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• Occurrence of eleven types of viruses
in wastewater over one-year was
determined.

• Pepper mild mottle virus was most
prevalent in both influent and effluent
water.

• Pepper mild mottle virus showed a low
reduction and no significant seasonality.

• Aichi virus showed greater abundance
and lower reduction than other human
viruses.

• No clear difference in virus removal
was observed between the two treat-
ment plants.

G R A P H I C A L A B S T R A C T

a b s t r a c ta r t i c l e i n f o

Article history:
Received 12 March 2014
Received in revised form 18 April 2014
Accepted 22 April 2014
Available online 15 May 2014

Editor: Damia Barcelo

Keywords:
Viruses
Quantitative PCR
Wastewater
Treatment
Indicators
Seasonal occurrence

Waterborne pathogenic viruses discharged from wastewater treatment plants (WWTPs) pose potential public
health risks. In the present study, we investigated the relative abundance, occurrence, and reduction of eleven dif-
ferent viruses at twoWWTPs in southern Arizona over a 12-month period, fromAugust 2011 to July 2012. Influent
and effluent samples from the two WWTPs were collected monthly. Viruses were concentrated using an electro-
negative filter method and quantified using TaqMan-based quantitative PCR (qPCR) assays for each of the virus
types (i.e., genogroup I, II and IV noroviruses, sapovirus, enterovirus, group A rotavirus, Aichi virus, pepper mild
mottle virus, adenovirus, and JC and BK polyomaviruses), with murine norovirus internal control for the monitor-
ing of extraction-RT-qPCR efficiencies. The peppermild mottle virus, a plant virus, was found to be themost prev-
alent virus in both influent and effluentwastewater (annualmean concentration of 3.7–4.4× 106 copies/L and 4.6–
6.3 × 105 copies/L in influent and effluent wastewater, respectively), showing a low reduction by the treatment
processes (0.76–0.99 annual mean log10 reduction), and no significant seasonal change in concentration. Aichi
virus, a human enteric virus, was also found ingreater abundance, and showed lower reduction duringwastewater
treatment than other human enteric viruses. Our results suggest that these viruses could be used as potential in-
dicators of wastewater reclamation system performance, with respect to virus occurrence and removal.
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1. Introduction

Increased water consumption associated with exploding human
population and limited precipitation within arid and semi-arid areas
in the United States, as well as in other parts of the world, has perpetu-
ated a growing shortage of reliable water supplies. To address this prob-
lem, reclaimed or recycled water derived from treated municipal
wastewater is being used for various purposes, such as direct and indi-
rect potable reuse, industrial use, agricultural irrigation, recreational
use, and environmental enhancement, which if done correctly is a
safe, sustainable, and feasible strategy to manage limited water re-
sources (Levine and Asano, 2004).

The potential public health risks associated with wastewater reuse
are mainly derived from insufficient removal of pathogenic viruses,
which are commonly found in high concentrations in untreated waste-
water and highly infectious to humans. Thus, the possibility of inade-
quate treatment of pathogenic viruses by wastewater treatment plants
(WWTPs) that use treatedwastewater for reuse purposes requires addi-
tional scrutiny (Harwood et al., 2005). In addition, the concentration of
viruses in treated wastewater may vary according to the type of the
wastewater treatment process, season, geographical area, and hygiene
conditionswithin the community, whichmakes it difficult to generalize
about the occurrence of pathogenic viruses in treated wastewater
(Gerba et al., 2013).

Currently, the microbiological safety of reclaimed water is indirectly
assessed through routine monitoring of bacterial indicators in the
disinfected effluent water. However, human pathogenic viruses are
more resistant to the wastewater treatment than bacterial indicators
such as Escherichia coli, total coliforms, and fecal coliforms (Gerba
et al., 2013). Traditional bacterial indicators are not always appropriate
predictors of the occurrence and fate of viral pathogens during waste-
water treatment (Baggi et al., 2001). Bacteriophages have also been pro-
posed as indicators of viral contamination (IAWPRC Study Group on
Health Related Water Microbiology, 1991), but their presence does
not always correlate with the occurrence of human enteric viruses
(Hot et al., 2003). Accordingly, several types of viruses, such as adenovi-
ruses (AdVs), polyomaviruses (PyVs), enteroviruses (EVs), and pepper
mild mottle virus (PMMoV), have recently been suggested as potential
indicators of the presence of viruses in water (Albinana-Gimenez
et al., 2009; Hamza et al., 2011; Hot et al., 2003; Silva et al., 2011;
Wong et al., 2012).

