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     INTRODUCTION 

 Clean water is essential for life. Throughout the world, mil-
lions of people do not have access to microbiologically safe 
water for drinking, cooking, and other essential purposes. It is 
estimated that 884 million people—one-sixth of the world’s 
population—do not have access to improved sources of drink-
ing water. 1,  2  Improved drinking water sources include piped 
household water connections, public standpipes, boreholes, pro-
tected dug wells, protected springs, and rainwater collection. 3  
However, access to improved water does not automatically 
equate to microbiologically safe drinking water. Health risks 
associated with drinking water include infectious diseases pre-
dominantly caused by human and animal enteric (e.g., fecally 
derived) pathogens, including bacteria (i.e.,  Vibrio cholerae , 
 Escherichia coli ,  Campylobacter , and  Salmonella ), protozoa (i.e., 
 Cryptosporidium ,  Entamoeba histolytica , and  Cyclospora cary-
entensis ), and viruses (i.e., norovirus, enterovirus, hepatitis A and 
E virus, and rotavirus). 4–  6  In addition, intestinal helminthes (i.e., 
guinea worm and liver flukes) are associated with infectious 
diseases related to contaminated drinking water, causing an 
estimated 9,400 deaths every year. 4  Poor water quality, limited 
sanitation, and inadequate hygiene can cause gastrointestinal 
illnesses, resulting in an estimated 3.5 billion diarrheal episodes 
per year and causing 1.87 million childhood deaths per year 
worldwide from diarrhea. 7,  8  Of these deaths, 90% are children 
from developing countries and account for nearly 20% of the 10 
million total deaths in children under 5 years each year. 8,  9  

 Many areas in developing countries lack access to safe 
drinking water. However, the majority (around 70%) of the 
global population without improved drinking water sources 
reside in rural areas. 2  Rural communities are typically located 
far away from urban centers where the capacity to provide 
a centralized drinking water system is dramatically reduced; 
thus, rural populations commonly obtain water on an individ-
ual or household basis from nearby surface and groundwater 
sources where the microbial quality is often unknown. 5,  10  When 

improved drinking water supply infrastructure (e.g., boreholes 
with hand pumps) is available in rural areas, infrastructure sus-
tainability is often limited by inadequate financial resources 
for operation and maintenance costs as well as the inability to 
obtain spare parts and necessary technical expertise. 10,  11  Along 
with technical and financial difficulties of supplying drinking 
water to rural communities, there is often a lack of health risk 
perception and understanding of basic hygiene practices. 12  

  Potential alternatives to the lack of widespread drinking 
water infrastructure in rural areas are small water enterprises 
(SWE), including water tankers and water kiosks that make 
water resources available at the community and household 
levels. The presence of SWEs in developing regions including 
Southeast Asia and sub-Saharan Africa has become of increas-
ing interest to non-governmental organizations, governments, 
and global institutions as a viable and sustainable option for 
the provision of potable drinking water to vulnerable popula-
tions. 13  Access to improved drinking water sources is of par-
ticular interest for sub-Saharan African countries, where 37% 
of the population is still without improved water. 2  In addition, 
Africa has the highest distribution of deaths caused by diarrhea 
compared with low- and middle-income countries in four other 
World Health Organization (WHO) regions, accounting for 
41% of all diarrhea deaths occurring in the developing world. 8   

 Ghana has experienced an increase in SWEs in the rural 
southern regions of Greater Accra and in the southern region 
of Lake Volta. Ghana is classified as a country with medium 
human development and ranks 152 of 182 countries included in 
the Human Development Index. 14  In Ghana, 36% of the rural 
population does not have access to improved drinking water 
sources, and 89% lack adequate sanitation. 9,  15  Because of the 
limited access to safe drinking water combined with the lack 
of improved sanitation, enteric diseases are one of the leading 
causes of morbidity and mortality among children in Ghana. It is 
estimated that 13% of the children under 5 deaths in Ghana are 
attributable to diarrheal disease. 15  Thus, the implementation of 
alternative strategies (e.g., SWEs) for the provision of safe drink-
ing water to rural communities in Ghana is greatly needed.  

 The monitoring and evaluation of strategies designed to 
improve drinking water quality in developing countries, includ-
ing Ghana, is insufficient and often lacking. To adequately 
assess microbial drinking water quality, a system-wide approach 
should be taken. Water quality should be assessed not only after 
the treatment intervention but also at the source, within the 
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distribution system, if present, and within individual house-
holds. 4,  16  Bacterial indicators including total coliforms,  E. coli , 
and fecal enterococci are predominantly relied on for the assess-
ment of microbial water quality. Total coliforms can provide 
basic information on water quality, but they are not an index 
of fecal pollution; however,  E. coli  and enterococci are both 
indicators of fecal contamination. 17  The predominant indicator 
of choice for fecal pollution is  E. coli . 4  Indicator microorgan-
isms are intended to act as sentinels for the potential presence 
of human pathogens of fecal origin, including enteric viruses 
and protozoa. However, previous studies have shown that these 
bacteria, especially total coliforms, are poorly correlated with 
the presence of human pathogenic bacteria, enteric viruses, 
and protozoa. 18–  20  The lack of correlation between fecal indi-
cator bacteria and the presence or absence of enteric viruses 
and protozoa is primarily caused by the inherent characteristics 
of these groups of microorganisms. Enteric viruses and proto-
zoa are more resistant to disinfection (i.e., chlorination) pro-
cesses used for drinking water treatment and degradation from 
environmental stressors compared with bacteria. 16  Additional 
microbial parameters used to assess drinking water quality 
include thermo-tolerant fecal coliforms, heterotrophic plate 
count, hydrogen sulfide-producing bacteria (i.e.,  Salmonella , 
 Citrobacter , and  Proteus ), and F-specific RNA bacteriophages. 17  
Although traditional microbial indicators have proved to be 
useful for assessment of drinking water quality in the past, direct 
detection of pathogens through advanced sampling and detec-
tion techniques (i.e., large-volume concentration and molecular 
analyses) can play an important role by providing a more rep-
resentative evaluation of microbial water quality. 

