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Quantitative characterization of the inhibitory effects
of salt, humic acid, and heavy metals on the recovery
of waterborne norovirus by electropositive ﬁlters
MinJung Kim and GwangPyo Ko

ABSTRACT
The virus adsorption-elution technique (VIRADEL) using electropositively charged ﬁlters is used
frequently for recovering enteric viruses from water. The ﬁlter-absorbed virus is typically eluted,
concentrated, and subsequently detected by culture or molecular methods. Human norovirus
(HuNoV), one of the most important waterborne pathogens, cannot be cultivated by
conventional culture methods and is typically detected using a reverse transcriptase-polymerase
chain reaction (RT-PCR) assay. However, it is plausible that various inhibitors could be
concentrated simultaneously during the VIRADEL process and affect RT-PCR assays. In this study,
we evaluated the effect of typical inhibitors, including humic acid, heavy metals, and salt, on the
recovery of norovirus by two different electropositive ﬁlters: 1MDS and Nanoceram. Known
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amounts of HuNoV and murine norovirus were inoculated in 1 L of surface water containing
various concentrations of humic acid, heavy metals (cadmium and lead), or NaCl. Our results
indicate that the presence of heavy metals or salt signiﬁcantly reduced the recovery of virus
from the electropositive ﬁlters. Thus, care should be taken when analyzing waterborne norovirus
using electropositive ﬁlters in environments with high concentrations of heavy metal inhibitors
or salts.
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INTRODUCTION
Human norovirus (HuNoV) is one of the most important

included on the US Environmental Protection Agency’s

waterborne pathogens, causing more than 90% of cases of

Contaminant Candidate List 3 (US EPA ). Because

non-bacterial epidemic gastroenteritis worldwide (Berg

HuNoV cannot be cultivated by conventional cell culture,

et al. ; Fankhauser et al. ; Blanton et al. ).

molecular assays such as reverse transcriptase-polymerase

Norovirus (NoV) is a positive single-stranded sense RNA

chain reaction (RT-PCR) are generally accepted as the gold

virus belonging to the family Caliciviridae. Based on the

standard for viral detection in both clinical and environ-

nucleic acid sequences of its capsid genes, NoV can be

mental samples (Ando et al. ; Atmar & Estes ;

classiﬁed into ﬁve genogroups (GI–GV). Of these, GI, GII,

Dreier et al. ). However, murine norovirus (MNV),

and GIV are known to infect humans (Jean et al. ; Har-

which belongs to the GV genogroup of NoV, was recently

amoto et al. ). HuNoVs are ubiquitous in various types

identiﬁed and can be cultivated in conventional cell culture

of water, including surface water, groundwater, wastewater,

(Doultree et al. ; Wobus et al. ). MNV is widely

and seawater (Haramoto et al. ; Karim et al. ). Due

considered to be the most appropriate surrogate for

to its high impact on environmental health, HuNoV was

HuNoV because of its biological similarity and high
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resistance to various environmental stresses (Karst et al.

electropositive ﬁlters; and (2) to compare and characterize

; Lee et al. ).

the recovery efﬁciencies from the 1MDS and Nanoceram

Viruses in water are typically present at low concen-

electropositive ﬁlters.

trations. Thus, it is necessary to concentrate viruses from
a large volume of water to detect them. The virus
adsorption-elution technique (VIRADEL) using an electro-

MATERIALS AND METHODS

positively charged ﬁlter is commonly used to recover
waterborne viruses (Haramoto et al. ; Cashdollar &

Preparation of MNV and HuNoV viral stocks

Dahling ; Polaczyk et al. ; Karim et al. ; Victoria et al. ; Gibbons et al. ). The US EPA

MNV was obtained from the laboratory of Dr. Virgin at the

recommends use of the Virosorb®1MDS ﬁlter (Cuno, Mer-

Washington University School of Medicine (St Louis, MO,

iden, CT, USA) as a standard method for collecting enteric

USA). MNV was analyzed by a plaque assay as described

viruses from large volumes of drinking water (Berg et al.

previously (Lee et al. ; Lim et al. ). Brieﬂy, MNV

). This ﬁlter has been widely used and its recovery

was cultivated using RAW 264.7 cells in Dulbecco’s modi-

rates evaluated extensively (Ma et al. ; Polaczyk et al.

