2015;
Mellor et al., 2013). Biofilm are not sensitive to environmental
stressors and more resistant to antimicrobial treatments, creating
an environmental reservoir for pathogenic microorganisms
(Wingender and Flemming, 2011). Repeated use of the same water
storage containers can lead to the regrowth of microorganisms and
biofilm formation which poses potential health risks (Bisi-Johnson
et al., 2017; Mellor et al., 2013; Stigler-Granados et al., 2014;
Thomas et al., 2015; van der Merwe et al., 2013).

To date, most studies of microbial water quality in developing
countries have focused on the detection of specific organisms and/
or the quantification of coliforms using culturable methods (e.g.,
the most probable number and membrane filter techniques). Re-
searchers have used the traditional techniques of fecal coliform,
heterotrophic bacteria, or E. coli as surrogate bacteria to assess
microbial water quality. Recently, molecular techniques, particu-
larly the polymerase chain reaction (PCR)-basedmethod, have been
proposed as an alternative method to monitor and track pathogens
and fecal indicator bacteria (FIB) because they offer sensitive and
quantitative analytical tools (Girones et al., 2010). Also, the advent
of the next-generation sequencing (NGS) based on 16s rRNA met-
agenomics has enabled the analysis of the entire microbial com-
munity of a given sample without the need for culturing the
bacteria (Tan et al., 2015). A NGS approach can provide a broad-
spectrum identification of different microbes along with a high-
resolution phylogenetic microbial community profiling, while also
indicating the abundance of genetic traits of the pathogens inwater
samples (Mukherjee et al., 2016). To the best of our knowledge, this
is the first study of using a NGS approach to understand the changes
in microbial communities of a source water and a household water
storage and the effect of hygiene practices on biofilm formation in a
water storage container in a developing country. Also, it allow us to
gain in-depth knowledge about the comprehensive microbial
quality and safety of the water available whereas detection of
predetermined microbial indicators are often unable to assess all
microbial pathogens. Particularly, NGS approach could reveal the
overall microbial composition, ecology, and diversity microorgan-
isms, leading to more comprehensive and representative risk
characterization.

Thus, our research questions were designed to investigate how
microbial water quality deteriorates when taken from the
communal tap water supply to the household water storage
container, considering variables such as (1) the type of container
used for water storage, (2) the length of time that water is stored in
a container, (3) the utensil used to collect water, and (4) the
households’ associated hygienic practices. To determine the mi-
crobial contamination associatedwith household water storage, we
used traditional culture-based methods, quantitative PCR, and the
high-throughput sequencing of 16s rRNA gene amplicon using the
Illumina MiSeq platform. The objectives of this study were to (i)
determine the FIB concentrations of 20 household water and
community tap stands in a gravity-fed water distribution system in
Ntisaw, Cameroon, (ii) quantify the molecular FIB of potable water,
household water containers and utensils (e.g., cups and buckets)
from two households and (iii) assess the microbial diversity and
structure associated with the water and containers used in this
rural area of Cameroon.

2. Materials and methods

2.1. Field site setting and household selection

The field study was conducted in Ntisaw, a rural community in
the Ndu Subdivision of the Donga-Mantung Division in the
Northwest Region of Cameroon. The study area is characterized by a
monsoon season (from the end of February through November),
followed by an intense dry period (December through mid-
February). Outside of the town of Ndu, which has a water supply
network to pump groundwater to the residents, the majority of the
rural communities in the subdivision lack improved water sources.
Ntisaw has installed a gravity-fed water distribution system, which
collects water from a protected spring and distributes the water to
16 public tap stands. The village of Ntisaw is comprised of two
ethnic groups: the Mborrorro people, who are primarily herders,
and the Wimbum tribe, who are mainly subsistence farmers with
an average salary of two groups of approximately 100,000 CFA per
year (0.57 USD per day).

2.2. Sampling information

After water leaves the Ntisaw public tap system, there are two
primary locations of microbial contamination during domestic
storage: the collection and/or storage container, and the utensils
used to distribute the water. To assess if water became contami-
nated, samples were collected from 20 households in Ntisaw (12%
of the population) every 1e4 weeks for 4 months (February 2014 to
May 2014) between 6:30am-8:30am. A sample was obtained from
each household's container using the utensils that the household
uses to distribute water for domestic purposes. In our first visits to
each households, we surveyed household information (e.g., num-
ber of people, water usage, length of water storage, and etc.) and
microbial water qualities. Additionally, during 2e3 of the sampling
events, a secondary sample was collected directly from the storage
containers to determine if there was a difference in the quality of
the stored water versus the water that was in contact with a
household utensil. All samples were plated within 2 h of collection
in duplicate using 3M PetrifilmTM E. coli/coliform (EC) plates.