 Studies evaluating improved drinking water sources and 
drinking water interventions in developing counties have his-
torically relied on fecal indicator bacteria for assessment of 
microbial water quality. 21–  26  For the present study, the primary 
objective was to provide a more representative assessment of 
available water sources in southern Ghana, with a focus on 
recovery and detection of enteric viruses. The microbial quality 
of treated drinking water vended from water kiosks (i.e., SWEs) 
and surface and groundwater sources in six rural villages within 
Southern Ghana was assessed using an optimized tangential 
flow, hollow fiber ultrafiltration (UF) method for the concen-
tration and recovery of indicator bacteria and viruses from 
100-L water samples. Molecular methods including real-time 
polymerase chain reaction (PCR) and reverse transcription 
PCR (RT-PCR) were then applied for the detection of human 
enteric viruses, including human norovirus (HuNoV), enterovi-
rus (EV), human adenovirus (HuAdV), human polyomavirus 
(HuPyV), and hepatitis E virus (HEV). To date, no studies have 
reported the use of UF for the recovery of microorganisms 
from 100-L water samples for evaluating the microbial quality 
of community water resources in a developing country. 

   MATERIALS AND METHODS 

  Location and sample collection.   Water samples were 
collected between July 28 and August 8, 2009 from groundwater 
(GW;  N  = 4), surface water (SW;  N  = 9), and finished (i.e., 
receiving treatment) drinking water (DW;  N  = 6) sites. These 
samples were collected in six separate villages (A, B, C, D, E, 
and F) in Southern Ghana and within the city of Accra. Villages 
A, B, C, D, and E had access to treated drinking water through 
a community-based water kiosk in addition to other household 

water sources, including untreated GW and SW. Village F did 
not have a community water kiosk; thus, this community used 
primarily GW and SW for drinking and household water 
supplies.  Figure 1  shows the location of each village in relation 
to Accra. Additional sampling sites were determined in each 
village by observing and inquiring to residents about primary 
household water sources. At each site, 100 L of water were 
collected using sterilized 25-L plastic water storage containers 
with a removable plastic funnel in addition to 20-L buckets 
when necessary (i.e., primarily for SW sites). Turbidity, pH, 
total dissolved solids, dissolved oxygen, chloride, nitrate, and 
ammonium were collected for each water sample using an 
YSI Multiparameter Water Quality Sonde (Model #6820 V2) 
and Data System (Model #650MDS; YSI Incorporated, Yellow 
Springs, OH). Samples were transported to the field laboratory 
in Accra, Ghana and processed on the same day as collection. 

    Preparation of water samples.   At the field laboratory in 
Accra, Ghana, the chemical surfactant sodium polyphosphate 
(NaPP; Sigma, St. Louis, MO) was added to each 25-L container 
to achieve a final concentration of 0.01%. Each water sample 
was then transferred to a 20-L bucket containing a disposable 
low-density polyethylene (LPDE) bucket liner (U.S. Plastics 
Corporation, Lima, OH). The 20-L bucket containing a portion 
of the 100-L water sample was continuously filled with the 
sample during UF until the entire sample was concentrated 
down to 200–300 mL. 

   UF setup.   The UF setup was conducted as previously reported 
with modifications. 27  High-performance, platinum-cured LS/36 
and LS/24 silicon tubing (Masterflex; Cole-Parmer Instrument 
Co., Vernon Hills, IL) was used in each experiment and then 
reused after disinfection. Disinfection consisted of submersion 
in 50 ppm chlorine bleach (i.e., hypochlorous acid) solution 

  Figure  1.    Map of sampling area in Southern Ghana.    
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followed by a 5-min rinse with reverse osmosis (RO) purified 
water. After rinsing with RO water, the tubing was soaked in a 
3 M excess  sodium thiosulfate (Sigma) solution for neutralization 
of remaining chlorine followed by a final 5-min rinse with RO 
water. Polypropylene NS4 quick-disconnect couplings (Colder 
Products Company, St. Paul, MN), screw clamps, brass fittings, 
rubber stoppers (Fisher Scientific, Waltham, MA), and 25-L 
water collection containers were disinfected in the same way 
before use in the UF setup and between each water sample. 
RO water for rinsing and preparing chlorine and sodium 
thiosulfate solutions was prepared from Accra City drinking 
water using a Countertop 4-Stage Reverse Osmosis 75/90 
GPD System with Ultraviolet Light for disinfection (APEC 
Water Systems, City of Industry, CA). Baxter Exceltra Plus 210 
(Baxter International, Deerfield, IL) dialysis filters were used 
during UF. The Exceltra Plus 210 filter is composed of cellulose 
triacetate hollow fiber membranes with a molecular weight 
cut-off of 70,000 daltons and surface area of 2.1 m 2 . New filters 
and LPDE bucket liners were used for each sample. A Cole-
Parmer Model 7524-40 peristaltic pump and Masterflex Model 
77800-52 pump heads were used for processing all samples. 