ﬁed Eagle’s medium (DMEM; Invitrogen/Gibco, Grand

; Lee et al. ). Recently, a new electropositive Nano-

Island, NY, USA) containing 10% fetal bovine serum (Invi-

ceram ﬁlter composed of a nano-alumina ﬁlter has been

trogen/Gibco,

developed and proven effective for sampling waterborne

hydroxyethyl)-1-piperazineethanesulfonicacid, 10 mM non-

viruses (Karim et al. ; Gibbons et al. ). Most

essential amino acids, 10 mM sodium bicarbonate, and

Rockville,

MD,

USA),

10 mM

4-(2-

studies have focused on evaluating the recovery of water-

50 μg/mL gentamicin. All cell culture reagents were pur-

borne viruses from tap or less-contaminated surface

chased from Invitrogen (Carlsbad, CA, USA). Cultured

waters (Berg et al. ; Lambertini et al. ; Haramoto

RAW264.7 cells were infected by MNV at a multiplicity of

et al. ; Hill et al. ; Lee et al. ). However,

infection of 100 and incubated for 3–4 days. The infected

environmental water conditions can affect the recovery of

cells were then frozen and thawed three times to release

waterborne viruses (Shields & Farrah ; Sobsey &

the viruses. The resulting cell suspensions were subjected

Hickey ; Guttman-Bass & Catalano-Sherman ;

to chloroform extraction using an equal volume of chloro-

Lukasik et al. ). For example, a previous study

form, followed by centrifugation at 4,000 × g for 20 min at

showed very low recovery of a waterborne virus by

4 C. The viral suspension in the upper aqueous phase was

1MDS ﬁlters from seawater (Polaczyk et al. ). Like

recovered and ultra-ﬁltered using an Amicon Ultra-15 ﬁlter

high salt concentrations, humic acid and heavy metals

(Millipore, Billerica, MA, USA). The prepared MNV stock

may interfere with the virus adsorption-elution process

solution was serially diluted and inoculated into six-well

and reduce recovery. Environmental water samples can

plates at a density of ∼2 × 106 cells per plate with RAW

contain various levels of salt, humic acid, and heavy

264.7 cells for plaque assays, as described previously (Lee

metals (Guttman-Bass & Catalano-Sherman ), and the

et al. ; Lim et al. ). The titer of the viral stock con-

effect of salt concentration on viral recovery is important

centrations was estimated to be ∼108 plaque forming units

for evaluating the viral contamination of salt water.

(PFU)/mL. The stocks were stored at 80 C until use.

W

W

Humic acid and heavy metals are commonly identiﬁed in

HuNoV genotype II-4 (GII-4) was provided as a stool

water samples and may affect adsorption, elution, and

sample by the Korean Centers for Disease Control and Pre-

RT-PCR assays. Thus, it is critical to fully evaluate how

vention. The stool was serially diluted and the titer

these chemicals affect the recovery of waterborne viruses

determined by RT-PCR. Viral RNA was extracted from

by electropositive ﬁlters. Therefore, the objectives of this

150 μL of 10% fecal suspension in phosphate-buffered

study were: (1) to evaluate the effect of salt, humic acid,

saline with a QIAamp Viral RNA Mini Kit (Qiagen, Valen-

and heavy metals on NoV recovery efﬁciency from

cia, CA, USA) according to the manufacturer’s protocol
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W

for 10 min 95 C, and 45 ampliﬁcation cycles of 15 s at 95 C
W

and 60 s at 60 C.

U/mL.
Effect of inhibitors on viral recovery by 1MDS and
Nanoceram ﬁlters

Quantitative real-time RT-PCR assays for MNV and
HuNoV

To measure the recovery of known amounts of virus,
A real-time RT-PCR assay was performed for the quantitat-

VIRADEL using electropositively charged ﬁlters was per-

ive evaluation of MNV and HuNoV GII-4 recovery from

formed following the US EPA Manual of Methods for

electropositive ﬁlters. To prepare the quantitation standard,

Virology (Berg et al. ). A total of either 106 RT-PCR

the capsid regions of MNV and HuNoV GII-4 were ampli-

units of HuNoV GII-4 or 108 PFU of MNV suspended in

ﬁed and cloned into the pGEM-T Easy vector (Promega,

1 mL was inoculated into 1 L of distilled water (DW)

Madison, WI, USA) following the manufacturer’s protocol.

