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The inability of molecular detection methods to distinguish disinfected virions from infectious ones has hampered the assess-
ment of infectivity for enteric viruses caused by disinfection practices. In the present study, the reduction of infectivity of murine
norovirus S7-PP3 and mengovirus vMC0, surrogates of human noroviruses and enteroviruses, respectively, caused by free-chlo-
rine treatment was characterized culture independently by detecting carbonyl groups on viral capsid protein. The amount of
carbonyls on viral capsid protein was evaluated by the proportion of biotinylated virions trapped by avidin-immobilized gel
(percent adsorbed). This culture-independent approach demonstrated that the percent adsorbed was significantly correlated
with the logarithm of the infectious titer of tested viruses. Taken together with the results of previous reports, the result obtained
in this study indicates that the amount of carbonyls on viral capsid protein of four important families of waterborne pathogenic
viruses, Astroviridae, Reoviridae, Caliciviridae, and Picornaviridae, is increased in proportion to the received oxidative stress of
free chlorine. There was also a significant correlation between the percent adsorbed and the logarithm of the ratio of genome
copy number to PFU, which enables estimation of the infectious titer of a subject virus by measuring values of the total genome
copy number and the percent adsorbed. The proposed method is applicable when the validation of a 4-log reduction of viruses, a
requirement in U.S. EPA guidelines for virus removal from water, is needed along with clear evidence of the oxidation of virus
particles with chlorine-based disinfectants.

Waterborne pathogenic viruses pose health risks for humans
all over the world. Viruses causing waterborne infectious

diseases are composed of a broad array of viral families, which
include Caliciviridae and Picornaviridae (1). Infections with vi-
ruses in these families bring about a variety of symptoms, includ-
ing nausea, vomiting, diarrhea, fever, and abdominal pain (2).
Among these viruses, noroviruses are well documented as a cause
of gastroenteritis not only in young children but also among
adults, particularly the elderly (3). Norovirus has a single-
stranded RNA as a genome, which is covered by capsid proteins
with cubic symmetry. Its diameter is around 39 nm (4). The genus
Norovirus in the family Caliciviridae is divided into five geno-
groups, GI, GII, GIII, GIV, and GV, and strains in each genogroup
can be further divided into genotypes (5). Norovirus GI, GII, and
GIV strains infect humans, and GII strains are acquired more
frequently from gastroenteritis patients than the other geno-
groups (6). Norovirus GII.4 genotype is the most prevalent (7, 8)
and is known for having a broad binding spectrum with histo-
blood group antigens on susceptible intestinal epithelial cells (9).
Norovirus is unusual among the enteric viruses in inducing a rel-
atively short-lived immunity; thus, individuals remain susceptible
throughout life (10). Noroviruses being shed in human feces are
transported through sewage systems and may reach receiving wa-
ters (11, 12), which requires us to manage the risks of waterborne
gastroenteritis caused by human noroviruses. Human enterovirus
(HEV), a genus of positive-sense, single-stranded RNA virus in
the family Picornaviridae, also is waterborne and is associated with
a number of clinical symptoms, characterized by a brief febrile
illness and vesicular lesions on the hands, feet, mouth, and but-
tocks of infected individuals (13). Hand-foot-and-mouth disease
(HFMD) is an acute enterovirus infection, and numerous large
outbreaks of HFMD have occurred in the Asia-Pacific region, in-
cluding China (14), Singapore (15), and Japan (16), in recent

years. Since HFMD viral pathogens appear in environmental wa-
ter (17), water disinfection may be effective to control infections
of these enteroviruses.

A variety of intervention measures, including the disinfection
of water and environmental fomite with oxidants and UV light,
have been implemented to control infectious diseases caused by
enteric viruses (18). However, enteric viruses in Caliciviridae, such
as human noroviruses and sapoviruses, are noncultivatable, and
molecular detection methods cannot distinguish disinfected viri-
ons from infectious ones (19), which has hampered the assess-
ment of the infectivity loss of enteric viruses by those intervention
procedures. Even for cultivatable viruses, including some HEV,
cell culture-based investigation of disinfection efficiency on virus
inactivation is labor- and cost-intensive, and the cell tropism lim-
its the range of viral species that can be analyzed by tissue cells. In
this context, robust and reliable culture-independent approaches
are required (20).