   UF procedure.   Before filtration, ultrafilters were blocked 
with 0.1% NaPP. The peristaltic pump was set to pump at 
1,700 mL/min under 10 lb/in 2  of pressure, with an average flow 
of 900 mL/min and 800 mL/min for the cross-flow rate and 
permeate rate, respectively. Filtration was performed until 
approximately 200–300 mL of concentrated sample remained 
in the ultrafiltration system. After sample concentration, 
the ultrafilter was eluted as described previously with modi-
fications. 27  Briefly, a solution containing 0.1% Tween 80 
(Sigma), 0.01% NaPP, and 0.001% Antifoam A (Sigma) was 
prepared with RO water and added to the concentrate at a 
solution-to-concentrate ratio of 1:9. During elution, both 
permeate ports were closed, and backpressure was removed 
by releasing the screw clamp. The concentrate and elution 
buffer mixture was then recirculated for 5 minutes at a flow 
rate of 1,700 mL/min and then collected. The elution step was 
performed on all samples except SW ( N  = 9) and Accra City 
DW ( N  = 1) samples. UF concentrates were stored at 4°C and 
shipped back on ice to The Johns Hopkins Bloomberg School 
of Public Health laboratories in Baltimore, MD for additional 
sample processing and analysis. 

   Indicator bacteria analysis.   Bacterial analyses for total 
coliforms and  E. coli  were completed before and after UF 
using the IDEXX Quanti-tray system (IDEXX Laboratories, 
Westbrook, ME). Samples of 101 mL were collected from GW 
and DW samples, and 10.1 mL samples were collected from 
SW samples, respectively, before filtration to analyze for the 
presence of total coliforms and  E. coli . After filtration, 10.1 mL 
samples were collected from GW and DW UF concentrates, 
and 1.1 mL samples were collected from SW UF concentrates. 
For detection and enumeration of total coliforms and  E. coli , 
a Colilert Quanti-tray system was used to determine the most 
probable number (MPN) in each sample before and after UF. 
For GW and DW samples, 100 and 1 mL volumes were analyzed 
before UF, and 10 mL and 100 μL volumes were analyzed after 
UF. For SW samples, 10 mL and 100 μL volumes were analyzed 
before UF, and 1 mL and 100 μL volumes were analyzed after 
UF. Prepared samples in Quanti-trays were incubated at 37°C 
for 24 hours. Sample volumes of less than 100 mL (i.e., 10 mL, 
1 mL, or 0.1 mL) were added to 0.1% peptone (Invitrogen, 
Carlsbad, CA) to bring the total volume to 100 mL. A negative 

control containing 100 mL 0.1% peptone was analyzed by 
Colilert for each batch of samples. 

   UF concentrate sample processing.   A secondary concen-
tration step was applied to a portion of the UF concentrates for 
the molecular analysis of human enteric viruses. Briefly, using 
Centricon Plus-70 (Millipore, Billerica, MA) centrifugal filtra-
tion devices with a molecular weight cut-off of 30,000 daltons 
or 100,000 daltons, 70 mL of UF concentrates were further con-
centrated. Before beginning secondary concentration, 70 mL 
SW samples were pre-clarified by centrifugation at 5,000 ×  g  
for 5 minutes at 4°C. The supernatant was separated from the 
pellet, and the entire supernatant volume was then applied 
to a Centricon Plus-70 filter unit. SW pre-clarification pellets 
were resuspended as needed in 500 μL diethyl pyrocarbonate 
(DEPC)-treated water (Quality Biologicals, Gaithersburg, MD) 
and archived at −80°C. The final Centricon concentrate volumes 
ranged from 0.18 to 0.84 mL, 0.16 to 3.8 mL, and 0.18 to 9.3 mL 
for GW, SW, and DW, respectively. Two hundred microliters of 
each pellet were processed separately during total viral nucleic 
acid (NA) extraction as described below. 

 For the analysis of human enteric viruses, total viral NA was 
extracted from GW, SW, and DW secondary concentrates and 
SW pre-clarification pellets using QIAamp MinElute Virus 
Spin kit (Qiagen, Valencia, CA). Eluted viral NA was por-
tioned out and archived at −80°C until analysis. During total 
viral NA extraction, a negative control extraction containing 
200 μL DEPC-treated water was also processed to verify that 
no cross-contamination occurred. 

   Real-time PCR and identification of inhibition.   Ampli fi cation 
of viral DNA and RNA targets was performed using an ABI 
Prism 7300 Sequence Detection System (Applied Biosystems, 
Carlsbad, CA). Total viral NA extracted from UF secondary 
concentrates was analyzed for HEV (GI–GIV), HuAdV (Types 
A–F), HuNoV (GI and GII), EV, and HPyV, including JC virus    
and BK virus, by real-time PCR or RT-PCR. All assays were 
performed in a 96-well plate format. The sequences and sources 
of the primers and probes used in this present study are shown 
in  Table 1 . 28–  32  Each assay was validated using positive controls 
and negative controls consisting of non-target NA and DEPC-
treated water. 