with or without inhibitors (NaCl, humic acid, or heavy

The constructed plasmids were puriﬁed using a plasmid

metals). The NaCl concentration was adjusted to 0, 0.5,

DNA puriﬁcation kit (Labopass; Cosmogenetech Co. Ltd,

0.7, or 1 M. The humic acid concentration (Aldrich Chemi-

Seoul, Korea), and conﬁrmed by DNA sequencing. Each

cal Co., Inc., Milwaukee, WI, USA) was 0, 20, 50, or

MNV and HuNoV GII-4 plasmid was digested with the

100 mg/L, and the lead (Pb) (Wako Pure Chemical Indus-

restriction enzymes SacI or NeaI then veriﬁed by agarose

tries, Ltd, Osaka, Japan) and cadmium (Cd) (Kanto

gel electrophoresis and puriﬁed using a QIAquick Gel

Chemical Co., Inc., Tokyo, Japan) concentrations were

Extraction Kit (Qiagen). The linearized DNA plasmid was

adjusted to 0, 0.001, 0.1, or 1 ppm and 0, 0.005, 0.5, or

then subjected to in vitro transcription reaction using a

5 ppm, respectively. Either a 142 mm disc 1MDS ﬁlter

Megascript Kit (Ambion, Austin, TX, USA) following

(Cuno) or a 142 mm disc Nanoceram (Argonide, Sanford,

the manufacturer’s instructions. The concentrations of the

FL, USA) ﬁlter was placed into the disc ﬁlter holder (KS-

RNA transcripts produced were estimated based on the

142-ST; Advantec, Nirasaki, Japan). The virus solution con-

absorbance at 260 nm (ND-1000; NanoDrop Technologies,

taining inhibitors was connected to the prepared ﬁlter

Wilmington, DE, USA), and used as the standard for quan-

holder by a platinum-cured silicon tube. The solution was

titative real-time RT-PCR assays as described previously

passed through either the 1MDS or Nanoceram disc ﬁlter

(Lee et al. ).

using a peristaltic pump (Masterﬂex; Cole-Parmer Instru-

For both MNV and HuNoV GII-4, viral nucleic acids

ment Co., Vernon Hills, IL, USA) at a ﬂow rate of 1.7 L/

were extracted using a QIAamp Viral RNA Mini Kit

min. The elution and concentration procedures were per-

(Qiagen). Quantitative real-time RT-PCR was performed

formed as described previously (Lee et al. ). Brieﬂy,

using an ABI 7300 real-time TaqMan RT-PCR instrument

500 mL of 1.5% beef extract (Becton Dickinson and Co.,

(Applied Biosystems, Foster, CA, USA), as described pre-

Sparks, MD, USA) with 0.05 M glycine (Yakuri Pure

viously (Lee et al. ). The reaction mixture was

Chemicals Co. Ltd, Kyoto, Japan), 0.01% Tween 80 (Hon-

composed

eywell Riedel de Haën, Seelze, Germany), and 0.001%

of

AgPath-ID

One-Step

RT-PCR

reagents

(Ambion) with primers speciﬁc for HuNoV GII-4 and

anti-forming

MNV, as described previously (Lee et al. ; Lim et al.

St Louis, MO, USA) was prepared as an elution buffer,

; Park et al. ). The ampliﬁcation of HuNoV GII-4

and its pH was adjusted to 9.0 with NaOH. Two hundred

was performed as follows: reverse transcription for 30 min

milliliters of elution buffer was poured into the inlet of the

W

W

at 48 C, initial denaturation for 10 min at 95 C, and 45
W

ampliﬁcation cycles of denaturation for 10 s at 95 C,
W

annealing for 20 s at 50 C, and elongation for 30 s at
W

72 C. The ampliﬁcation of MNV was performed as follows:
W

reverse transcription for 30 min at 48 C, initial denaturation
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RESULTS

and subjected to acid precipitation. After the pH had been
adjusted to 3.5 with 1 M HCl, the eluate was precipitated

Effect of NaCl, humic acid, Pb, and Cd on MNV recovery

by centrifugation at 2,500 × g for 30 min at 4 C. The superW

natant was then removed. The pellet was resuspended in

Figure 1 summarizes the effect of NaCl on MNV recovery as

∼15 mL of 0.15 M sodium phosphate solution and the

determined by either real-time RT-PCR or a plaque assay. The

pH adjusted to 9.0; it was stored at 80 C, and then

recovery rates measured by real-time RT-PCR were generally

assayed by a plaque assay or real-time RT-PCR. MNV

higher than those measured by a plaque assay. The viral

was assayed by both plaque and quantitative real-time

recoveries in DW were 57.3 and 45.6% for 1MDS and Nano-

RT-PCR assays. HuNoV GII-4 was assayed by only quanti-

ceram, respectively, by real-time RT-PCR (Figure 1(a)).

tative real-time RT-PCR. Each experiment was repeated

However, by a plaque assay, the recovery rates of MNV in

three times.