2.3. Households survey

Households were not told when samples would be collected to
prevent any alteration in behavior. However, this meant that some
families were not home or did not have water when asked to
provide samples, preventing the analysis of their water for that
sampling event. One of the twenty households was only sampled
from twice, while all others were sampled 5e8 times. All 20
households are included in the analysis unless otherwise stated.
When samples were collected, households were asked to provide
information onwhen and where the water was collected and when
the container was last cleaned with soap as hygienic practices. We
noted how thematerial of thewater storage container looked and if
there was a container lid during the sampling events.
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2.4. Analysis of E. coli and fecal coliforms

Within the EC plate medium: an indicator dye stains bacterial
colonies red, lactose traps gas under the top film to distinguish
coliforms from non-coliform bacteria, and 5-bromo-4-chloro-3-
indolyl-b-D-glucuronide (BCIG) indicates b-glucuronidase (GUS)
activity. When the GUS enzyme cleaves BCIG, it yields a dark blue
precipitate at the site of enzymatic activity causing a GUS-
producing bacterial colony like Escherichia coli (E. coli) to appear
blue. This is referred to as fecal coliform bacteria (FIB) in this paper.
However, other coliform colonies are red and closely associated
with entrapped gas. The total coliform counts consists of both the
red and blue colonies associated with gas.

After 24e36 h of incubation at 36± 2 �C, the bacterial growth on
the EC plates for each household was enumerated. After classifying
coliforms on the EC plate as ‘total coliforms’, ‘non-coliforms’ or
‘fecal coliform’, the sample was then categorized into a microbial
contamination category from 0 to 8 based on the criteria shown in
Table 1.

On days in which samples were collected from households,
additional samples were collected from some public taps. When
tested, bacterial loading rates from the taps were normally in mi-
crobial contamination category 0, and never above 1.

2.5. DNA extraction and qPCR

Two of the twenty households participating in water sampling
agreed to an additional water sampling event to be used for mi-
crobial community analysis. Both houses were located in the center
of town and used the same water tap. FLOQSwab, a copan flocked
swab (CAT 502CS01), was used to collect samples from: (1) the
utensil which the household used to distribute water from the
storage container and (2) the bucket used to collect water from the
public tap. Researchers brushed the swab around the inside surface
of the container. The tip was then broken off into a sterile 15mL test
tube containing 100 mL of PBST (137mM NaCl, 2.68mM KCl,
10.14mM Na2HPO4, 1.76mM KH2PO4 and 0.1% tween-20).

DNA was extracted from those samples using the PowerWater®

DNA Isolation kit (MoBio Laboratories, Carlsbad, CA), following the
protocol outlined in the manufacturer’s instructions. Additionally,
0.2e0.5 L of water was collected in sterile 250mL bottles from (1)
the households’ storage containers, (2) the spring box which sup-
plies all water to the village and (3) the tap fromwhich the families
collect water. These samples were filtered through a Magna nylon
0.22 mm filter, and the filter was aseptically placed into a Lysing
Matrix E tube with the FastPrep® 24 system (MP Biomedicals, So-
lon, OH, USA). DNA was isolated from these additional 14 samples
using the UltraCleanTM Soil DNA Isolation Kit (MO Bio Laboratories,
Carlsbad, CA, USA) according to the manufacturer’s instructions.
The concentration of the extracted DNA was measured with the
NanoDrop spectrophotometer (Thermo Scientific, Foster City). All
Table 1
The criteria and risk categories of microbial water qualities used in this study.

