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The infectivity evaluation of noncultivatable viruses, such as
human norovirus, is crucial to address needs for ensuring the
safety in usage of water and marine products. In this work,
we tested a new approach to evaluate viral particle integrity,
in which oxidatively produced carbonyl groups on viral capsid
protein were quantitatively detected. As a result, the decrease
in the infectivity of human astrovirus, a representative
enteric virus, positively correlated with the amount of oxidative
damage on viral particles. Furthermore, when human norovirus
was treated by 1 ppm free chlorine for 15 min, 49.93% of
virions were recovered as oxidatively damaged particles, which
represents a 5-fold increase over those treated by 0.5 ppm
free chlorine for 15 min. The detection of the carbonylated viral
particles could be a powerful tool for the evaluation of the
decrease in the infectivity of noncultivatable viruses.

Introduction
Water polluted by pathogenic viruses, essentially nonen-
veloped enteric viruses, is a global concern because these
pathogenic viruses in reservoirs, river water, and seawater
pose infectious disease risks via drinking water, recreation
water, and marine-cultured products (1). Since a large
amount of excreted viruses from infected individuals flow
into sewage streams (2, 3), removal and inactivation of these
viruses in wastewater treatment processes are important to
prevent viral pollution in water environments (4, 5). A variety
of disinfection processes using chlorine related oxidants (6),
ultraviolet (UV) irradiation (7), ozonation (8), and photo-
catalysis (9) has been proposed and implemented for
inactivating pathogenic viruses in water, and mechanisms
of viral inactivation with several disinfection processes have
been suggested (10, 11). However, the presence of noncul-

tivatable viruses, which have no cell cultures and animal
models available for assaying their infectivity, makes the
situation complicated, because it is impossible to compre-
hend the effects of these disinfection processes on noncul-
tivatable viruses by the loss of infectivity. An understanding
of disinfection effectiveness on these noncultivatable viruses
is invaluable to control viral infectious diseases.

One important approach to evaluate the infection risks
caused by noncultivatable viruses is the employment of
surrogate viruses. For example, feline calicivirus and murine
norovirus have been used as surrogates for human norovirus
(12, 13). However, there are significant differences in the
behavior of human norovirus and feline calicivirus (14-16).
Murine norovirus was reported as an appropriate surrogate
for human norovirus because of its persistency in various
conditions (17), but it is still difficult to ascertain how similar
this surrogate is to the target noncultivatable viruses.
Although the employment of surrogate viruses has greatly
contributed to many advances in the field of public health
virology, information related to infectivity of noncultivatable
viruses per se is the most indispensable to address the
problems of environmental contamination by these non-
cultivatable viruses.

In this work, we propose a new approach to evaluate viral
particle integrity, in which cumulative oxidative damages on
viral capsid protein are directly detected. Nonenveloped
enteric viruses could be injured by exogenous stresses in the
natural environment, and the damages on viral capsid protein
would lead to an inability of the viruses to recognize cellular
receptors to initiate a viral life cycle. In the proposed
approach, cumulative oxidative damages on viral particles
were detected by labeling with a biotin hydrazide that can
form a covalent bond with a carbonyl group (18). Residues
of some amino acids, including lysine, arginine, threonine,
and prorine, can be oxidized by several chemicals, and
carbonyl groups are formed on these residues (19), and the
carbonylation on protein molecules caused by oxidative
stresses brings about the loss of protein functions (20). A
biotin hydrazide could react with a carbonylated capsid
protein of a virus particle, and the oxidatively damaged capsid
protein could be labeled with biotin. Biotin-modified
()damaged) virus particles are separated from intact virions
with avidin-immobilized affinity chromatography. In order
to confirm that the accumulation of oxidative damages on
viral capsid protein causes the decrease in the virus infectivity,
human astrovirus was employed as a representative enteric
virus in this study. Then, this approach was applied to human
norovirus, an important etiological agent, and this novel
technique enabled to quantitatively detect oxidative damages
on capsid protein of human norovirus.