We reported previously a culture-independent approach for
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detecting infectious enteric viruses, in which the cumulative car-
bonyl groups on viral capsid protein created by oxidative stresses
are detected (21). Carbonyl groups on viral capsid protein are
labeled with a biotin, and damaged (biotinylated) virions are sep-
arated from intact (nonbiotinylated) ones by an avidin gel. This
approach allows us to separately quantify the intact and damaged
virions with real-time quantitative reverse transcription-PCR
(qRT-PCR). Our previous study showed that the quantity of
carbonyl groups on capsid proteins of astrovirus and rotavirus
increased with a free-chlorine dose and was correlated with the
infectivity loss (21, 22). This approach could be utilized as a cul-
ture-independent tool for estimating the infectious titer of enteric
viruses if the correlation between the quantity of the carbonyl
groups on viral capsid protein and the infectivity loss is quantita-
tively significant for a wide array of waterborne viruses.

In this study, murine norovirus (MNV) and mengovirus
(MgV) were employed as surrogates of Caliciviridae and Picorna-
viridae, respectively. Each test virus was treated with low doses of
free chlorine, and the infectivity loss was evaluated with a plaque
assay. The reduction of genome copies of each virus with the free-
chlorine treatment also was analyzed with real-time qRT-PCR.
Free-chlorine-treated virions then were labeled with biotin hydra-
zide. The biotinylated virions were trapped by a spin column filled
with an avidin-immobilized gel. The amounts of untrapped and
trapped virions by the spin column were separately quantified
with real-time qRT-PCR, and the relationship between the car-
bonylation level and the infectivity loss was investigated. Based on
the results of these assays, the feasibility of the proposed approach
as a promising culture-independent tool for estimating the infec-
tious titer of enteric viruses is discussed.

MATERIALS AND METHODS
Test viruses and cells. RAW264.7 macrophage cells and HeLa cells were
cultured in Eagle’s minimal essential medium (MEM) with Earle’s salts
containing 10% (vol/vol) fetal bovine serum, 0.075% NaHCO3, 2 mM
L-glutamine, 10 mM nonessential amino acids, 100 mg/ml penicillin, and
100 U/ml streptomycin. Cells were grown to a confluent monolayer at
37°C with 5% CO2 in a humidifying incubator. MNV strain S7-PP3 and
MgV strain vMC0 were propagated in RAW264.7 cells and HeLa cells,
respectively, for 3 to 5 days at 37°C. MNV S7-PP3 (AB435515) is a plaque-
purified strain of MNV S7, which was isolated from a conventional mouse
by Yukinobu Tohya, Nihon University, Japan. This strain is phylogeneti-
cally distinct from MNV1 but has been used as a surrogate for human
norovirus (23). MgV vMC0 (ATCC VR-1597) is a recombinant virus
derived from MgV strain M, which has been used as a process control
virus in the quantification of enteric viruses in food and water (24). Virus
stock was prepared by the freeze-thaw method, followed by polyethylene
glycol precipitation (25), and kept in 200-ml aliquots at 20°C until use.

Titration of viral infectivity and quantification of genome number.
Viral infectious titers were assayed by the plaque method using corre-
sponding cell lines. Tissue cells were plated at a density of 106 cells/well in
6-well plates and incubated for 2 days. Tenfold serial dilutions of test
viruses were inoculated into cells and incubated for 90 min at 37°C under
5% CO2. After the incubation, agar containing 0.02% MEM was added to
each well, and cells were incubated for 24 h. The following day, living cells
were stained for 3 h by 0.015% neutral red solution. The plaque number
was counted 3 days after the virus inoculation.

