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Abstract Noroviruses (NoVs) are a leading cause of

epidemic and sporadic acute gastrointestinal illness glob-

ally. These viruses can potentially contaminate rural pri-

vate wells and non-community drinking water systems, and

cause waterborne disease outbreaks related to consumption

of contaminated ground water. Detection of NoVs in water

samples can be challenging because they are genetically

and antigenically diverse, and noncultivable. In the present

study, the detection limits of a novel broadly reactive GI

assay and an existing GII NoV real-time TaqMan reverse

transcriptase-polymerase chain reaction (RT-qPCR) assay

in ground water concentrates was determined. Ground

water samples (50 l) from two sources (Lawrenceville, GA

and Gainesville, FL, USA) were seeded with electron

microscopy-enumerated and RT-qPCR quantified NoV and

concentrated using hollow-fiber ultrafiltration (UF) fol-

lowed by either polyethylene glycol (PEG) precipitation or

microconcentrators. Detection limits for GI NoV ranged

from 1 9 104 (GA source) to 2 9 105 (FL source) virus

particles in 50 l water samples (corresponding to

200–3,000 particles/l) and 5 9 104 (GA source) to

5 9 105 (FL source) virus particles (corresponding

to 1,000–10,000 particles/l) for GII NoV. The reported UF

method, sample processing procedures, and RT-qPCR

assays should be effective tools for sensitive detection of

NoVs in large-volume water samples.
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Introduction

Noroviruses (NoVs) are a leading cause of epidemic and

sporadic acute gastrointestinal illness (AGI) globally. The

virus can be transmitted through several different trans-

mission routes, including person-to-person, food, water,

and contaminated environments (Glass et al. 2009). In

2006, NoVs were identified as the etiologic agent in three

of the six AGI outbreaks associated with drinking water

that were reported to the US Centers for Disease Control

and Prevention (Yoder et al. 2008). NoVs are especially of

concern for rural private wells and non-community drink-

ing water systems, which have frequently been associated

with waterborne disease outbreaks (WBDOs) related to

consumption of contaminated ground water (Liang et al.

2006; O’Reilly et al. 2007; Yoder et al. 2008). Detection of

NoVs in environmental samples can be challenging

because NoVs are a genetically diverse group of viruses

that can be divided into at least five genogroups (GI-V) of

which GI, II, and IV have been shown to infect humans

whereas GIII and GV have been detected in ruminants and

mice, respectively.

NoVs have been suspected to be a major cause of

waterborne AGI illness in the US for many years, including

suspicion that they have represented a substantial propor-

tion of the ‘‘unidentified AGI’’ WBDO reports since the

1970s (Kaplan et al. 1982; Huffman et al. 2003). Since the
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first report of a NoV TaqMan realtime RT-PCR assay in

2003 (Kageyama et al. 2003), numerous research groups

have reported similar assays targeting the ORF1–ORF2

junction region (Cannon and Vinje 2008). This assay is

now being employed in most clinical and environmental

virology laboratories (Kageyama et al. 2003; Jothikumar

et al. 2005; Wolf et al. 2007) and has also helped in

identifying NoV as the etiologic agent in waterborne out-

breaks (Jothikumar et al. 2005; Rutjes et al. 2006; Wolf

et al. 2007).

Our group previously reported a reverse transcriptase-

real-time polymerase chain reaction (RT-qPCR) assay that

has been used widely for detection of NoVs in water and

food samples by other researchers (Baert et al. 2008;

Ngazoa et al. 2008; Park et al. 2008). However, the GI

assay was found to be less sensitive than another RT-qPCR

assay for detecting GI.3 NoV (Gentry et al. 2009b). In the

present study, we validated a novel GI NoV real-time RT-

qPCR assay on a panel of all NoV GI genotypes and on

50 l ground water samples processed using hollow-fiber

ultrafiltration (UF).

Methods and Materials

Virus Strains and RNA Transcripts

A panel of 33 archived fecal samples including strains from

8 NoV GI genotypes (GI.1-8) were used to evaluate the

novel GI NoV RT-qPCR assay developed in this study. The

samples were collected during outbreaks of acute gastro-

enteritis from 1998 to 2008 and have been stored as whole

stool at 4 or -70�C. In addition, 17 samples containing

other enteric viruses [Coxsackievirus A8, hepatitis A virus

(strain HM-175), sapovirus (genogroup I), hepatitis E virus

(genotype 2), 12 GII NoV specimens, and murine norovi-

rus] were included. To determine the detection limit of the

novel GI RT-qPCR assay, a 10-fold serial dilution of a

quantified GI.3b RNA transcript (Gentry et al. 2009a) was

included in all experiments.