DW were 19.5 and 15.2% for 1MDS and Nanoceram,

W

respectively. As the concentrations of NaCl increased, the
recovery rates using the 1MDS (Kruskal–Wallis test, P ¼
0.025) and Nanoceram ﬁlters (Kruskal–Wallis test, P ¼

Statistical analysis

0.022) decreased. For example, the mean recovery rates
The amount of initially inoculated virus was regarded as

using 1MDS as measured by real-time RT-PCR decreased

100% to estimate the percentage recovery from the electro-

from 57.3 to 5.9, 1.9, and 1.5% at NaCl concentrations of

positive ﬁlters under each condition. The non-parametric

0.5, 0.7, and 1 M, respectively. For the Nanoceram ﬁlters,

Mann–Whitney U test was used to test the effect of each

the recovery rates at these concentrations also decreased

inhibitor present in the samples compared with DW as a

from 45.6 to 10.8, 8.5, and 7.4%. However, the inhibitory

control. In addition, the non-parametric Kruskal–Wallis

effect of NaCl on viral recovery was slightly lower for the

test was used to evaluate the overall effect of inhibitors on

1MDS ﬁlter. Consistent results were obtained using plaque

viral recovery in comparison to DW. A statistical analysis

assays. As shown in Figure 1(b), the recovery of MNV

was performed using SPSS software v. 15.0 (IBM Corp.,

decreased signiﬁcantly from 19.5 to 1.5% and from 15.2 to

Armonk, NY, USA). P-values < 0.05 were considered to be

2.2% using 1MDS and Nanoceram ﬁlters, respectively, as

statistically signiﬁcant.

the NaCl concentration increased from 0 to 1 M. Based on

Figure 1

|

▪

Recoveries of MNV from various concentrations of NaCl using either 1MDS ( ) or Nanoceram (▨) ﬁlters, measured by (a) real-time RT-PCR and (b) plaque assay. Percentage
recovery of MNV was calculated using the initial spiking of MNV (3.8 × 108 PFU/ml) as 100% (n ¼ 3). Mann–Whitney U-test was used to compare differences in recovery; NS (p >
0.05), * (p < 0.05), and ** (p < 0.01).
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the results of the non-parametric Kruskal–Wallis test, there

(Kruskal–Wallis test, P ¼ 0.016) and 21.5, 36.9, and 38.7%

was a signiﬁcant difference between the ﬁlter types in recov-

with the Nanoceram ﬁlter (Kruskal–Wallis test, P ¼ 0.019)

ery efﬁciency at different NaCl concentrations (P ¼ 0.022 for

at lead concentrations of 0.001, 0.1, and 1 ppm. In contrast,

the 1MDS ﬁlter, and P ¼ 0.015 for the Nanoceram ﬁlter).

the recovery rates measured by real-time RT-PCR were

Figure 2 summarizes the effect of humic acid on MNV

reduced by more than 52.3% even at a Cd concentration

recovery. Recovery decreased signiﬁcantly as the concen-

of 0.005 ppm. When measured by a plaque assay, the overall

tration of humic acid increased (Kruskal–Wallis test, P ¼

recovery rates were lower than by real-time RT-PCR. How-

0.016). As the concentration of humic acid increased from

ever, the percentage reduction in viral recovery rose as the

0 to 25 mg/L, viral recovery by the 1MDS ﬁlter was reduced

heavy metal concentration increased (Figure 3(b) and (d)).