For quantification of the viral genome number, viral RNA was ex-
tracted with a QIAamp viral RNA minikit (Qiagen, Valencia, CA, USA).
qRT-PCR assays for quantifying viral genome number were performed
according to previous studies (24, 26). A PrimeScript reagent kit (TaKaRa
Bio, Otsu, Japan) using oligo(dT) primer and random hexamer was used
to synthesize cDNA, in which each reaction mixture (10 �l) was com-

posed of 2 �l of 5� PrimeScript buffer, 0.5 �l of PrimeScript RT enzyme,
0.5 �l of oligo(dT) primer, 2 �l of random hexamer, 3 �l of distilled and
deionized water (DDW), and 2 �l of extracted RNA. The RT reaction was
carried out by incubating at 37°C for 15 min, 42°C for 15 min, and 85°C
for 5 s. The cDNA synthesis was followed by the TaqMan qPCR assays for
MNV and MgV using Premix Ex Taq (Perfect real time; TaKaRa Bio, Otsu,
Japan). The PCR for MNV genome amplification was carried out by heat-
ing at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15
s and annealing and extension at 60°C for 1 min with a PCR mixture (25
�l) composed of 12.5 �l of 2� Premix Ex Taq, 0.5 �l of ROX reference dye
II, 1 �l of 10 �M forward primer, 1 �l of 10 �M reverse primer, 0.8 �l of
10 �M fluorogenic probe, 5.2 �l of DDW, and 4.0 �l of template cDNA.
The PCR for MgV genome amplification was carried out by heating at
95°C for 5 min, followed by 45 cycles of denaturation at 95°C for 15 s and
annealing and extension at 60°C for 1 min with a PCR mixture (25 �l)
composed of 12.5 �l of 2� Premix Ex Taq, 0.5 �l of ROX reference dye II,
0.5 �l of 10 �M forward primer, 0.5 �l of 10 �M reverse primer, 0.5 �l of
10 �M fluorogenic probe, 6.5 �l of DDW, and 4.0 �l of template cDNA.
Primers and probes used in this study are indicated in Table S1 in the
supplemental material. All PCRs were performed in MicroAmp optical
96-well reaction plates with an Applied Biosystems 7500 real-time PCR
system (Applied Biosystems, Foster City, CA, USA).

Free-chlorine treatment and biotinylation of virions. Test viruses
were treated by free chlorine from sodium hypochlorite (Sigma). The
initial concentration of free chlorine, measured with a chlorine and pH
test kit (Macherey-Nagel), was varied between 0 and 20 ppm so as to
prepare virus suspensions with various infectious titers. The contact time
with free chlorine was 3 min, and then the free chlorine was neutralized
immediately by the addition of 100 mM sodium thiosulfate solution. As a
control, a virus suspension in the absence of free chlorine also was incu-
bated under the same conditions for each test virus. Virus suspensions
after the incubation and the neutralization were stored at �20°C. Virus
particles were biotinylated as follows. First, 25 �l of 50 mM EZ-Link
biotin hydrazide (Pierce) in dimethylsulfoxide (DMSO) was added to 1
ml of a virus suspension. The mixture of biotin hydrazide and virus par-
ticles next was incubated at room temperature for 2 h with moderate
mixing. The mixture was purified by a Zeba desalt spin column (Thermo
Scientific) to remove unreacted biotin hydrazide. Biotinylated virus par-
ticles then were stored at �20°C.

Separation of biotinylated virions with avidin-immobilized gel. The
biotinylated virions were separated as described by Tojo et al. (22), with
slight modifications. Viruses were added into the spin column filled with
an avidin-immobilized gel. After incubation for 10 min, the spin column
was centrifuged at 2,000 � g for 1 min, and filtrate was recovered in which
untrapped (nonbiotinylated) virions are included (untrapped fraction).
Phosphate-buffered saline (8.00 g sodium chloride, 1.15 g disodium hy-
drogen phosphate, 0.20 g potassium dihydrogen phosphate, 0.20 g potas-
sium chloride, pH 7.2) was added into the spin column for washing. After
incubation for 10 min, the spin column was centrifuged at 2,000 � g for 1
min and filtrate was recovered (wash 1 fraction). This washing process was
repeated (wash 2 fraction). The wash 1 and wash 2 fractions were com-
bined to be a trapped fraction. The viral genome numbers in untrapped
and trapped fractions were measured by qRT-PCR as described above. All
statistical calculations were performed using Microsoft Excel (Mac 2011).