For use in seeding ground water samples, two clarified

stool extracts (GI.4 and GII.4) were enumerated by elec-

tron microscopy. Briefly, 20% fecal suspensions in PBS

were clarified by centrifugation at 2,5009g for 30 min.

Viruses were concentrated by ultracentrifugation at

100,0009g for 90 min, resuspended in PBS and a 400

mesh formvar and carbon-coated grid was floated on 25 ll

of virus for 15–60 min at room temperature. Any excess

fluid was blotted and 25 ll of 2% (w/v) phosphotungstic

acid (pH 6.5) was added. The grid was air dried and ana-

lyzed under the electron microscope (50,0009 magnifica-

tion). NoV particles were estimated based on counts made

from three images per sample.

Development of Novel GI Norovirus RT-qPCR Assay

The previous reported GI assay had a relative low sensi-

tivity for GI.1, GI.3b, and GI.6 viruses (Jothikumar et al.

2005). Therefore, the forward primer was modified

(Table 1) which increased the GC percentage of the seven

bases at the 30 end from 43 to 57%, corresponding to an

increase of the dG value from -9.5 to -12.2 kCal/mol.

The novel GI TaqMan probe [RING1(c)] was designed

based on combining both RING1(a) and RING1(b) probes

(Kageyama et al. 2003; Rolfe et al. 2007) (Table 1). For

NoV GII detection we used the oligonucleotide primers

and TaqMan probe described previously (Jothikumar et al.

2005).

TaqMan Real-Time RT-PCR Conditions

All samples and dilutions were tested in duplicate on an

iCycler iQ5 Real-time PCR Detection System (Bio-Rad,

Hercules, CA). Reactions were carried out in a 20 ll final

reaction mixture using the QuantiTect probe RT-PCR kit

(Qiagen, Carlsbad, CA), 2 ll of template RNA, 400 nM

(GI assay) or 250 nM (GII assay) of forward and reverse

oligonucleotide primers, 200 nM of FAM-labeled

RING1(c) probe (or 100 nM of FAM-labeled JJV1P

probe), 0.4 ll of 509 non-acetylated BSA (Sigma-Aldrich,

Table 1 Oligonucleotides primers and probes for GI norovirus TaqMan RT-qPCR assay used in this study

Oligonucleotide type Oligonucleotide name (source) Sequence (50–30) Positiona

Forward primer JJVMF (present study) CCA TGT TCC GTT GGA TGC 5283–5300

JJV1F (Jothikumar et al. 2005) GCC ATG TTC CGI TGG ATG 5282–5299

Reverse primer JJV1R (both studies) TCC TTA GAC GCC ATC ATC AT 5377–5358

Probe RING1(c) (present study) FAM-AGA TYG CGI TCI CCT GTC CA-BHQ 5340–5321

JJV1P (Jothikumar et al. 2005) FAM-TGT GGA CAG GAG ATC GCA ATC TC-BHQ 5319–5341

a Nucleotide positions based on the Norwalk (GI) (accession no. M87661) sequence
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St. Louis, MO), and 1.0 ll of 209 gp32 (New England

Biolabs, Ipswitch, MA). In each experiment, 10-fold seri-

ally diluted GI.3b or GII.4 RNA transcripts were included

as positive controls and water as a negative control.

Cycling conditions included: (i) reverse transcription for

30 min at 50�C, (ii) 15 min at 95�C to activate Taq poly-

merase, and (iii) 45 cycles of 10 s at 95�C, 30 s at 55�C,

and 15 s at 72�C.

Water Samples

Eighteen 50 l untreated ground water samples were

obtained in cubitainers from two different locations

between July and September 2008. The ground water

samples were collected from a fractured crystalline rock

aquifer (Source 1) used as source water by the City of

Lawrenceville, GA (USA) water treatment plant and the

Floridan aquifer system (Source 2) used as source water by

the Gainesville, FL (USA) water utility plant. All water

samples were stored at 4�C and used in NoV recovery

experiments within 2 weeks of collection.

The physico-chemical quality of the water samples was

characterized within 2 days of sampling using the follow-

ing water quality parameters: temperature, pH, turbidity,

specific conductance (SC), alkalinity, total hardness, total

organic carbon (TOC). Temperature, pH, turbidity, SC,

alkalinity, and TOC testing was performed as described

previously (Hill et al. 2007). Total hardness was measured

using the Hach total hardness test method 8213 and AL-DT

digital titrator. In addition, Escherichia coli were enu-

merated in water samples by membrane filtration and

modified mTEC agar according to EPA method 1603.