Criteria

No bacteria were present
1e10 CFU/mL for both total coliform and non-coliforms. No fecal coliform present
10e100 CFU/mL for both total coliform and non-coliforms. No fecal coliform present
100e1000 CFU/mL for both total coliform and non-coliforms. No fecal coliform presen
10e100 CFU/mL for both total coliform and non-coliforms. 1 CFU/ml fecal coliform pre
10e100 CFU/mL for both total coliform and non-coliforms. 2e10 CFU/ml fecal coliform
100e1000 CFU/mL for both total coliform and non-coliforms. 1 CFU/ml fecal coliform p
100e1000 CFU/mL for both total coliform and non-coliforms. 2e10 CFU/ml fecal colifo
100e1000 CFU/mL for both total coliform and non-coliforms. 10e100 CFU/ml fecal col
samples were transported with cold packs and then stored
at �20 �C until needed for further analysis.

Amplification was done in 384-well plates in a ViiATM 7 Real-
Time PCR system (Applied Biosystems, Foster City, CA). Briefly,
each 10 mL PCR reaction contained 5 mL of either Taqman® Universal
PCR Matermix (Applied Biosystems, Foster City, CA) or Power
SYBR® Green PCR Master Mix (Applied Biosystems, Foster City, CA),
2 mL of DNA template, and the primers/probe for the total coliform
(Maheux et al., 2014) and E. coli (Chern et al., 2011). Plates with no
DNA template were run as a negative control. The thermal cycle
profile consisted of 2min at 50 �C, followed by 10min at 95 �C, and
40 cycles of 15 s at 95 �C and 60 s at 60 �C. Triplicate PCR reactions
were conducted with Taqman® and SYBR Green qPCR.

2.6. Microbial community analysis and detection of potential
human pathogens

The 16S rRNA genes were amplified from all the DNA extracts
using primer sets 515F/909R(Wang and Qian, 2009) for multiplexed
16S amplicon sequencing on the Miseq® system. In brief, PCR
preparation and sequencing on the Illumina Miseq® benchtop
sequencer using pair-end 250-bp kits was performed. These reads
were excluded from the data analysis if the average quality score
was lower than 10 during the split library script performed by
QIIME (Caporaso et al., 2010). Chimera checking was done in QIIME
using USEARCH to remove chimeric sequences. The sequences
obtained were processed using QIIME version 1.8 to perform
operational taxonomic unit (OTU) clustering. OTUs defined by a 97%
sequence similarity were picked using open-reference-based OTU
with Uclust, and the representative sequences were submitted to
the RDP classifier (Wang et al., 2007) to obtain the taxonomy
assignment and relative abundance of each OTU from the Green-
genes database (DeSantis et al., 2006). Alpha-diversity (diversity
within a given sample) metrics (i.e., Chao1, Shannon index and
inverse Simpson) were determined using the R package Phyloseq
(McMurdie and Holmes, 2013). Shannon evenness was calculated
by dividing observed OTUs by the natural logarithm of the Shannon
index. Chao1 is an estimator of species richness (i.e. number of
species). The inverse Simpsonmetric is a species diversity indicator.
The differential abundance in a sparse high-throughput microbial
marker-gene survey was conducted to determine OTUs that are
differentially abundant between two or more groups of multiple
samples (Paulson et al., 2013). Beta-diversity (diversity among
samples) weighted UniFrac-based principal coordinate analysis
(PCoA) plots were calculated using the R package Phyloseq
following rarefaction of the data using the QIIME pipeline. To
identify potential human pathogens, bioinformatics analysis was
performed using QIIME protocol; sequences were clustered against
the human pathogen database as described previously
(Kumaraswamy et al., 2014; Srinivasan et al., 2015). After the initial
preprocessing step, the sequences were clustered against the
Risk Category
used in this study

WHO Remarks for E. coli or fecal
coliform in water supplies

0 In conformity with WHO guidelines
1 In conformity with WHO guidelines
2 Low risk

t 3 Low risk
sent 4 Intermediate risk
present 5 High risk
resent 6 Intermediate risk
rm present 7 High risk
iform present 8 Very high risk
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human pathogenic sequences of clinically relevant pathogenic
bacteria, which has 617 sequences of clinical isolates of the 16S
rRNA gene sequences and genus/species classification (Srinivasan
et al., 2015). The threshold value was set to a 99% similarity. For
alignment of the OTUs and taxonomic identification, the closed-
reference-based OUT with USEARCH and multiple sequences
alignment was done using PyNast. The sequences were filtered
with the Human pathogen database. Statistical and metadata
analysis of the microbiome data was conducted through Phyloseq
(McMurdie and Holmes, 2013) and MicrobiomeAnalyst (Dhariwal
et al., 2017).