RESULTS
Free-chlorine treatment and carbonyl group formation on
MNV. The genome copy number and infectious titer were ana-
lyzed for 13 preparations of MNV suspension (Table 1). Although
MNV suspensions were treated with various initial concentrations
of free chlorine up to 5 ppm (this concentration was not kept
during the contact time of 3 min), the genome copy number was
stable at a mean (� standard deviation [SD]) of (5.02 � 2.03) �
1010 copies/ml, which demonstrates that even the highest initial
concentration of free chlorine (5.0 ppm) did not destroy the target
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viral genome region of qRT-PCR. Meanwhile, the infectious titer
was affected by the free-chlorine treatment. The initial free-chlo-
rine concentration of 0.2 ppm (MNV-4, MNV-7, and MNV-10)
had a limited effect on the infectious titer in PFU, but the infec-
tious titer was reduced when the initial concentration of free chlo-
rine was 1.0 ppm or higher (we did not calculate the concentra-
tion-time [CT] value because the initial concentration of free
chlorine was not controlled during the contact time). The mean
(�SD) value of PFU of MNV suspensions treated with the initial
free-chlorine concentration of 0.2 ppm (MNV-4, MNV-7, and
MNV-10) or lower (MNV-1, MNV-3, MNV-6, and MNV-9) was
(5.3 � 4.5) � 104 PFU/ml, whereas those treated with 1.0 ppm or
higher initial free-chlorine concentrations (MNV-2, MNV-5,
MNV-8, MNV-11, MNV-12, and MNV-13) had an infectious ti-
ter of 5.5 � 102 PFU/ml or less. As a result, the mean (�SD)

logarithmic value of the genome copy number for giving 1 PFU
(copies/PFU) of MNV treated with 0.2 ppm or a lower initial
free-chlorine concentration was 6.2 � 0.4, and that of MNV
treated with a 1.0 ppm or higher initial free-chlorine concentra-
tion was 7.9 or larger (Table 1).

The correlation between the log (PFU/ml) of MNV and the
percent adsorbed is depicted in Fig. 1. The linear correlation in
Fig. 1 is statistically significant, with a coefficient of determination
of 0.81 (see Table S2 in the supplemental material). The null hy-
pothesis that the slope is not different from zero was rejected with
a P value of 3.00 � 10�5 (see Table S4). This correlation analysis
result indicates that percent adsorbed values, which reflect the
amount of oxidative stress markers on viral capsid protein, nega-
tively correlate with values of the log (PFU/ml) and can be used as
an index of infectivity of MNV. This significant correlation be-

TABLE 1 Percentage of trapped virions of each murine norovirus preparation by avidin-immobilized gel

Sample code
Initial free-chlorine
concna (ppm)

Contact time
(min)

Log (genome
copies/ml)

Log
(PFU/ml)

Log (genome
copies/PFU) % adsorbedb

MNV-1 10.8 4.9 5.9 61.1
MNV-2 2.0 3 10.6 1.5 9.0 79.0
MNV-3 10.9 4.7 6.2 54.3
MNV-4 0.2 3 10.9 4.2 6.7 60.5
MNV-5 2.0 3 10.6 2.7 7.9 70.4
MNV-6 10.6 4.0 6.6 50.0
MNV-7 0.2 3 10.5 3.8 6.7 60.0
MNV-8 2.0 3 10.3 2.1 8.2 75.1
MNV-9 10.8 5.1 5.7 52.5
MNV-10 0.2 3 10.7 4.9 5.8 58.3
MNV-11 2.0 3 10.6 2.7 7.8 64.9
MNV-12 1.0 3 10.8 2.7 8.1 72.4
MNV-13 5.0 3 10.4 1.2 9.3 92.1
a Free-chlorine concentration was not controlled during the contact time, which is why the concentration-time (CT) value was not calculated.
b Percentage of trapped virions by avidin-immobilized gel.
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FIG 1 Correlation between the proportion of trapped to untrapped virions by avidin-immobilized gel (percent adsorbed) and the log (PFU/ml) of murine
norovirus S7-PP3. Shorter and longer dashed lines indicate 95 and 99% confidence intervals, respectively.
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tween values of the log (PFU/ml) and the percent adsorbed allows
us to estimate the infectious titer of a subject virus culture inde-
pendently when the total genome copy number is around 1010

copies/ml, because there are only two variables (percent adsorbed
and viral infectious titer), and one of them (percent adsorbed) is
measurable by qRT-PCR.