      For viral RNA amplification, each 25-μL reaction contained 
12.5 μL of 2× master mix (QuantiTect Probe RT-PCR Kit 
[Qiagen]), 5U RNAse Inhibitor (Applied Biosystems), cus-
tom primers (Invitrogen), and dual-labeled TaqMan probes 
(Biosearch Technologies, Novato, CA) at final concentrations 
listed in  Table 1  for each assay, 5 μL of prepared sample, and 
DEPC-treated water for the remaining volume. Real-time 
RT-PCR amplification for three of the assays (HuNoV GI and 
GII and EV) was performed under the following conditions: 
reverse transcription for 30 minutes at 50°C, then denaturation 
for 15 minutes at 95°C followed by 40 cycles of denaturation 
at 95°C for 15 seconds and annealing/extension at 60°C for 
60 seconds. Real-time RT-PCR amplification for HEV RNA was 
the same as for the above three assays for HuNoV and HuEV, 
except the annealing and extension were performed separately 
at 55°C for 30 seconds and 72°C for 30 seconds, respectively. 

 For viral DNA amplification, each 25-μL reaction contained 
10 μL of 2× master mix (QuantiTect Probe PCR Kit [Qiagen]), 
custom primers (Invitrogen), and dual-labeled TaqMan probes 
(Biosearch Technologies) at concentrations listed in  Table 1  for 
each assay, 5 μL of prepared sample, and DEPC-treated water 
for the remaining volume. Real-time PCR amplification for 
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HuAdV was performed under the following conditions: dena-
turation for 15 minutes at 95°C followed by 40 cycles of dena-
turation at 94°C for 15 seconds and annealing/extension at 
60°C for 60 seconds. Real-time PCR amplification for HuPyV 
was performed under the following conditions: denaturation 
for 15 minutes at 95°C followed by 40 cycles of denaturation 
at 95°C for 15 seconds, annealing at 55°C for 15 seconds, and 
extension at 60°C for 60 seconds. Dilutions of sample NA 
extracts were prepared in DEPC-treated water. All PCR anal-
yses were performed using a positive control for each target 
and DEPC-treated water as the negative control with each 
thermocycler run to ensure reagent and cycling efficiency. 

 An internal standard for the identification of inhibition in    
real time PCR and RT-PCR assays was prepared using 
Hepatitis G virus (HGV) Armored RNA (Asuragen, Austin, 
TX). RNA was extracted from 140 μL HGV Armored RNA 
using QIAamp Viral RNA Mini Spin kit (Qiagen) following 
the manufacturer’s spin protocol. HGV RNA was eluted from 
the Qiagen spin column by performing a double elution using 
2 × 40 μL DEPC-treated water supplemented with 0.01% 500 
U/μL RNAse Inhibitor (Applied Biosystems). The extracted 
RNA was then amplified by real-time RT-PCR using an ABI 
Prism 7300 Sequence Detection System. Real-time RT-PCR 
conditions were the same as HuNoV and EV amplification. 
Primers and probe for the HGV assay are shown in  Table 1 . 33,  34  
Each batch of samples assayed for inhibition included a nega-
tive control of HGV master mix containing no HGV RNA and 
at least three positive control (PC) reactions containing only 
HGV RNA and no sample. For controls, 5 μL DEPC-treated 
water was added to bring the reaction volume to 25 μL   . 

   Back-volume calculations and statistical analysis.   For 
indicator bacteria, the percent recovery efficiency (%RE) was 
calculated as follows. Correlation analyses were performed 
using the Pearson product–moment correlation.

    %  RE   =     
#  microbes recovered after UF

  
  #  microbes prior to UF      

  ×   100   
 

Strong correlations were defined as a correlation with a 
Pearson’s  r  value of ≥ 0.6 or ≤ −0.6. Back-volume values were 
calculated for molecular data to estimate the volume of pre-
concentrated sample analyzed during a given assay. 

    RESULTS 

  Water quality.   A total of 19 100-L GW ( N  = 4), SW ( N  = 9), 
and DW ( N  = 6) samples were collected. Water quality 
parameters were obtained for these samples at the time of 
collection or before UF at the field laboratory.  Table 2  lists the 
maximum contaminant levels (MCL) and guidelines for each 

Microorganism
GenBank 

accession number
Primer or 

probe name

Primer/probe 
final 

concentration 
(nM)

Probe 
label Sequence * 

Product size 
(bp) Product region Ref.

Hepatitis 
E virus 
(GI–GIV)

M73218 JVHEVF 250 5′ GGTGGTTTCTGGGGTGAC 3′ 70 ORF3 region  30 
JVHEVR 250 5′ AGGGGTTGGTTGGATGAA 3′
JVHEVP 100 FAM † 5′ TGATTCTCAGCCCTTCGC 3′

Human 
norovirus 
GI

M87661 COG1F 1,000 5′ CGYTGGATGCGNTTYCATGA 3′ 85 ORF1–ORF2 
junction

 31 
COG1R 1,000 5′ CTTAGACGCCATCATCATTYAC 3′
RING 1A 100 FAM † 5′ AGATYGCGATCYCCTGTCCA 3′
RING 1B 100 FAM † 5′ AGATCGCGGTCTCCTGTCCA 3′

Human noro-
virus GII

AF145896 COG2F 1,000 5′ CARGARBCNATGTTYAGRTGGATGAG 3′ 88 ORF1–ORF2 
junction

 31 
COG2R 1,000 5′ TCGACGCCATCTTCATTCACA 3′
RING2-TP 200 FAM † 5′ TGGGAGGGCGATCGCAATCT 3′

Human 
adenovirus 
(Type A–F)