2.7. Statistical analysis for correlating the data

All statistical analyses were completed using Minitab® for sta-
tistical computing. The non-parametric method of Kirskal-Wallis
was used to compare the potential risk associated with categori-
cal variables. In addition, the ANOVA statistical test was used to
analyze the difference among the abundances of E.coli and total
coliform, as measured by two molecular qPCR assays.

3. Results

3.1. Microbial water quality and potential health risks in household
water

Data from the survey of 170 households in Ntisaw provides a
comprehensive picture of water usage and health in the commu-
nity (Table S2). In Ntisaw, there are 834 people counted in this
census, with a mean household size of 4.9 (family members that do
not live in the village for at least two consecutive days every two
weeks were not counted).

The concentrations of culturable coliformwere monitored in 20
households. Communal water resources, including protected spring
and public tap waters, were also monitored. The quality of water at
the source water and water tap were of low microbial quality,
having risk categories of 0 or 1. The household samples were tested
as having risk categories ranging from 0 to 6 (Table 1), which in-
dicates potential health risks. However, the microbial water quality
of the household water often deteriorated, with the presence of
fecal coliform up to 44 CFU/mL, even though the water quality of
the spring and public tap waters met the WHO Guidelines for safe
drinking water.

We surveyed the household water storage behaviors linkedwith
health risks (e.g., type of container and open vs. closed container)
and potential interventions (e.g., water storage days, cleaned last
day, and education). Fig. 1 shows the potential risks associated with
household water storage and practices. The containers that the
families in Ntisaw use were categorized as either a “jerrycan”, a
“metal pot”, or a “plastic bucket”. Statistical tests of Kruskal-wallist
indicated that the potential risks posed by the type of containers
were insignificant (p-value¼ 0.263). In addition, the effect of hav-
ing a closed or openwater container on the inhabitants’ health was
negligible in this study (p-value¼ 0.735). The relationship between
household storage conditions (e.g., time stored and types of
container used) and potential risks were examined because the
type of container and the amount of days the water was stored
could be associated with microbial regrowth, leading to potential
health risks. The potential risks were significantly different
depending on the length of time the water was stored (p-
value< 0.05), showing that a storage period of more than 3 days
increased potential health risks (Fig. 1D). Interestingly, the in-
habitants’ hygiene practices were not clearly associated with po-
tential health risks because there was insignificant different among
the cleaned last day (p-value¼ 0.406).
3.2. qPCR analyses of fecal indicator bacteria in a household water
system

The total coliform and E. coli geneswere enumerated using qPCR
to determine the level of microbial contamination in the water and
biofilm samples from the households’ waters supplies. Two
households (F14 and F6) were selected to examine the abundance
of FIB and the formation of biofilm in household utensils. Only F14
was instructed to clean cups and buckets before sampling, so the
effect of hygienic practices could be compared. As expected, the
concentrations of total coliform were significantly higher than
those of E. coli in all samples except the source water, where the
concentrations of total coliform and E. coli were in the same order
of magnitude. The concentrations of total coliform and E. coli from
the bucket and cup samples were higher than those of the source
water samples, as shown in Fig. 2A. The abundance of total coliform
and E. coli, however, more significantly increased in biofilm than in
water samples, as shown in Fig. 2B (p-value¼ 0.02 and 0.05 for
E. coli and total coliform, respectively). The abundance of E. coli and
total coliform increased in the household water due to bacterial
regrowth and biofilm formation. However, the effect of hygiene
practices (e.g., cleaning containers) on the reduction of E. coli and
total coliform was not significant, implying that biofilm were
persistent even after hygiene practices were employed by the
household.

3.3. Analysis of microbial communities in the household water

Taxonomic composition of water and biofilm samples revealed
that the most abundant phylum was Proteobacteria in the house-
hold water, except for one biofilm sample from a cup (MS14C2).
Fig. 3 shows the relative abundance of microbial diversity, indi-
cating that Alpha-, Beta- and Gamma-proteobacteria are consis-
tently the most abundant among clades on the class level. Others
included Actinobacteria, Cytophagia, Bacilli, Flavobacteriia, and
Clostridia. Under the Proteobacteria phylum, Burkholderiales, Pseu-
domonadales, Enterobacteriales and Xanthomonadales were the
most predominant bacterial families. At the genus level, the most
abundant genera included unassigned groups from Pseudomonas,
Acinetobacter, Enterobacteriaceae, Comamonadaceae, and Xantho-
monadaceae (Figs. S1 and S2).