by 42.7% based on real-time RT-PCR and 3.5% based on

MNV recovery by the 1MDS ﬁlter as determined by

plaque assays. As the concentration of humic acid increased

plaque assays dropped signiﬁcantly from 19.5% to 6.7, 3.9,

from 0 to 25 mg/L, viral recovery by Nanoceram was

and 1.5% as the concentration of lead was increased from

reduced by 34 and 8.2% when examined by real-time RT-

0 to 0.001, 0.01, and 1 ppm, respectively (P ¼ 0.016). Due

PCR and plaque assays, respectively. Regardless of ﬁlter

to recovery rates <20%, there was no signiﬁcant difference

type, the MNV recovery rate was <10% when the humic

among the lead concentrations (0.001, 0.1, and 1 ppm) by

acid concentration was >50 mg/L. Overall, the viral recov-

the Mann–Whitney U test. With the Nanoceram ﬁlter,

ery rates were reduced to a greater extent by humic acid

MNV recovery was also signiﬁcantly reduced from 15.2%

when the virus was assayed by real-time RT-PCR. Thus,

to 1.9, 0.9, and 0.4% (P ¼ 0.019). As with Pb, the recovery

the presence of humic acid signiﬁcantly reduced the recov-

rates were sharply reduced as the Cd concentration

ery rate for both ﬁlters (P ¼ 0.016, real-time RT-PCR assay;

increased (Figure 3(d)). The MNV recovery rates were < 1%

P ¼ 0.02, plaque assay).

in all Cd-containing solutions for both ﬁlters.

The effects of Pb and Cd on MNV recovery are summarized in Figure 3. Heavy metals such as Pb and Cd also

Effect of salt and inhibitors on HuNoV GII-4 recovery

signiﬁcantly reduced MNV recovery from the electropositive ﬁlters. The recovery rates were more sensitive to the

Figure 4 summarizes the recovery rates of HuNoV GII-4 in

concentration of Cd than to that of Pb. The recovery rates

the presence of inhibitors such as NaCl, humic acid, Pb and

for MNV measured by real-time RT-PCR were reduced

Cd. In the absence of inhibitors, the recovery rates of

ﬁlter

HuNoV GII-4 in DW were 82.7 and 43% for the 1MDS

by

13.1,

Figure 2

|

24.8,

and

34.2%

with

the

1MDS

▪

Recoveries of MNV from various concentrations of humic acid using 1MDS ( ) or Nanoceram (▨) ﬁlters, measured by (a) real-time RT-PCR and (b) plaque assay. Percentage
recovery of MNV was calculated using the initial spiking of MNV (3.8 × 108 PFU/ml) as 100% (n ¼ 3). *Mann–Whitney U-test was used to compare differences in recovery; NS
(p > 0.05), * (p < 0.05), and ** (p < 0.01).
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▪

Recovery of MNV from various heavy metal concentrations (lead, Pb; cadmium, Cd) using 1MDS ( ) or Nanoceram (▨) ﬁlters, measured by (a), (c) real-time RT-PCR and (b), (d)
plaque assay. Percentage recovery of MNV was calculated using the initial spiking of MNV (3.8 × 108 PFU/ml) as 100% (n ¼ 3). Mann–Whitney U-test was used to compare
differences in recovery; NS (p > 0.05), * (p < 0.05), and ** (p < 0.01).

and Nanoceram ﬁlters, respectively. The recovery rates of

among the tested concentrations of Pb (0.001, 0.1, and

HuNoV GII-4 decreased signiﬁcantly for both the 1MDS

1 ppm) for the 1MDS ﬁlter (Kruskal–Wallis test, P ¼ 0.016)

P ¼ 0.013)

Nanoceram

and of Cd (0.005, 0.5, and 5 ppm) for the 1MDS (Kruskal–

(Mann–Whitney U test, P ¼ 0.021) ﬁlters as the NaCl con-

Wallis test, P ¼ 0.034) and Nanoceram (Kruskal–Wallis

centration increased in the water (Figure 4(a)), but there

test, P ¼ 0.016) ﬁlters, respectively.