AC_000008 JTVXF 400 5′ GGACGCCTCGGAGTACCTGAG 3′ 96 Hexon region  29 
JTVXR 400 5′ ACIGTGGGGTTTCTGAACTTGTT 3′
JTVXP 150 FAM † 5′ CTGGTGCAGTTCGCCCGTGCCA 3′

Human 
polyoma-
virus (JC 
and BK)

AB092584 SM2 500 5′ AGTCTTTAGGGTCTTCTACCTTT 3′ 173 (JC); 
176 (BK)

Partial T 
antigen

 28 
P6 500 5′ GGTGCCAACCTATGGAACAG 3′
KGJ3 400 FAM ‡ 5′ TCATCACTGGCAAACAT 3′

Human 
entero-
viruses

AJ293918 EV1R 700 5′ TGTCACCATAAGCAGCCA 3′ 143 5′ untranslated 
region (UTR)

 32 
EV1F 700 5′ CCCTGAATGCGGCTAAT 3′
EV probe 120 FAM † 5′ ACGGACACCCAAAGTAGTCGGTTC 3′

Hepatitis 
G virus 
(internal 
standard)

U44402 HepG-F 400 5′ CGGCCAAAAGGTGGTGGATG 3′ 185 5′ UTR  33 ,  34 
HepG-R 400 5′ CGACGAGCCTGACGTCGGG 3′
HepG 

probe
200 FAM † 5′ AGGTCCCTCTGGCGCTTGTGGCGAG 3′

 Table 1 
  Primers and probes used in this study  

  *   Mixed bases in degenerate primers and probes are as follows: Y = C, T; R = A, G; B = C,T, G; N = A, C, T, G.  
  †   The FAM (6-carboxyfluorescein) quencher is BHQ-1 (black hole quencher).  
  ‡   The FAM quencher is a minor groove binder non-fluorescent quencher (MGBNFQ).  

 Table 2 
  Water parameter MCLs and guidelines as set by the US EPA and 

WHO 4,  35   

Water parameter US EPA (MCL) WHO guideline

Health-based 
standard

US EPA WHO

Turbidity (NTU) ≤ 0.3 * < 0.1 † Yes No
Nitrate (mg/L) 10 50 ‡ Yes Yes
pH 6.5–8.5 6.5–8.0 No No
TDS (mg/L) 500 600–1,000 § No No
DO (mg/L) – – – –
Ammonium (mg/L) – 1.5 ¶ No No
Chloride (mg/L) 250 250 No No

  US EPA = US Environmental Protection Agency; WHO = World Health Organization; 
MCL = maximum contaminant level; TDS = total dissolved solids; DO = dissolved oxygen.  

  *   Ninety-five percent of samples in a 1-month period with no one sample exceeding 
1 NTU (Nephelometric Turbidity Unit).  

  †   Median recommended value; however, 5 NTU is acceptable appearance.  
  ‡   Set as 50 mg/L as nitrate, which is equivalent to 10 mg/L nitrate as nitrogen.  
  §   Less than 600 mg/L is best, and above 1,000 mg/L has objectionable taste.  
  ¶   Based on taste threshold.  



24 GIBSON AND OTHERS

water quality parameter as proposed by the United States 
Environmental Protection Agency (USEPA)    and WHO, 
respectively. 4,  35   Table 3  displays average values with lower and 
upper points for each parameter by source water type. Nitrate 
and turbidity are the only two parameters set using a health-
based standard. The remaining parameters can have cosmetic 
(e.g., skin or tooth discoloration) or aesthetic (e.g., taste, 
odor, or color) issues associated with them if present at an 
elevated level. 35   Figures 2  and  3  display turbidity and nitrate 
levels for each water source type, respectively, as well as the 
corresponding USEPA MCL or WHO guideline. Overall, 
median turbidity levels for each water source type exceeded 
the USEPA MCL of ≤ 0.3 NTU (Nephelometric Turbidity 
Unit)   . One GW, one DW (Accra City drinking water), and 
five of nine SW samples were above the WHO guideline of 5 
NTU for acceptable appearance. Nitrates were detected in all 
water sources with highest levels (14–224 mg/L-N) present in 
GW sources. Finished DW samples were all below the USEPA 
MCL and WHO guidelines; however, two DW samples for 
water kiosks had elevated (5–9.9 mg/L-N) nitrate levels. 

               Detection of bacterial indicators.   Total coliforms were 
detected in 16 of 19 samples, including three GW, four 
DW, and all SW samples.  E. coli  was detected in 13 of 19 
samples, including three GW samples. None of the village 
water kiosk DW samples were positive for  E. coli . However, 
Accra municipal drinking water was positive for  E. coli . 
The calculation of absolute recovery efficiencies for total 
coliforms and  E. coli  after UF was often not possible because 
of values of too numerous to count (TNTC) or no positive 
detection before UF. Recovery efficiency for  E. coli  in GW 

( N  = 3) and SW ( N  = 9) ranged from 34% to 67% and < 
1% to > 120%, respectively. Two samples, one GW and one 
DW, negative for total coliforms before UF tested positive 
for total coliforms after UF. The average UF concentrate 
volumes were 338, 374, and 231 mL for GW, SW, and DW, 
respectively. The reduction of total coliforms and  E. coli  after 
treatment at village water kiosks was also analyzed.  Figure 4  
displays the reduction of both total coliforms and  E. coli  in 
the finished drinking water from the water kiosks by village. 
As indicated,  E. coli  was not detected in any water kiosk DW 
samples nor was  E. coli  detected in any water kiosk DW UF 
concentrate. 