Free-chlorine treatment and carbonyl group formation on
MgV. The genome copy number and infectious titer were ana-
lyzed for 15 preparations of MgV suspension (Table 2). The ge-
nome copy number of MgV (from 1.36 � 107 [MgV-3] to 1.53 �
1011 [MgV-1] copies/ml) was not stable compared to that of
MNV, because MgV suspensions were treated with higher initial
concentrations of free chlorine (up to 20 ppm) than MNV. Be-
cause of this stronger oxidative stress, the infectious titer (PFU/
ml) was differentiated between 3.0 � 101 (MgV-3) and 9.5 � 107

(MgV-1). As a result, the logarithmic values of copies/PFU of
MgV were distributed from 2.3 (MgV-9) to 7.2 (MgV-13), and the
mean (�SD) was 4.3 � 1.3. The correlation between values of the
log (PFU/ml) of MgV and the percent adsorbed is shown in Fig.
2A. The linear correlation in Fig. 2A is statistically significant, with
a coefficient of determination of 0.78 (see Table S5 in the supple-
mental material). The null hypothesis that the slope is not differ-
ent from zero was rejected with a P value of 1.19 � 10�5 (see Table
S7). This result of the correlation analysis indicates that values of
the percent adsorbed can be used as an index of infectivity of MgV
as well as MNV.

However, the correlation shown in Fig. 2A is difficult to di-
rectly use for the estimation of infectious titer of MgV, in contrast
to MVN in Fig. 1, because of the unstable values of the total ge-
nome copy number of MgV. For example, percent adsorbed val-
ues of MgV-2 and MgV-3 are almost the same (84.3 and 84.1%,
respectively), but there is a 4-log difference between the infectious
titer of these two MgV preparations (6.5 � 105 and 3.0 � 101

PFU/ml, respectively), even though there was a significant corre-
lation between these two parameters. In this case, it is better to
depict the correlation between percent adsorbed and log (copies/
PFU), as shown in Fig. 2B, because the values of the genome copy
number are proportional to that of PFU to some extent, which
makes the values of log (copies/PFU) relatively stable at a similar

level of percent adsorbed. Based on the correlation shown in Fig.
2B, it is possible to estimate the infectious titer of a subject virus
using two measurable variables (total genome copy number and
percent adsorbed) by qRT-PCR.

DISCUSSION

RT-PCR and its related technologies have revealed that a variety of
pathogenic viruses are causing infectious diseases via water (27),
foods (28), and fomites (29). It also has been shown that noncul-
tivatable viruses, including human noroviruses, constitute a sig-
nificant part of the viral disease burden (30). One of the important
scientific challenges in the field of environmental and public
health virology is the evaluation of health risks caused by these
noncultivatable viruses in natural environments. Although the
employment of surrogate viruses is a promising option for man-
aging infection risks caused by enteric viruses (31, 32), the infor-
mation related to the viability of noncultivatable viruses per se is
indispensable to address the infectious risks of noncultivatable
enteric viruses contaminating environments.

Culture-independent tests for assaying viral infectivity have
been reviewed by several researchers (19, 20, 33). Culture-inde-
pendent methods for viral infectivity test are roughly categorized
into six approaches: (i) multiple-target-region PCR (34), (ii) long-
target-region PCR (35, 36), (iii) affinity separation of viral anti-
gens associated with the viral genome before PCR (37, 38), (iv)
enzymatic treatment of viral particles before RT-PCR (39, 40), (v)
intercalative dye treatment of viral particles before RT-PCR (41,
42), and (vi) separation of biotinylated viral particles before RT-
PCR, which is our approach (21, 22). Each approach has pros and
cons (20), and it is important to clarify applicable situations for
each approach so that public health workers and water engineers
can select the best-fit techniques.