Materials and Methods
Viruses and Cell. The preparation and infectious titer assays
of human astrovirus serotype 4 were performed by using
CaCo-2 cells, as described elsewhere (21). Norovirus geno-
group II genotype 4 (GII/4), 2006a cluster, from a patient
who contracted gastroenteritis during an outbreak on a cruise
ship in South Africa, was prepared as described in Supporting
Information. The number of genome copies of norovirus
GII/4 was measured by a real-time quantitative RT-PCR (qRT-
PCR) assay for norovirus GII as described elsewhere (22).
The detail of the genome quantification for astrovirus by
a real-time qRT-PCR is described in Supporting Informa-
tion. All primers and probes used in the quantification of
viral genomes are also indicated in Supporting Information
(Table S1).
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Quantification of Astrovirus Genome Copies by a Real-
Time qRT-PCR. A viral genome was extracted with a
NucleoSpin RNA virus kit (Macherey-Nagel). A conserved
region in ORF1b coding RNA dependent RNA polymerase
(RdRp) was used as the target region for the one-step real-
time qRT-PCR developed for astrovirus genome copy quan-
tification. Sequences of sense primer (AstVorf1b+), antisense
primer (AstVorf1b-) and FAM-modified TaqMan probe
(AstVorf1bp), and the details of the real-time qRT-PCR
protocol are indicated in Supporting Information.

Oxidation and Biotinylation of Virus Particles. The
viruses were treated by free chlorine from sodium hypochlo-
rite (Panreac Quimica Sau). All reagents were prepared as
described in the Supporting Information. The concentration
of free chlorine was measured with a chlorine and pH test
kit (MERCK). A virus stock suspension was diluted in 4 mL
of phosphate buffered saline (PBS), and free chlorine
concentration was adjusted by a 1% sodium hypochlorite.
The virus suspension in PBS was incubated at 4 °C under
dark conditions for 5 and 15 min, and then free chlorine in
the suspension was neutralized by adding a 1% sodium
thiosulfate. As a control, a virus suspension in the absence
of free chlorine was also incubated under the same condi-
tions. Virus suspensions after the incubation and the
neutralization were stored at -20 °C.

Virus particles were biotinylated as follows. First, 25 µL
of 50 mM EZ-Link Biotin Hydrazide (Pierce) in DMSO were
added to 1 mL of a virus suspension. Next, the mixture of
biotin hydrazide and virus particles was incubated at room
temperature for 2 h with moderate mixing. Then, the mixture
was purified by Zeba Desalt Spin Column (Thermo Scientific)
to remove unreacted biotin hydrazide. Biotinylated virus
particles were then stored at -20 °C.

Avidin-Immobilized Affinity Chromatography. All re-
agents and buffers were prepared as described in Supporting
Information. First, the avidin column (Pierce, monomeric)
was washed by 8 mL of PBS (0.1 M Na2HPO4, 0.15 M NaCl,
0.02% NaN3, pH7.2). A thawed virus suspension was filtered
with a 0.22 µm Milipore Millex-HV filter, and then 2 mL of
the filtered virus suspension were loaded into the avidin
column. When the entire suspension had entered into the
gel, 0.25 mL of PBS was added to force the sample completely
into the gel. The avidin column was washed by 48 mL of PBS,
and the eluates in the loading and the washing step were
combined and stored as an unbound fraction. Then, virus
particles bound in the avidin column were eluted by
introducing 12 mL of elution buffer (2 mM Biotin in PBS),
and strongly bound viral particles were subsequently eluted
by introducing 8 mL of glycine buffer (0.1 M glycine, 0.02%
NaN3, pH2.8). The eluate in the elution steps with 1 mM
Biotin in PBS and glycine buffer was stored as a bound
fraction. After each assay, the gel was regenerated by the
washing with 16 mL of PBS and then stored with PBS,
including 20 µg/mL RNase A and 0.04% NaN3 at 4 °C. All
buffers and a virus suspension were introduced into the
column by natural gravity, and the flow rate was 0.4-0.5
mL/min.