    Molecular analysis.   Total viral NA extracted from the 
secondary concentrates and pellets of each 100-L UF 
concentrate was analyzed for HuAdV (Type A–F), EV, 
HuPyV (JC virus and BK virus), HuNoV (GI and GII), and 
HEV (GI–GIV); 5-μL GW, SW, DW, and SW pellet viral 
NA extracts were analyzed undiluted and in 10- or 100-fold 
dilutions. Each assay included a negative control with DEPC-
treated water as well as a positive control for each target NA. 
 Table 4  displays results of human enteric virus analysis for 
GW, DW, and SW NA extracts. SW water results are reported 
incorporating the pellet and supernatant NA extracts as one 
sample therefore, if target NA was detected in the pellet 
or supernatant NA extracts, the sample was considered 
positive. Human enteric viruses including HuNoV GI and 
GII, HuAdV, and HuPyV were detected in five different 
samples, including one GW, three SW, and one DW sample 
( Table 4 ). Of these samples, four of five tested positive for 
 E. coli  before UF ( Figure 5 ). The one DW sample positive 

 Table 3 
  Water quality data from 100 L GW, SW, and DW samples  

Sample type  n 

Water quality parameters average values (lower to upper)

pH TDS (mg/L) Turbidity (NTU) DO (mg/L) Chloride (mg/L) Nitrate (mg/L N) Ammonium (mg/L N)

GW 4 6.11 (5.55–6.40) 370 (335–409) 3.45 (< 0.1–11.3) 7.94 (6.92–10.05) 78.0 (51.4–106) 112 (14.1–224) 0.376 (0.299–0.465)
SW 9 6.84 (5.76–7.22) 193 (42–420) 8.04 (1.4–18.5) 6.07 (5.61–8.14) 33.5 (1.16–74.8) 26.8 (2.96–179) 0.212 (0.091–0.347)
DW 6 6.92 (6.19–7.31) 226 (58–421) 1.78 (< 0.1–2.7) 6.99 (5.09–8.99) 36.5 (0.99–77.2) 3.54 (1.50–7.70) 0.262 (0.181–0.419)

  GW = groundwater; SW = surface water; DW = finished drinking water; TDS = total dissolved solids; DO = dissolved oxygen.  

  Figure  2.    Measured turbidity levels by source water type. GW = groundwater; DW = treated drinking water; SW = surface water; MCL = maximum 
contaminant level.    



25ULTRAFILTRATION AND PCR FOR DETECTION OF VIRUSES IN DRINKING WATER

for two human enteric viruses did not test positive for  E. coli  
before or after UF; however, total coliforms were present in 
both instances. 

         Evaluation of inhibition.   Inhibition was evaluated in viral 
NA extracts from GW, SW, DW, and SW pellets using a HGV 
RNA internal standard. Five-microliter viral NA extracts were 
analyzed undiluted and in 10- or 100-fold dilutions to determine 
the level of inhibition. Sample inhibition occurred when the 
sample HGV RNA cycle threshold (C t ) value deviated from 
the average C t  value of the PC    HGV RNA by one C t  value. 
Inhibition was detected in 11 of 19 samples ( Table 5 ). Analysis 
for additional target viral NA was subsequently determined 
based on the dilutions where inhibition did not occur. For 
example, if inhibition was detected in the undiluted but not at 
10-fold dilutions, then target NA was analyzed in 10- and 100-
fold but not undiluted samples. 

        Back-volume calculations.   To determine the volume of initial 
sample analyzed, back calculations from the total viral NA 
extracts were completed for each GW, SW, and DW sample. 
 Table 6  shows the average volume per sample processing 
step as it relates to the initial sample volume. GW, SW, and 
DW samples were grouped separately for clarity. The average 

sample volumes analyzed in a 5-μL real-time PCR or RT-PCR 
reactions were 699, 629, and 1,323 mL for GW, SW, and DW, 
respectively. These volumes decreased by 10- or 100-fold as the 
sample was diluted to overcome the effects of inhibition. 

         DISCUSSION 

 Access to improved drinking water sources is currently 
unavailable to an estimated 13% of the world’s population, 
and access to microbiologically safe drinking water sources 
is almost certainly unavailable to an even greater portion of 
the population. 2  The world’s population residing in develop-
ing countries and more specifically, those living in rural areas 
of these countries often use multiple types of water sources for 
drinking and other household purposes (e.g., cleaning, bath-
ing, and cooking). Some of these sources may be considered 
improved water sources; however, steps are rarely taken to 
conduct a representative evaluation of their microbial water 
quality. In the instances that improved water sources are evalu-
ated, fecal indicator bacteria are primarily relied on to provide 
information about the presence of pathogenic bacteria, enteric 
viruses, and protozoa. The primary objective of the present 

  Figure  3.    Measured nitrate levels by source water type. GW = groundwater; DW = treated drinking water; SW = surface water; MCL = maximum 
contaminant level.    

  Figure  4.    Reduction of total coliforms and  E. coli  in water sources after treatment at water kiosks. TC = total coliform.    