To understand the changes in microbial communities caused by
the households’ water storage and hygiene practices, the relative
abundances of microbial communities were clustered by the type
of water storage containers and sample type (biofilm vs. water),
sampling location, and seasonal variation. When the types of con-
tainers were examined, Acinetobacter was most abundant in the
bucket (36%), cup (42%) and source water (67%), but Methyl-
obacterium, Erwinia, Sphingobacterium, Brachybacterium were pre-
sent in the buckets and cups, only as shown in Fig. 4. The second
most abundant genera were Comamonas (bucket and source water)
and Pseudomonas (cup). The microbial distribution observed in the
water and biofilm samples were similar, even though Acinetobacter,
Chryseobacterium, Stenotrophomonas and Corynebacterium were
relatively more abundant in biofilm than in water. Also, the most
abundant genus in the source water (spring box) was Pseudomonas,
while Acinetobacter was the most abundant in the other samples
(tap stand, Family 6, and Family 14), indicating that microbial
compositions changed during transport and storage.

Alpha-diversities were calculated within a given community to
understand how the type of containers, the water/biofilm samples,
locations or season altered the species’ richness and evenness. In
Fig. 5, alpha-diversity metrics of the type of containers demon-
strated that the microbial communities observed in the household
container were more diverse than those observed in the source



Fig. 1. The potential health risks associated with household water storage condition and practices such as water cleaned last days (A), opened or closed water containers (B), the
type of containers (C), and water storage days (D).

Fig. 2. Enumeration of E.coli and total coliform genes from the source water (SB and TS), the two household water from two families (F 4 and F6) and biofilm collected from buckets
and cups in F14 and F6. The two households of F14 (Family #14) and F6 (Family #6) were selected among twenty households. Only F14 was instructed to clean containers before
sampling. SB and TS indicates spring box and tap stand, respectively.
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water, implying that microbial communities originated not only
from the source water but also from other sources, such as the soil,
humans, and the air. The Observed and Chao 1 indices in biofilm
and water showed that species richness did not significantly differ
(p-value >0.05), while the Shannon and inverse Simpson indices
from biofilmwere significantly different than those of the water (p-
value <0.05). Since Shannon and inverse Simpson indices measure
the distribution of an individual among groups, high indices show a
low homogeneity of species, suggesting specific OTUs were more
abundant than others in the biofilm. Taxonomically less diverse
biofilm on the surface of buckets and cups implied that biofilm
colonizers would persist in the householdwater storage containers.
For instance, the differential abundance analysis using Micro-
biomeAnalyst showed that genera of Brachybacterium, Erwinia,
Enhydrobacter, Citrobacter, Deinococcus were differentially abun-
dant in the biofilm (p-value <0.05).

A principal coordinate analysis (PCoA) was conducted to visu-
alize similarities or dissimilarities in the microbial community in
Fig. 6. Although no obvious clustering was apparent between the
biofilm and water samples, biofilm samples clustered separately



Fig. 3. Relative abundance of microbial community obtained from the household water systems and source water. Two sampling events (January(J) and May(M)) were conducted to
collect water (F) and biofilm (S) samples in this project. Among twenty families, two households (family #14 (F14) and #16 (F6)) were chosen to collect water and biofilm samples
from different containers such as buckets(B) and cup(C). SB and T indicate spring box (SB) and tap stand (T), respectively.

Fig. 4. Relative abundance of microbial communities at the genus level, clustering by the type of containers (A), type of samples (B), locations (C) and season (D).
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from the spring box and tap stand samples, suggesting that the
biofilm community was relatively distinct and far from the water
microbiome. No distinct clustering between family 14 and family 6
indicated that hygiene practices might not have a strong effect on
the microbial communities in the houses’ water systems.