Sample Processing for Ultrafiltration Experiments

The filtration procedure was performed as described pre-

viously (Hill et al. 2007). Briefly, F200NR ultrafilters

(Fresenius Medical Care, Lexington, MA, USA) were

incubated overnight with 5% calf serum (Invitrogen,

Carlsbad, CA, USA) to prevent nonspecific binding. Prior

to beginning the UF procedure, sodium polyphosphate

(NaPP, catalog number 305553; Sigma-Aldrich, St. Louis,

MO, USA) was added to the water sample to a final con-

centration of 0.01% (w/v). After UF was completed and the

retentate collected, virus was eluted with 500 ml elution

solution consisting of 0.01% Tween 80, 0.01% NaPP, and

0.001% Antifoam Y-30 emulsion (Sigma-Aldrich, St.

Louis, MO, USA). The average final volume of the com-

bined retentate and eluate (i.e., UF concentrate) was

406 ± 54 ml.

Two approaches were investigated for secondary pro-

cessing of the UF concentrates: polyethylene glycol

(PEG) precipitation and centrifugal ultrafilters (i.e.,

microconcentrators). Two 30-kDa Centricon Plus-70 units

(Millipore, Billerica, MA, USA) were used according to

the manufacturer’s instructions to concentrate half of the

UF concentrate for each experiment. The average final

Centricon concentrate volume achieved was 2.8 ± 1.9 ml.

The other half of the UF concentrate from each experiment

was concentrated by PEG precipitation (12% PEG 8000,

0.9 M NaCl, and 1% bovine serum albumin) for 2 h at 4�C

(Polaczyk et al. 2008). Pelleted material was resuspended

with phosphate buffered saline (PBS) containing 0.01%

Tween 80 and 0.001% Antifoam Y-30 emulsion, resulting

in average PEG concentrates of 3.1 ± 1.0 ml.

Three replicate experiments were performed at each of

three seed levels (103–3 9 105 GI.4 virus particles and

104–106 GII.4 virus particles) added to 50 l water samples

to determine RT-qPCR detection rates associated with UF

and each of the secondary concentration techniques.

Nucleic Acid Extraction

Nucleic acid extraction was performed using a previously

reported non-commercial lysis buffer containing 4.5 M

guanidinium isothiocyanate (Hill et al. 2007). Briefly,

500 ll of freshly prepared lysis buffer was added to 500 ll

of concentrated (either PEG precipitated or Centricon)

water sample in a 2 ml screw-cap polypropylene tubes

(‘‘BioStor Vials,’’ National Scientific Supply, Claremont,

CA, USA) containing 100 mg of 0.2- and 0.5-mm high-

purity, yttrium (III) oxide-stabilized zirconium oxide

(ZrOx) beads (Union Process, Akron, OH, USA). Prior to

use, the ZrOx beads were acid washed with 0.1 N HCl for

10 min, rinsed with DI water five times, and then baked in

a laboratory oven at 200�C for 30 min, then allowed to

cool. The 2 ml tube containing the lysis buffer and sample

was shaken for 2 min at high speed setting in a Mini-Bead-

Beater-8 (Biospec, Bartlesville, OK, USA). After bead

beating, the sample was centrifuged for 30 s at

10,0009g and the supernatant was transferred to a silica

spin column (Omega Biotek, Norcross, GA, USA), and

passed through the column by centrifugation at

10,0009g for 1 min. After two washes (100% ethanol and

75% ethanol), nucleic acid was eluted in 80 ll of TE

buffer. A final purification step was performed on a poly-

vinylpolypyrrolidone (PVPP) spin column (Spin-IV-HRC

columns, Zymo Research Corporation, Orange, CA).

RT-qPCR Analysis of Ground Water Samples

To determine the detection sensitivity of the RT-qPCR

assays for ground water samples, different amounts of virus

particles (1 9 103–3 9 105 of GI.4 and 104–106 virus

particles of GII.4) were seeded into 50 l ground water

samples. After concentration and RNA extraction as
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described above, eight replicates of each RNA extract were

tested for GI.4 and GII.4 NoV by RT-qPCR. A sample was

defined positive when at least two of the eight replicate

reactions tested positive. To evaluate RT-qPCR inhibition

associated with ground water concentrates, GI.4 or GII.4

NoV RNA was added to RNA extracts and to nuclease-free

water as an inhibition control. The samples were assayed in

the same thermal cycler run, and the CT values compared.