(Mann–Whitney

U

test,

and

was no signiﬁcant difference among the NaCl concentrations (0.5, 0.7, and 1 M). The HuNoV GII-4 recovery

Comparison of viral recovery rates between the 1MDS

rates were also greatly affected by the presence of humic

and Nanoceram ﬁlters

acid (Figure 4(b)): recovery was signiﬁcantly lower regardless of the humic acid concentration for both tested ﬁlters

The recovery rates of the 1MDS and Nanoceram ﬁlters were

(Mann–Whitney U test, P ¼ 0.013 for both ﬁlters). There

compared. Both ﬁlters were sensitive to NaCl, humic acid,

was no signiﬁcant difference among the tested concen-

Cd, and Pb. Overall, the recovery rates of the 1MDS ﬁlter

trations (25, 50, and 100 mg/L) of humic acid in terms of

were higher than those of the Nanoceram ﬁlter under

viral recovery. The HuNoV GII-4 recovery rates were also

most conditions for both MNV and HuNoV GII-4. For

reduced by both Pb and Cd (Figure 4(c) and (d)). Unlike

example, 82.7% of HuNoV GII-4 was recovered from

the other inhibitors, there was a signiﬁcant difference

1MDS ﬁlters, whereas only 43% was recovered from
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▪

Percentage recovery of HuNoV GII-4 in various water conditions (NaCl, humic acid and heavy metals [Cd, Pb]) using 1MDS ( ) or Nanoceram ( ) ﬁlters, as analyzed by real-time
RT-PCR. Percentage recovery of MNV was calculated using the initial spiking of HuNoV GII-4 (106 RT-PCR/unit) as 100% (n ¼ 3). Mann–Whitney U-test was used to compare
differences in recovery; NS (p > 0.05), * (p < 0.05) and ** (p < 0.01).

Nanoceram ﬁlters. The 1MDS recovery rates appeared to be

environmental conditions is crucial because the limit of

more sensitive to NaCl, particularly when determined by

detection must be fully evaluated. Previous studies evaluated

real-time RT-PCR. However, the 1MDS ﬁlter appeared to

and optimized VIRADEL recovery rates from tap water by

be more resistant to the effect of Pb regardless of the type

comparing various elution and concentration methods (Ma

of virus (MNV or HuNoV GII-4) and analytical assay

et al. ; Katayama et al. ; Lee et al. ). However,

(real-time RT-PCR and plaque assays).

recovery under various environmental conditions should
be evaluated to determine VIRADEL sensitivity in ﬁeld
samples. The recovery rates varied depending on the target

DISCUSSION

microorganism and on the condition of the environmental
water samples. For example, previous studies reported rela-

Our study demonstrates that the presence of salt, humic

tively higher recoveries of enteric viruses, including NoV,

acid, and heavy metals signiﬁcantly reduced viral recovery

from tap water. However, the recovery rates were much

from water using 1MDS or Nanoceram ﬁlters and as

lower when the same or similar methods were applied to

measured by both plaque and real-time RT-PCR assays.

environmental ﬁeld samples such as seawater, groundwater,

Characterization of the recovery rates under various

and surface water (Haramoto et al. ; Karim et al. ;
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Gibbons et al. ). In real environmental samples, various

). In many countries, water quality standards require

chemical compounds coexist with viruses, which likely

that the concentrations of Pb and Cd be <0.001 and

affect the recovery rates of viruses using 1MDS and Nano-

0.05 ppm, respectively (Ministry of Environment, Republic

ceram ﬁlters. Our data are directly applicable to a variety

of Korea, ). Like NaCl and humic acid, the presence

of environmental water samples because the inhibitor con-

of heavy metals in water lowered viral recovery. Heavy

centrations were representative of those in environmental

metals are typically present as divalent cations, which may

surface water and seawater (Guttman-Bass & Catalano-

associate with negatively charged viruses in water. In this

Sherman ; Ullmann et al. ).

way, heavy metals may interfere with virus absorption

Virus contamination in seawater adversely impacts rec-

onto ﬁlters.

reational water activities and shellﬁsh harvests. Seawater

MNV is considered to be the most appropriate cultur-

contains approximately 3% (0.5 M) NaCl. A previous study

able surrogate for HuNoV (Cannon et al. ). However,

reported that the recovery rate of enteric viruses by electro-

the recovery rates of MNV and NoV determined by real-

positive ﬁlters from seawater was much lower than that from

time RT-PCR are somewhat different under most conditions

other environmental water sources (Bennett et al. ). It

(P < 0.001). The recovery of MNV by real-time RT-PCR was

was also suggested that elevated salt concentrations inter-

higher than by plaque assays. This may be because of (1) the

fere with viral adsorption to electropositive ﬁlters, which

greater sensitivity of real-time RT-PCR, (2) the detection of

may reduce recovery (Lukasik et al. ). Our data are con-

naked or inactivated viruses by real-time RT-PCR, or (3) a

sistent with these results as the presence of NaCl in water

more detrimental effect on cell cultivation through the inhi-

resulted in reduced recovery of NoV. A previous study

bition of viral infectivity (Lee et al. ). Regardless of the

reported that a variety of chemicals in seawater could

results, plaque assays remain useful because they provide

affect viral adsorption to the ﬁlter depending on the chemi-

information on viral infectivity.