Fig. 5. Alpha-diversity analyses from types of container (cup, bucket and source water), sample location (Tap stand, Spring box, Family #6 and Family #14), sample type (water and
biofilm) and season (January and May).
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3.4. Estimation of potential human pathogens in the household
water system using high-throughput 16s rRNA gene analysis

The 16s rRNA gene sequences were compared against the hu-
man pathogenic sequences using closed-reference OUT calling. The
16s rRNA gene sequences matched 10 different pathogenic se-
quences belonging to various genera and species within the data-
base of clinically relevant bacterial pathogens. The most sequences
of all the gram-negative pathogens identified were Acinetobacter
baumannii, followed by strains of Pseudomonas aeruginosa, Cit-
robacter freundii, Stenotrophomonas maltophilia and Haemophilus
influenzae. Among the Gram-positive bacteria matched with hu-
man pathogenic sequences, Staphylococcus epidermidis and Strep-
tococcus viridans were present in the most samples (Fig. S3). Fig. 7
displays the relative abundance of the different clustering based on
seasons (A), type of samples (B), sample location (C), and type of
containers (D). The human pathogenic bacteria were more
abundant in the samples taken in May rather than those taken in
January. Also, several other potential human pathogens such as
Acinetobacter baumannii, Citrobacter freundii and Stenotrophomonas
maltophilia constituted a significantly higher proportion of micro-
bial communities in biofilm samples as compared to the source
water. The relative abundance of bacterial pathogens increased up
to 40%when compared to the sourcewater (Spring box), suggesting
that the microbial contamination may have originated from non-
source water. Citrobacter freundii, Stenotrophomonas maltophilia,
and Enterobacter aerogenes were observed in non-source water
only. Similarly, bacterial pathogen from the containers exhibited a
different abundance than those of the source water (Fig. 7). Alpha-
diversity analyses proved that higher diversity indices were present
in the household water systems, implying that abundant and
diverse pathogenic bacteria could increase the potential health
risks in the household systems (Fig. 4S).



Fig. 6. A principal coordinates analysis (PCoA) showing similar and dissimilar relation among 31 bacterial community samples using the unweighted and weighted UniFrac distance
matrix.

Fig. 7. Relative abundance of potential human pathogenic bacteria using 16s rRNA sequencing analysis against human pathogenic bacterial database. The relative abundances were
clustered by the type of containers (A), type of samples (B), locations (C) and season (D).

S. Bae et al. / Water Research X 2 (2019) 1000268
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4. Discussion

The study of microbial pollutants in potable water has generally
been limited in developing countries, and microbial communities,
including their potential pathogenic bacteria, in household water
have not yet been fully investigated. In this study, we investigated
microbial water quality in household water in rural regions of sub-
Saharan Africa using culture-dependent and -independent tech-
niques such as qPCR and high-throughput 16S rRNA gene amplicon
sequencing. This study could be the first comprehensive attempt to
assess the changes in microbial communities associated with hy-
giene practices (e.g., cleaning a container) and sampling campaigns
(e.g., type of container, location, and season) that could interfere
with the microbial structures of the household water storage sys-
tem in a developing country.

In this study, the potential health risks observed were higher in
the household containers and utensils, than in the source water;
this is consistent with the findings of previous studies (Ahmed
et al., 2013; Momba and Kaleni, 2002; Oloruntoba et al., 2016).
The microbial water quality declined after being collected from the
community tap and transported to the home. Hygiene practice
(cleaning water containers) and the water vessel type (opened/
closed container and the type of material used for the containers)
did not reduce the health risk significantly. Interestingly, employing
hygiene practices did not result in a substantial reduction of the
concentration of fecal indicator bacteria in the water samples. One
possible explanation for this might be that the short duration of the
study limits our ability to draw a conclusion about more compli-
cated hygiene practices, such as larger behavioral changes and
informational interventions. It has been shown that hygiene prac-
tices and time-intensive behaviors like cleaning the vessels more
frequently are difficult for subjects to maintain (Hamoudi et al.,
2012). A socio-psychological approach of behavioral change might
be required to test the effectiveness of household water treatment
practices (Davis et al., 2011; Lilje and Mosler, 2017). However, the
amount of time the water was stored in a household increased
potential health risks plausibly due to biofilm growth and forma-
tion on the surface of the containers. Another possible explanation
might be that the repeated use of the same containers for water
storage resulted in the formation of biofilm containing bacterial
cells, because of the presence of biofilms on walls and sediments
within the household water storage (Burkowska-But et al., 2015;
Mellor et al., 2013; Wingender and Flemming, 2011).