The difference in CT values between the nuclease-free

control and UF-concentrated water samples was used as a

measure of RT-qPCR inhibition associated with the

UF-concentrated water sample, as described previously

(Hill et al. 2007).

Results

GI Norovirus TaqMan RT-qPCR Assay Development

Our novel GI NoV RT-qPCR assay detected strains from

all eight tested genotypes, including GI.1 and GI-3b viruses

and other GI genotypes with the same sensitivity compared

to our previously reported assay (Jothikumar et al., 2005).

Gradient PCR results demonstrated that the novel assay

provided robust results for a genetically diverse panel of GI

NoVs at annealing temperatures of 55�C and lower (Fig. 1)

and standard curves (Fig. 2) showed that the assay was

efficient. Further, the new GI NoV RT-qPCR assay did not

cross-react with GII Nov, GIV NoV, (GV) murine noro-

virus, GI sapovirus, coxsackievirus A8, hepatitis A virus

(strain HM-175), and hepatitis E virus (genotype 2) (data

not shown).

Detection Sensitivity for GI and GII Noroviruses

in Ground Water

A total of 18, 50 l samples were collected from the two

ground water locations. The pH of the ground water sam-

ples ranged from pH 7.07 for Source 1 water to pH 7.87 for

Source 2 water (Table 2). The turbidity of the two water

sources differed greatly, with Source 2 averaging 0.17

nephelometric turbidity units (NTU) and Source 1 water

averaging 9.7 NTU. Alkalinity and total hardness results

indicated that both water types had moderate buffering

capacities and mineral content. TOC results also indicated

that Source 1 (18.6 mg/l) and Source 2 (19.5 mg/l) water

had levels of organic matter typical for crystalline rock and

limestone aquifers. E. coli was not detected in any of the

water samples (100 ml tested).

GI NoV was detected in two of the three samples from

Source 1 that were seeded with 2 9 104 virus particles and

concentrated using UF and Centricon Plus-70 microcon-

centrators, but a lower detection limit (1 9 104 virus par-

ticles) was achieved when using PEG precipitation instead

of microconcentrators (Table 3). In Source 2 water, GI

NoV was detected at a seed level of 3 9 105 virus particles

in three of three experiments when either secondary con-

centration method was performed. However, a lower

detection limit (2 9 105 virus particles) was achieved

when using Centricon Plus-70 microconcentrators instead

of PEG precipitation. For both secondary concentration

methods, inhibition of RT-qPCR was estimated to be 1.7

and a 2.8 CT values for the GI NoV assays performed with

RNA extracts from Source 1 and Source 2 water concen-

trates, respectively.

GII NoV was detected in three of three Source 1 water

samples at seed levels of 1 9 105 and 5 9 104 virus

particles when either secondary concentration method

was used (Table 4). However, when the seed level was

reduced to 1 9 104 virus particles, no virus was detected

following either secondary concentration method. In

Source 2 water, GII NoV was detected at a seed level of

1 9 106 virus particles in three of three experiments

when either secondary concentration method was per-

formed, but a lower detection limit (5 9 105 virus par-

ticles) was achieved when using microconcentrators. At a

seed level of 1 9 105 virus particles, GII NoV was

detected in one out of three Source 2 water experiments

when PEG precipitation was performed, but was not

detected in Centricon concentrates. For both secondary

concentration methods, inhibition of RT-qPCR was esti-

mated to be 2.0 and a 3.3 CT values for the GII NoV

assays performed with RNA extracts from Source 1 and

Source 2 water concentrates, respectively.
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Fig. 1 CT values for seven GI NoV strains using novel GI NoV

TaqMan RT-qPCR assay using an annealing temperature gradient

PCR [GI.6-b18 (filled circle), GI.4-sw2 (times), GI.2-sw8 (filled
square), GI.7-c7 (plus), GI.1-8FIIb (filled diamond), GI.3-sw6 (filled
triangle), and GI-5 (square)]
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Discussion

We developed a novel broadly reactive RT-qPCR assay for

the detection of GI NoV. Combined with a previous

reported GII NoV RT-qPCR assay, as few as 1 9 104 NoV

particles could be detected in 50 l seeded ground water

samples. Compared with previous reported detection limits

(Jothikumar et al. 2005; Gentry et al. 2009a), the novel

GI assay detected as few as 1.6 copies of GI.3 NoV. A

recent study showed that the RNA copy numbers per

Fig. 2 Standard curve for new

GI NoV RT-qPCR assay using

GI.3b RNA transcript and RNA

extracted from GI.6 and GI.14

NoV fecal extracts

Table 2 Water quality characteristics for ground water samples Source 1 (Georgia) and Source 2 (Florida)