Recent advancements in molecular techniques, especially quantita-
tive PCR (qPCR), have enabled the detection and quantification of a
wide range of pathogenic and indicator viruses, including emerging
and non-culturable ones, in water (Girones et al., 2010). As a result,
data on the concentration of virus genomes inwastewater has been rap-
idly accumulated in recent years. Seasonal changes of the concentration
of viruses have been seen throughout the year, since some virus infec-
tions are seasonal (e.g., norovirus (NoV), rotavirus (RV), EV, etc.). Re-
cent studies have also determined the occurrence of viruses in
wastewater of different origins. For example, human enteric viruses
propagate in the human enteric tract and thus originate from human
feces, while PyVs that are associated with human carcinomas and ex-
creted in feces as well as in urine (Fratini et al., 2013); PMMoV, a
plant virus that infects various pepper species, is of dietary origin and
excreted in high numbers in human feces and not propagated in the
human enteric tract (Zhang et al., 2006). However, there is no previous
study comprehensively determining the concentration of these viruses
with diverse properties and origins in wastewater over the year.

In the present study, we investigated the relative abundance, occur-
rence, and reduction of eleven different viruses at twoWWTP in south-
ern Arizona, throughout a one-year period,with the goal of identifying a
conservative viral indicator of human fecal contamination for tracing
the fate and transport of viruses in wastewater reuse schemes. The
criteria that we used to identify optimal indicator viruses for the pur-
poses stated abovewere: no observable seasonal changes in abundance,

low removal during wastewater treatments, high relative abundance to
well-studied enteric viruses such as AdVs and EVs, and considered to be
specific to human fecal contamination.

2. Materials and methods

2.1. Collection of wastewater samples

Between August 2011 and July 2012, wastewater samplingwas con-
ducted monthly at two WWTP (Plants A and B) located in southern
Arizona. Plant A utilized a conventional activated sludge process and
plant B utilized a biological trickling filter process (biotower). In addi-
tion, both plants used chlorination for disinfection. The characteristics
of each plant are described in Table S1 in the Supplementary materials.
A total of 48 grab samples were collected, which consist of 12 influent
(after screening and before primary sedimentation) and 12 effluent
(after chlorination and dechlorination) wastewater samples each from
two plants. All samples were collected in sterile plastic bottles, stored
on ice, and transported to the laboratory, where they were processed
within 12 h of collection. To determine whether the microbiological
water quality of effluent water met the criteria for recreational water
(USEPA, 1986), E. coli in 100 mL of the effluent water sample was
assayed by the Colilert method (SM 9223B), and expressed as most
probable number (MPN)/100 mL (American Public Health Association,
2005).

2.2. Concentration of viruses in wastewater samples

The wastewater samples were concentrated using an electronega-
tive filter method as described previously (Katayama et al., 2002) with
slight modification. Briefly, 2.5 M MgCl2 was added to the wastewater
samples to obtain a final concentration of 25 mM. The samples
(100 mL influent and 1000 mL effluent) were subsequently passed
through the electronegative filter (cat. no. HAWP-090-00;Millipore, Bil-
lerica, MA) attached to a glass filter holder (Advantec, Tokyo, Japan).
Magnesium ions were removed by passing 200 mL of 0.5 mM H2SO4

(pH 3.0) through the filter, and the viruses eluted with 10 mL of
1.0mMNaOH (pH 10.8). The eluate was recovered in a tube containing
50 μL of 100 mM H2SO4 (pH 1.0) and 100 μL of 100× Tris–EDTA buffer
(pH 8.0) for neutralization, followed by further centrifugal concentra-
tion using a Centriprep YM-50 (Millipore) to obtain afinal volume of ap-
proximately 650 μL. The concentrates were stored at −80 °C until
further analysis.

2.3. Sample process control for extraction-RT-qPCR

Murine norovirus (MNV, S7-PP3 strain), kindly provided by Dr. Y.
Tohya (Nihon University, Kanagawa, Japan) and propagated in RAW
264.7 (ATCC TIB-71) cells (American Type Culture Collection, Manassas,
VA, USA), was used as a sample process control to determine the effi-
ciency of extraction-reverse transcription (RT)-qPCR, as previously
described (Hata et al., 2013). Briefly, 2.0 μL of MNV stock
(4.0 × 104 copies/μL) was spiked into 200 μL of concentratedwastewater
samples, and pure water (as a control). MNV-RNA was co-extracted
with other indigenous viral nucleic acids from the water samples, and
the MNV-RNA yield was determined by RT-qPCR (Kitajima et al.,
2010). The % extraction-RT-qPCR efficiency (E) was calculated as
follows:

E ¼ C=C0 � 100;

where C represents the observed MNV-cDNA copy numbers per qPCR
tube in a wastewater sample, and C0 represents copy numbers in the
control. The MNV process control was used to identify the viral nucleic
acid loss during extraction and/or the occurrence of RT-qPCR inhibition,
if any, and the actual concentration of indigenous viruses in the
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