26 GIBSON AND OTHERS

study was to provide a broader assessment of the microbial 
quality of drinking water sources available to rural communi-
ties in southern Ghana. To achieve this, a combined tangential 
flow UF and real-time PCR methodology was applied for the 
assessment of human enteric viruses in 100-L GW, DW, and 
SW samples. 

 During the collection of GW, DW, and SW samples, 
water quality parameters were taken at each site. Currently, 
health-based USEPA MCLs and WHO guidelines for phys-
ical parameters exist only for nitrate and turbidity levels in 
water sources intended for human consumption. As expected, 
treated drinking water samples from water kiosks had the 
lowest turbidity levels. This is primarily because of the use of 
a coagulant before treatment as well as a series of filtration 
techniques during treatment. Even with this treatment, three 
of five water kiosk samples were above the USEPA MCL 
of ≤ 0.3 NTU. Turbidity is primarily regulated as an indica-
tor of filtration effectiveness—higher turbidity levels could 
correspond to presence of pathogenic microorganisms. 35  The 
water kiosk sample with the highest turbidity (2.7 NTU) had 
no  E. coli  present before or after UF; however, total coli-
forms were present, and two human enteric viruses (HuNoV 
and HuPyV) were detected. However, this relationship 
between presence of pathogens and elevated turbidity does 
not always hold true. Nitrate levels were exceeded in seven 
(four GW and three SW) samples. An additional six samples 
had elevated (5–9.9 mg/L-N) levels of nitrate, including two 
water kiosk samples. The presence of nitrates in drinking 

water sources—GW and SW sources are included in this cat-
egory for Ghana—is indicative of agricultural contamination 
(i.e., surface run-off of inorganic nitrogenous fertilizers) and 
human and animal fecal pollution (i.e., mismanagement of 
wastewater and inappropriate placement of pit latrines). 4,  36  

 The analysis of bacterial indicators in GW, DW, and SW 
samples before and after UF provided general information on 
microbial water quality at each source and enabled the %RE 
for bacteria to be assessed. As indicated, RE of total coliforms 
and  E. coli  could not be assessed for every sample. However, 
RE was calculated for all SW samples with a range of less than 
1% to greater than 120%. Reasons for variability in %RE in 
the present study are not immediately apparent, because the 
recovery efficiency did not have a strong correlation with lev-
els of turbidity or any other water quality parameter (data not 
shown). However, poor recovery of bacterial indicators does 
not automatically imply low RE for enteric viruses as well. 

 Molecular methods applied in this study focused on the 
detection of both RNA and DNA human enteric viruses. The 
human enteric viruses that were targeted in the present study 
(HuNoV, EV, HuAdV, and HEV) were primarily selected 
based on their widespread association with acute gastrointes-
tinal illnesses as recognized by both the USEPA and WHO. 4,  37  
Of these enteric viruses, HEV infections have predominantly 
been an issue in developing countries because of fecal contam-
ination of drinking water supplies and inadequate sanitation. 38  
Of the four HEV genotypes, genotype 2 has been reported as 
endemic in most regions of Africa and primarily affects young 
adults. 39  An additional target, HuPyV, was also included, 
based on recent research suggesting that HuPyV could be 
used as a reliable viral indicator of human fecal contamina-
tion. 28,  40–  44  In this study, each type of water source was posi-
tive for a human enteric virus. The only human enteric viruses 
not detected in UF concentrates were EV and HEV. One 
GW source was positive for detection of an enteric virus. The 
presence of viruses in GW has been associated with unsani-
tary wellhead conditions, local sources of fecal contamina-
tion in the immediate area around the well (e.g., pit latrines), 
improper disinfection after construction and repairs, sub-
standard well construction, and groundwater aquifers under 
the influence of surface water (i.e., alluvial and sand gravel 
aquifers). 45,  46  

 Table 4 
  Detection of human enteric viruses in total viral NA extracts by real-

time PCR and RT-PCR  

Source water  n 

Number of positive samples for virus target by real-time PCR 
or RT-PCR

EV

HuNoV

HuAdV (Type A–F) HuPyV (JC or BK) HEVGI GII

GW 4 ND 1 ND ND ND ND
DW * 6 ND ND 1 ND 1 ND
SW 9 ND ND 1 2 ND ND

  ND = not detected; GW = groundwater; DW = treated drinking water; SW = surface water; 
EV = human enterovirus; HuNoV = human norovirus; HuAdV = human adenovirus; HuPyV 
= human polyomavirus; HEV = hepatitis E virus.  

  *   One water kiosk DW sample tested positive for both HuNoV GII and HuPyV.  

  Figure  5.    Bacterial indicator and human enteric virus levels in 100-L groundwater (samples 1–4), surface water (samples 5–3) and drinking 
water (samples 14–19). *Total coliform log 10 MPN/100 mL is greater than 3.38, but samples were too numerous to count (> 2,419.6 MPN/100 mL).    
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 Enteric viruses were also detected in a treated DW source 
from a community-based water kiosk. The water kiosks oper-
ating in the study area of southern Ghana use a multi-barrier 
system—similar to conventional drinking water treatment 
plants—for the treatment of source water. These steps include 
pretreatment for removal of suspended solids, rapid sand filtra-
tion, activated carbon filtration, successive filtration through 
5- and 1-μm pore size microfilter membranes, and ultravio-
let disinfection. The presence of viruses in the finished DW is 
potentially the result of multiple failures during the treatment 
process, including ineffective pretreatment (i.e., coagulation) 
and insufficient disinfection by UV. Because enteric viruses 
are small (0.03–0.1 μm), the filtration selected in the treatment 
process would not normally be very effective in viral removal 
due to the larger nominal filter pore sizes (i.e., 1–5 μm). Three 
separate SW sources were also positive for human enteric 
viruses, two of which were source waters for community water 
kiosks. The lack of widespread detection of enteric viruses in 
SW sources during this evaluation could be the result of low 
viral recovery, low viral concentrations in source water, or 
sample inhibition during real-time PCR and RT-PCR. 