Source pH Turbidity

(NTU)

Specific conductance

(lS/cm @ 25�C)

Hardness

(mg/l as CaCO3)

Alkalinity

(mg/l as CaCO3)

Total organic carbon

(mg/l as C)

E. coli
(CFU/100 ml)

1 7.07 9.67 232 98 90.8 18.6 \1

2 7.87 0.17 498 256 144 19.5 \1

Table 3 Detection limits for

GI.4 norovirus seeded into 50 l

ground water samples using

ultrafiltration followed by either

Centricon or PEG precipitation

as secondary concentration

methods

Water source Seed level (particles) Centricon concentration

positives/experiment

PEG precipitation

positives/experiment

1 2 9 104 2/3 3/3

1 9 104 1/3 3/3

1 9 103 0/3 0/3

2 3 9 105 3/3 3/3

2 9 105 3/3 1/3

5 9 104 0/3 0/3

Table 4 Detection limits for

GII.4 norovirus seeded into 50 l

ground water samples using

ultrafiltration followed by either

Centricon or PEG precipitation

as secondary concentration

methods

Water source Seed level (particles) Centricon concentration

positives/experiment

PEG precipitation

positives/experiment

1 1 9 105 3/3 3/3

5 9 104 3/3 3/3

1 9 104 0/3 0/3

2 1 9 106 3/3 3/3

5 9 105 3/3 1/3

1 9 105 0/3 1/3
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EM-enumerated virus particles ranged from 1:1 to 60:1 for

GI and GII NoV (Costantini et al. 2010). The detection

limit in ground water samples was 1 9 104 to 2 9 105

virus particles in 50 l water samples (corresponding to

200–3,000 particles/l) for GI NoV and 5 9 104 to 5 9 105

virus particles (corresponding to 1,000–10,000 particles/l)

for GII NoV. RT-qPCR inhibitors were detected in RNA

extracts of water samples from both sources and therefore

improved nucleic acid extraction methods should be

explored to enable detection of NoVs at lower levels. NoV

contamination levels between 110 and 1.4 9 109 RNA

copies/l have been reported in environmental water sam-

ples (Gentry et al. 2009a).

Recovery of NoVs from environmental water samples

typically involves methods that rely on adsorption of

viruses to negatively or positively charged filters (Hunt

et al. 2010; Gabrieli et al. 2009; Gentry et al. 2009a;

Hamza et al. 2009). While the virus adsorption–elution

approach can be effective for recovering viruses from

water samples, this method has been shown to be affected

by water quality conditions such as pH, ionic strength, and

organic content (Sobsey and Glass 1984; Guttman-Bass

and Catalano-Sherman 1986; Lukasik et al. 2000; Lam-

bertini et al. 2008). UF is an increasingly accepted alter-

native for virus recovery from water samples, and has been

utilized for detection of NoV in water samples (Hewitt

et al. 2007; Hernandez-Morga et al. 2009). While no dif-

ferences between the two alternative secondary concen-

tration techniques for GII.4 NoV were observed, PEG

precipitation resulted in lower method detection limits than

the Centricon procedure for GI.4 NoV. In Source 2 water,

however, the Centricon procedure resulted in slightly lower

detection limits than the PEG precipitation method. Thus,

the data from this study did not indicate a consistent dif-

ference in NoV recovery performance between the

Centricon and PEG precipitation methods. To our knowl-

edge, this is the first study to report sensitivity data for

detection of GI and GII NoV in seeded ground water

samples.

However, our study did have several limitations. The

number of ground water sampling sites investigated in this

study was modest. While these ground water samples were

substantially different in certain important characteristics

(e.g., aquifer type and turbidity), we caution for extrapo-

lating the results from this study to all ground water sam-

ples. In addition, the RT-qPCR method detection limit was

affected by co-extraction of inhibitors in the water samples.

Use of a clean water control could have provided optimal

detection sensitivity data as a reference to data obtained

with environmental water samples.

The results from this study show that UF followed by

the use of either microconcentrators or PEG precipitation

can be effective in detecting NoV in 50 l ground water

samples. These sampling and analytical methods should be

useful tools for monitoring water resources for NoVs and

responding to outbreaks of disease associated with con-

taminated water. Future applications of the use of UF and

NoV RT-qPCR include monitoring for NoVs in drinking

water, surface water, and reclaimed water. The broad

reactivity and sensitivity of the novel GI NoV RT-qPCR

assay also suggest that this assay can be effective for

detecting GI NoVs in other environmental samples,

including food.
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