Results
Reductions of Infectious Titers and Genome Copies of
Astrovirus by Free Chlorine Treatment. Figure 1 shows the
reduction of infectious titers and genome copies of astrovirus
type 4 treated with free chlorine. The mean values (triplicates)
of the log reduction of the infectious titer by 5- and 15-min
treatment with 0.05 ppm free chlorine were 0.43 log10 (SD:
0.23) and 0.67 log10 (SD: 0.35), respectively. Those with 0.5
ppm free chlorine were 1.87 log10 (SD: 0.51) and 2.53 log10

(SD: 0.40), respectively (Figure 1a). Statistically significant (P
< 0.05) reductions of astrovirus infectivity were detected with
a t test by the free chlorine treatments. However, when

astrovirus particles were treated with 0.05 ppm free chlorine,
the mean values (triplicates) of the log reduction of the
astrovirus genome copies by 5- and 15-min treatments were
-0.02 log10 (SD: 0.11) and 0.08 log10 (SD: 0.03), respectively
(Figure 1b). No statistically significant (P < 0.05) reductions
of the astrovirus genome copies were detected with a t test
by the free chlorine treatment at 0.05 ppm. Meanwhile,
statistically significant (P < 0.05) reductions of the genome
copies were observed when astrovirus was treated with 0.5
ppm free chlorine, in which the mean values (triplicates) of
log reductions were 0.39 log10 (SD: 0.09) and 0.45 log10 (SD:
0.13) for the 5- and 15-min treatment, respectively (Figure
1b). These results indicate that free chlorine treatments at
0.05 ppm and 0.5 ppm on astrovirus type 4 brought about
the infectivity reductions, but the treatment with 0.05 ppm
free chlorine for 15 min was not enough to see a significant
reduction of the astrovirus genome copies.

Affinity Chromatography of Biotinylated Astrovirus
Particles. Figure 2 shows mean values ((data range of
duplicates) of the recovery ratio of astrovirus genomes in the
bound fraction of the avidin-immobilized affinity chroma-
tography. When biotinylated astrovirus particles without the
free chlorine treatment were loaded into the affinity column,
13.0% ((7.2) and 13.5% ((3.2) of virions were bound in the
column. Theoretically, a carbonyl group does not exist in
intact capsid proteins, but the recovery of about 13% of
astrovirus genome in the bound fraction indicates that the
intact astrovirus particles had carbonyl groups, which could
be originated during the replication of viruses in cells and

FIGURE 1. Reductions of infectious titer (a) and genome number
(b) of astrovirus type 4 by free chlorine treatment (pH 7.2, 4 °C,
dark condition). Each data point is an average of triplicates,
and each error bar represents standard deviation.
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the preparation of the virus suspension. Meanwhile, a
significant increase in the recovery ratio of bound astrovirus
particles was observed when biotinylated virions with the
free chlorine treatment were loaded. When astrovirus
particles were treated with 0.05 ppm free chlorine for 5 min,
29.8% ((5.1) of astrovirus genomes were recovered in the
bound fraction. The recovery ratio of astrovirus genomes in
the bound fraction reached 38.6% ((2.5) when astrovirus
particles were treated with 0.05 ppm free chlorine for 15
min. These increases in the bound viral particles show that
free chlorine-treated astrovirus particles have a larger number
of carbonyl groups than intact particles. As shown previously,
the free chlorine treatments at 0.05 ppm for 5 and 15 min
did not result in a statistically significant (P < 0.05) decrease
of the astrovirus genome copies (Figure 2), despite the
observed inactivation of astrovirus (Figure 1). Oxidative
damages on the capsid surfarce precede damages to viral
RNA and the biotinylation assay described here may provide
a better measure of viral inactivation than RNA detection.

The recovery ratios of astrovirus genomes in the bound
fraction were further increased when astrovirus particles were
treated with 0.5 ppm free chlorine. When astrovirus particles
were treated with 0.5 ppm free chlorine for 5 min, 41.4%
((2.2) of virions were recovered in the bound fraction, and
the recovery ratio rose to 54.7% ((11.3) when astrovirus
particles were treated with 0.5 ppm free chlorine for 15 min.
The number of bound virions is correlated with the initial
concentration of free chlorine and the exposure time, which
also supports the speculation that carbonyl groups produced
by free chlorine can be accumulated on viral capsid protein,
and the amount of oxidative damages can be quantitatively
evaluated.