In the present study, we enumerated the total coliform and
E. coli from the household water and containers using the qPCR
technique. Although a PCR-based method could not differentiate
between live and dead cells in given samples, molecular microbi-
ological testing could provide insight into the fecal contamination
of the household water. The concentration of genomic E.coli and
total coliform in the containers was significantly higher than the
concentrations in the source water, indicating that bacteria were
able to persist and even grow in such oligotrophic environments by
forming biofilm. Also, the higher concentration of genomic E.coli
and total coliform might be explained by the presence of the viable
but nonculturable cell (VBNC) inside biofilm (Girones et al., 2010;
Lee and Bae, 2017). It has been shown that biofilms from water
samples do not reflect the total cell count. At least a part of the
biofilm populations of bacteria persists in a viable but non-
culturable (VBNC) state and remains undetectable by the conven-
tional methods. (Liu et al., 2008; Wingender and Flemming, 2011).
More importantly, many bacterial species enter a transient state of
“dormancy” as a strategy to survive unfavorable conditions
(Lennon and Jones, 2011). When in this state, bacteria cannot be
detected using culture-based methods, but they remain viable and
retain virulence under environmental stressors (Lennon and Jones,
2011). Thus, molecular microbiological testing could elucidate the
relationship between hygiene practices and the concentration of
fecal indicator bacteria in a household water storage system.

Past studies have reported that the microbial community
structure of a drinking water system is governed by the source
water, the drinking water treatment process and the type of pipe
used in the urban water system (Berry et al., 2006; Proctor and
Hammes, 2015). To date, however, little is known about the
changes that happen inwater’s microbial communities when taken
from the communal source to a household water storage container.
In a developing country, a household’s potable water supply must
be collected from a single public well, spring or stand pipe, trans-
ported to the home, and then stored for future household use
(Oloruntoba et al., 2016). By understanding the changes in micro-
bial communities in a household water supply, researchers can gain
insight into the inhabitants’ hygiene practices and the quality of
water storage. The water is frequently contaminated by unhygienic
conditions and/or biofilm formation in the home. In our study, the
ubiquitous and persistent genera were observed; these were
mainly members of phylum Proteobacteria including Pseudomonas,
Acinetobacter, Comamonas and unassigned genus from Enterobac-
teriaceae. The Pseudomonas genus organisms are mostly free-living
bacteria widely distributed in soil, water, marine environments and
on the skin of animals, including humans (Mann and Wozniak,
2012). Also, Acinetobacter was ubiquitously detected in the sam-
ples. Acinetobacter can be isolated from freshwater, estuaries,
sewages, sea water, drinking water and biofilms in drinking water
distribution systems (Doughari et al., 2011). Both bacteria are able
to form highly structured biofilm with distinct properties that
colonize new surfaces or join existing biofilm. One of most abun-
dant bacterial families in this study was Enterobacteriaceaewhich is
a large family of Gram-negative bacteria that includes many of the
more familiar pathogens, such as Salmonella, Escherichia coli, Yer-
sinia pestis, Klebsiella, Shigella, Proteus, Enterobacter, Serratia, and
Citrobacter.

We further interrogated the presence of potential human
pathogens using metagenomic sequencing data. Initially, after
quality filtering, the raw sequences were compared with the
Greengenes database using the QIIME OTUs classification. Later, the
sequences were compared with the databases of a broad range of
clinically relevant bacteria pathogens (Srinivasan et al., 2015). Using
this approach, we identified 10 different potential pathogenic
bacteria in the source water and household samples. The relative
abundance of those potential pathogens indicated that they were
pervasive in the household water and biofilm samples. These
pathogens included Acinetobacter baumannii, Citrobacter freundii,
and Stenotrophomonas maltophilia. The sequence matched bacteria
are mostly opportunistic pathogen bacteria, but they are often
isolated from environments. For instance, Citrobacter freundii is an
opportunistic pathogen, but it is also a resident of the human
gastrointestinal tract and is often found in drinking water samples
(Payne et al., 2010). Stenotrophomona. maltophilia is an environ-
mental bacterium found in aqueous habitats, including plant rhi-
zospheres, animals, foods, and water sources (Brooke, 2012).
Interestingly, Acinetobacter baumannii is an opportunistic bacterial
pathogen primarily associated with hospital-acquired infections
(Peleg et al., 2008). It was reported, however, that the environ-
mental Acinetobacter baumannii strain was similar to a clinical
isolate and originated from paleosol (Hrenovic et al., 2014). These
potential pathogenic bacteria found in biofilm could be recovered
from soil and water, implying that household water could be
contaminated during collection, transport and storage. Also, Hae-
mophilus influenzae and Citrobacter freundii could come from hu-
man microbiota because they are commensal bacteria in gut and
the upper respiratory (Arce et al., 2009; Payne et al., 2010). Overall,
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the potential pathogen bacteria tended to be persistent in the
containers and utensils as a biofilm on the water’s surface. The
observed bacteria are known to be efficient at forming biofilm
(Faille et al., 2003; Longo et al., 2014; Pompilio et al., 2008).