cal component in question (Lukasik et al. ). The ability

In this study, viral recovery rates were determined by

to promote virus adsorption was related to the valence of the

both adsorption-elution and analytical assays. Interestingly,

cation involved. Generally, trivalent cations such as Al3þ

our results indicate that different inhibitors had varying

2þ

were better than divalent cations such as Mg , which

effects on each of these steps. For example, NaCl lowered

were better than monovalent cations such as Naþ (Lukasik

viral recovery as measured by both real-time RT-PCR and

et al. ). Our study attempted to explain only how the

plaque assays, whereas humic acid affected viral recovery

presence of NaCl in water could decrease viral absorption

only when determined by real-time RT-PCR. These results

and thus the recovery rate.

suggest that NaCl affected the adsorption-elution steps, but

Humic acid represents the major fraction of humic sub-

did not preferentially inhibit any speciﬁc analytical assays.

stances, which are common in streams and surface water at

However, humic acid showed greater inhibition of the

a concentration of ∼25–200 mg/L (Kinniburgh et al. ).

real-time RT-PCR assay. Unlike humic acid, viral recovery

Our data indicate that the presence of humic acid also inter-

in the presence of heavy metals was sharply reduced when

fered with viral recovery. Humic acid is known to compete

it was measured by a plaque assay. These data may also be

with viruses for adsorption onto ﬁlter surfaces. As the con-

affected by the fact that heavy metals might have greater

centration of humic acid increases, the blocking effect

inhibitory effects on cell cultures than molecular assays.

becomes greater (Sobsey & Hickey ; Guttman-Bass &

Among the three inhibitors tested, salt concentration and

Catalano-Sherman ). Furthermore, the humic acid

humic acid were more likely to affect physical viral recovery,

used in our study contained 60% ash. This dissolved organic

while heavy metals such as Cd were more likely to affect the

carbon may also prevent viruses from adsorbing to the ﬁlter

biological recovery of virus during cell culture. Additionally,

materials (Carter & Suffet ). Heavy metals may also be

these inhibitors could co-exist and react with one another in

present in surface water. Water contamination with heavy

sample water, which could cause different effects on viral

metals such as Pb and Cd has been reported worldwide

recovery. Combinations of inhibitors should be fully evalu-

(Kido et al. ; Lanciotti et al. ; Schumacher et al.

ated in future studies.
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This study also compared NoV recovery rates using
1MDS and Nanoceram ﬁlters. The 1MDS ﬁlter has been frequently used worldwide and is commonly applied to
environmental samples (Polaczyk et al. ; Haramoto
et al. ; Karim et al. ; Bennett et al. ). Nanoceram
is a more recently developed electropositive ﬁlter that has
become popular due to its low cost and good recovery rate
(Karim et al. ; Gibbons et al. ; Deboosere et al.
). In this study, the recovery rates of NoV by 1MDS
were slightly higher than those from the Nanoceram ﬁlter;
however, the difference was not statistically signiﬁcant
(Mann–Whitney U-test, P > 0.05). Our study indicates that
both ﬁlters showed a reasonably good waterborne virus
sampling efﬁciency and could be applied to environmental
water samples. A limitation of our study is that only disctype ﬁlters were used to measure the recovery rates of waterborne viruses. However, 1MDS or Nanoceram cartridge-type
ﬁlters are commonly used in the ﬁeld because they can
sample much larger volumes of water (Borrego et al. ;
Polaczyk et al. ; Lambertini et al. ; Deboosere
et al. ; Ikner et al. ). Although we believe that the
effects of the tested chemicals should be the same or similar,
we suggest that cartridge-type ﬁlters should also be evaluated.

CONCLUSIONS
In conclusion, the presence of various chemicals such as
salt, humic acid, and heavy metals resulted in lower waterborne virus recovery rates by the 1MDS and Nanoceram
electropositive ﬁlters. The level of inhibition depended on
the analytical method used and the inhibitors present.
Therefore, the chemical composition of ﬁeld water samples
should be well characterized prior to using these electropositive ﬁlters.
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