Any culture-independent assay must give signals that have a
significant correlation with the viral infectious titer in a subject
sample. The proposed approach, quantifying carbonyl groups on
viral capsid protein, met this requirement when the method was
applied for human astrovirus (21), simian rotavirus (22), MNV,
and MgV (this study). These tested viruses cover four important
families of waterborne pathogenic viruses: Astroviridae, Reoviri-

TABLE 2 Percentage of trapped virions of each mengovirus vMC0 preparation by avidin-immobilized gel

Sample code
Initial free-chlorine
concna (ppm)

Contact time
(min)

Log (genome
copies/ml)

Log
(PFU/ml)

Log (genome
copies/PFU) % adsorbedb

MgV-1 11.2 8.0 3.2 55.1
MgV-2 10 3 10.5 5.8 4.7 84.3
MgV-3 20 3 7.1 1.5 5.7 84.1
MgV-4 10.9 6.6 4.3 54.6
MgV-5 10 3 9.5 4.0 5.5 88.0
MgV-6 10.8 6.8 4.0 50.0
MgV-7 10 2 8.6 3.4 5.2 90.6
MgV-8 10.8 7.5 3.3 55.7
MgV-9 9.9 7.7 2.3 49.5
MgV-10 6 3 10.7 7.3 3.5 48.6
MgV-11 7 2 10.2 7.0 3.3 46.3
MgV-12 11.0 7.3 3.7 53.0
MgV-13 7 2 8.7 1.5 7.2 94.4
MgV-14 3 3 10.7 7.2 3.6 51.4
MgV-15 5 3 10.1 5.1 5.0 74.2
a Free-chlorine concentration was not controlled during the contact time, which is why the concentration-time (CT) value was not calculated.
b Percentage of trapped virions by avidin-immobilized gel.
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dae, Caliciviridae, and Picornaviridae. It may be possible to extend
the proposed approach to other nonenveloped viruses that have
not been tested, but we need to pay attention to the difference of
the physicochemical properties of nonenveloped viruses, such as
particle diameter and viral surface charge, which determine the
movement behavior of viral particles in the column filled with an
avidin-immobilized gel. If the regression line, such as those shown
in Fig. 1 and 2, is reproducible within a viral family, the proposed
approach is applicable to other nonenveloped viruses in each fam-
ily that were not tested, although this has to be tested in a future
study.

One important feature of the proposed approach is to detect
carbonyl groups on the viral capsid protein formed in the early
stage of the oxidation with free chlorine, because the viral genome
must be associated with biotinylated capsid protein trapped by
avidin so as to quantify it by qRT-PCR. The qRT-PCR for MgV is
targeting the 5= noncoding region (24), which may be vulnerable
to chlorine treatment in common with the other picornaviruses
(36, 43). The 4-log reduction of genome copy number of MgV at
the highest oxidative stress in this study may be explained by the
possible vulnerability of this target region (Table 2), although this
level of the reduction in the genome copy number is unlikely to
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affect the applicability of the proposed approach. Approximately
half of untreated stocks of MNV and MgV were shown to bind to
the avidin columns (Tables 1 and 2), as were observed for un-
treated astrovirus (21) and rotavirus (22) in our previous studies.
These observations suggest that carbonyl groups on the viral cap-
sid protein of fresh virus stocks also are produced by the oxidative
stresses during the replication processes in the host cells (44),
although this is not proved in the present study.