Based on the findings presented here, this study reveals several
practical implications for control microbial water quality in a
household water system. First, consistent and multiple hygiene
interventions at household level required for inhibiting and
removing biofilm from the containers and utensils in a household.
Biofilm formation on containers and utensils were persistent after
hygiene practices (e.g., closed vessel and cleaning water storage
container with soap). The use of chlorine or bleach could be an
appropriate method to remove biofilm from the water container.
Second, fecal indicator bacteria such as fecal coliform and E. coli
might not be a good proxy for assessing microbial water qualities in
a household water system. Since potential pathogenic microor-
ganisms were not enteric pathogen, fecal indicator bacteria may
not assessmicrobial water qualities where reintroduced or regrown
pathogens exit in a household water system. Finally, NGS tech-
niques reveals microbial composition, ecology, diverse microor-
ganisms, leading to more representative microbial characterization
and risk assessment of water quality. The potential human patho-
genic bacteria such as Acinetobacter baumannii, Pseudomonas aer-
uginosa, Citrobacter freundii and Stenotrophomonas maltophiliawere
related to antimicrobial resistant bacteria (Blasco et al., 2008;
Brooke, 2012; Karumathil et al., 2014; McKeon et al., 1995). Since
self-medication is a common practice in developing countries
where patients often get antimicrobials without prescription, po-
tential health risks associated with antimicrobial resistant bacteria
and prevalence of those bacteria in water resources in a developing
country should be examined. Thus, household hygiene practices
(e.g., point-of-use chemical disinfection) and more comprehensive
and representative risk characterization should be required to
reduce health risks in water storage condition in a developing
country.

The 16s rRNA gene could prove to be a useful diagnostic tool for
identifying the presence of pathogens in a water sample
(Kumaraswamy et al., 2014; Srinivasan et al., 2015). However, some
genera need further validation in addition to the 16S rRNA se-
quences for accurate pathogen identification, because even though
the sequences have a more than 99% similarity to the reference
database, they do not conclusively prove the presence of patho-
genic bacteria. Also, the high similarity of 16s rRNA sequences of
species within the genera makes the NGS approach less discrimi-
natory for pathogen identification. While the presence of patho-
gens could be confirmed with qPCR with suitable maker genes or
culturable methods, it would not be feasible to screen the lists of
potential human pathogens that are important in a developing
country. Using the clinically relevant humanpathogen database, we
could assess the overall risk of the microbial contaminants found in
a household’s water storage system and the inhabitants’ hygiene
practices. The findings of our approach provide a potential way to
identify potential human pathogens in household water, especially
in a developing country where alternate suitable microbial moni-
toring methods are limited.

5. Conclusion

� Amicrobial survey of the household water in a rural community
in Cameroon indicated that water was frequently contaminated
during the storage period before consumption.

� Culture-dependent and culture-independent techniques of
qPCR and high-throughput sequences analyses revealed more
complex microbial communities exhibited in the household
water containers and utensils than source water.
� The high-throughput sequencing of 16s rRNA gene amplicon
analysis revealed a rich bacterial diversity and higher abun-
dance of potential pathogenic bacteria in biofilm, which may
pose a health risk to the houses’ inhabitants.

� The qPCR and high-throughput sequences analyses confirmed
microbial regrowth and biofilm formation even after cleaning
the container and utensils, implying that health risk could be
minimized and avoided by consistent and multiple hygiene
interventions.

� Next-generation sequencing for assessment of microbial water
quality can serve as a tool of estimating potential health risk in a
household water system.
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