 This study reports detection of human enteric viral RNA 
and DNA in GW, SW, and treated DW; however, the actual 
public health implications are unclear. Unlike cell culture sys-
tems, real-time PCR and RT-PCR do not detect infectious 
virion particles, and insufficient evidence exists regarding the 
stability of viral NA when inactivation occurs in the environ-
ment because of various stressors including ultraviolet light 
and shifts in temperature and pH levels. However, the detec-
tion of viral NA should not be considered detection of non-
infectious particles, because, although infectivity cannot be 
determined, the potential for that microorganism to be infec-
tious before NA extraction cannot be excluded. 47,  48  

 In conjunction with molecular analysis of human enteric 
viruses, a simple method for the identification of sample inhi-
bition during real-time PCR and RT-PCR assays was also 
applied. This method uses a commercially available HGV 
RNA internal standard. Despite using a sample processing 

method that was optimized for increased elimination of sam-
ple inhibitors, one of four, three of six, and seven of nine GW, 
DW, and SW viral NA extracts, respectively, were inhibited. 
The use of an RNA or DNA internal standard during PCR 
and RT-PCR has been a common method reported for evalu-
ating sample inhibition in complex environmental and clinical 
matrices. 32,  49–  51  However, this step is often missing during evalu-
ation of environmental water samples. Identification of inhibi-
tion is imperative when reporting results that could potentially 
impact public health, especially if false negatives are reported. 
If inhibition analysis is not included, the estimated risk of expo-
sure to a particular pathogen in drinking water could be an 
underestimate, because it may likely be based on a decreased 
value or result caused by sample inhibitors. 

 Back-volume calculations for each sample were also provided 
in this study. These calculations were done to determine the 
estimated original sample volume that is being analyzed during 
molecular analyses. Not unexpectedly (because of greater SW 
turbidity), two times the volume of original sample was ana-
lyzed for DW compared with SW. Interestingly, a similar dif-
ference was seen between DW and GW as well. The ability to 
relate a C t  value output to a certain volume of water is impor-
tant when characterizing the level of human enteric viruses 
potentially present in the original 100-L samples. The combined 
tangential flow UF and real-time PCR methodology applied 
in this study allows for a more representative assessment of 
microbial water quality. In addition, the ability to analyze 100 L 
of water within a 300-mL concentrate provides a more com-
plete picture of true water quality than does a smaller volume 
grab sample. This distinction is important to understand with 
respect to applying microbial risk assessment approaches for 
determination of health-based standards for individual micro-
organisms. For example, a risk estimate based on the presence 
of a given microorganism in 100 mL of water would likely pro-
vide less protection of public health than an estimate based 
on a 100-L composite sample, because large volumes are fre-
quently required for the direct detection of pathogens because 
of their low-level concentration in ambient waters. 

 Overall, this study has shown the application of a com-
bined tangential flow UF and real-time PCR methodology as 
a technique to broaden the assessment of microbial quality of 
groundwater, treated drinking water, and surface water sources 
in rural communities of southern Ghana. To date, these sam-
pling and detection techniques have not been applied for the 
microbial assessment of large-volume water samples in devel-
oping countries. 
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 Table 5 
  Inhibition analysis on 100-L surface water, groundwater, and drinking 

water UF concentrate total NA extracts from secondary concentra-
tion method  

Source water  n 

Number of samples inhibited 
during real-time RT-PCR * 

HGV

GW 4 1
DW 6 3
SW 9 7

  GW = groundwater; DW = treated drinking water; SW = surface water and pellet; HGV = 
Hepatitis G virus internal standard.  

  *   Five microliters of each nucleic acid extract were analyzed at undiluted, 10-fold, and/or 
100-fold for inhibition; results indicate inhibition in at least one dilution.  

 Table 6 
  Back-volume calculations to determine average final sample volume in UF concentrates, secondary concentrates, and total viral NA extracts  

Sample type  n 
Total sample 
volume (L)

Average concentrate in 
mL (range)

Total sample (mL)/average 
concentration (mL)

Average total secondary 
concentrate (mL) * 

Average total sample (mL)/
secondary concentrate (L)

Average total viral NA 
extract (μL) † 

Average total 
sample in 5 μL NA 

extract (mL)

GW 4 100 338 (218–495) 328 0.42 55 93.6 699
DW 6 100 229 (86–434) 632 2.67 17 92.2 1,323
SW 9 100 232 (143–419) 493 1.05 33 95.0 629

  NA = nucleic acid; GW = groundwater; DW = treated drinking water; SW = surface water.  
  *   Total secondary concentrate from 70 mL UF concentrate.  
  †   Total viral NA extract from 200-μL secondary concentrate except in two GW and one DW secondary concentrates, for which 150-μL volumes were used.  
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