The other application limitation is that the proposed approach
needs a high concentration of viruses, because the virions trapped
by avidin have to be distinguished from untrapped virions by
qRT-PCR, in which the quantification limit value is usually more
than 102 copies/ml of water samples before genome extraction. An
effective method of concentrating viruses present in wastewater is
to be included when the proposed approach is applied to waste-
water samples in the real-world setting. There are many inactiva-
tion processes along with free-chlorine treatment, such as the de-
naturing of the three-dimensional structure of viral capsid protein
with heat, the breakage of viral capsid protein with reactive oxygen
species, and the destruction of viral genome with UV light (40,
45). However, neither denaturing of the viral capsid protein with
heat nor genome damage by UV light can be detected with the
proposed approach. Since the denaturing of the viral capsid pro-
tein and the destruction of the genome are important processes of
virus inactivation, the combination of the present approach with
the genome-targeted methodologies may yield important infor-
mation regarding the virus inactivation mechanisms in a variety of
disinfection interventions (46). Thus, one of the most applicable
situations for the proposed approach is in the efficacy tests of
chlorine-based disinfection interventions using enteric viruses in-
oculated in water samples. Since carbonyl groups can be formed
by the other oxidants, such as ozone and reactive oxygen species
(47), it must be able to extend the application to the other oxida-
tion agent-based disinfections. Critical information for the selec-
tion of culture-independent approaches is the cost of analysis, and
the proposed approach has been regarded as uneconomical (20).
The cost of the proposed method is about $25 per sample, 68 and
23% of which are the cost of the desalt spin column for eliminating
free biotin hydrazide and the avidin gel, respectively. Alternative
materials for the same purposes should be found; otherwise, this
approach is not competitive with the other approaches and is ap-
plicable only when the evidence of oxidation of viral particles is
critical in the disinfection efficacy evaluation.

We described in Results that it is possible to estimate the infec-
tious titer of the subject viruses culture independently based on
the correlation in Fig. 1 for MNV and Fig. 2B for MgV. Since the
total genome number of MNV was stable (5.02 [�2.03] � 1010

copies/ml) in this study (Table 1), the conversion of the x axis in
Fig. 1 (log [PFU/ml]) to log (genome copy number/PFU) does not
give a practical significance in the estimation of the infectious titer
of MNV. Figure 1 can be used for the estimation of the infectious
titer of MNV only when the total genome copy number is around
1010 copies/ml. On the other hand, it is possible to estimate the
infectious titer of MgV using two measurable valuables (total ge-
nome copy number and percent adsorbed) by qRT-PCR based on
the correlation in Fig. 2B, but we have to pay attention to the fact
that the range of 95% prediction intervals reaches almost 3 logs at
an identical percent adsorbed value. Even at the observed data
level, the log (genome copy number/PFU) values are in the range
of a 2-log distance (from 2.3 [MgV-9] to 4.3 [MgV-4]) when the

values of percent adsorbed are between 40 and 60% for MgV (Ta-
ble 2). These results mean that an infectivity reduction of less than
2 logs is difficult to evaluate based on the correlation between the
percent adsorbed and the ratio of the genome copy number to
PFU of MgV, but at the same time, the proposed method is able to
evaluate the virus inactivation efficiency of 4 logs or more in a
water disinfection process. Since 4-log reduction is a critical target
as a requirement in several guidelines for pathogen removal from
water, such as the surface water treatment rule of the U.S. EPA, the
proposed method is applicable when responsible water engineers
need clear evidence that virus particles are oxidized with chlorine-
based disinfectants and would like to validate the 4-log reduction
of nonenveloped viruses. Alternative technologies for detecting
biotinylation, such as flow cytometry (48), may help to distinguish
the density of carbonyl groups on virions and validate a less than
3-log reduction, although the small size of nonenveloped virions
(�100 nm) and low concentration of viruses in environmental
water samples impose a limit on the application of the alternative
approaches.

The fact that a number of researchers have studied enteric vi-
ruses with a variety of cell cultures leads us to speculate that enteric
viruses newly discovered in the near future by whatever approach,
including metagenomics (49), will be noncultivatable, at least im-
mediately after the discovery. In this context, culture-indepen-
dent approaches are indispensable for managing the virological
safety of water, food, and other environmental vehicles. This study
presents a culture-independent estimation process of infectious
titers of enteric viruses, along with the feasibility of the application
of the proposed methodology. Application examples of culture-
independent approaches to viruses in real water and food samples
should be accumulated in further studies to find the best combi-
nation of culture-independent approaches for specific situations.
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