Reductions of the Genome Copies of Norovirus GII/4 by
Free Chlorine Treatment. Figure 3 shows log reductions of
the norovirus GII/4 genome number by the treatment with
free chlorine. No significant reduction of the genome copies
was observed in the absence of free chlorine. When norovirus
particles were treated with 0.5 ppm free chlorine for 5 and
15 min, the mean values ((data range of duplicates) of the
log reduction were 0.11 log10 ((0.10) and 0.45 log10 ((0.15),
respectively. Meanwhile, the mean values ((data range in
duplicates) of the log reduction of the norovirus genome
copies after the treatment with 1.0 ppm free chlorine for 5
and 15 min were 2.03 ((0.22) and 2.27 ((0.10) log10,

respectively. Larger log reductions of norovirus genome with
the free chlorine treatment at 1.0 ppm was presented
previously (23), which might be caused by the difference in
the length of target region for RT-PCR.

Affinity Chromatography of Biotinylated Norovirus
GII/4 Particles. Figure 5 shows the recovery ratio of the
norovirus genome extracted from bound virions. The mean
values ((data range in duplicates) of the genome recovery
ratio of biotinylated norovirus GII/4 without free chlorine
treatment in the bound fraction were 1.6% ((1.2) and 1.0%
((1.0) for 5 min- and 15 min-treatment, respectively. These
results indicate that norovirus GII/4 particles purified from
a gastroenteritis fecal sample have few carbonyl groups on
their surfaces and almost no interaction with avidin mol-
ecules. There were no significant differences in the mean
values between free-chlorine-untreated norovirus particles
and oxidized ones after the treatment with 0.5 ppm free
chlorine for 5 min (1.0(0.3%). However, the genome recovery
ratio of the oxidized norovirus with 0.5 ppm free chlorine for
15 min rose to 10.0% ((2.5), which could be attributed to the
formation of carbonyl groups on particle surfaces of no-
rovirus. The mean values of the genome recovery ratio in the
bound fraction further increased when norovirus particles
were treated with 1.0 ppm free chlorine, in which 21.4% ((3.5)
and 49.9% ((2.4) of biotinylated virions were bound in the
avidin column after treatment with 1.0 ppm free chlorine for
5 min and 15 min, respectively. These results support that
the accumulation of carbonyl groups on norovirus particles
by the free chlorine treatment can be detected with the biotin
hydrazide treatment and the avidin column separation. This
is the first report ever that oxidative damages on particles of
a noncultivatable virus can be quantitatively evaluated.

Discussion
One of the important scientific challenges in the field of public
health virology has been the evaluation of health risks caused
by noncultivatable viruses in natural environments, and
several approaches for the viral infectivity evaluation without
in vivo or vitro replication of virions have been proposed
(24). One approach is the employment of RT-PCR to confirm
the presence of amplifiable viral genomes, which could be
an indication that a viral genome is properly protected by
a viral capsid (25, 26). A proteinase treatment of virions and
an affinity separation of virions against antibody or cell
receptors prior to the genome amplification have been

FIGURE 2. Recovery of biotinylated astrovirus type 4 genome in
the bound fraction of the avidin-immobilized affinity chroma-
tography. The initial concentration of free chlorine and
exposure time were described along the horizontal axis. Each
data point is an average of duplicates, and each error bar
represents the data range.

FIGURE 3. Reduction of genome copies of norovirus GII/4 by
free chlorine treatment (pH 7.2, 4 °C, dark condition). Each data
point is an average of duplicates, and each error bar
represents the data range.
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attempted to distinguish damaged virions from intact ones
(16, 27-30). These examinations of the viral capsid integrity
would be of primarily importance to evaluate the infectivity
and the fate of noncultivatable viruses, because capsids from
nonenveloped viruses initiate infections of host cells but can
also be considered environmental contaminants that interact
with natural substances such as colloidal particles in waste
stabilization ponds (31), soils (32), and oyster tissues (33).

In this work, a new approach to evaluate the integrity of
viral capsid protein by directly detecting oxidized amino acid
residues on virion is presented. We employed biotin hy-
dorazide and an avidin-immobilized column to detect
oxidized amino acid residues on viral particles, which has
been used to evaluate the aging of proteins in cancer-related
disorders (18, 34) and bacterial proteins (35). The oxidative
damages on proteins cause the loss of protein functions (36),
and this study using astrovirus shows that this is also the
case for the capsid protein of an enteric virus (Figures 1 and
2). Furthermore, the accumulation of carbonyl groups on
norovirus particles was also quantitatively evaluated (Figure
4) and could be highly relevant in the field of public health
virology, because it opens the possibility of estimating the
decrease in the infectivity of noncultivatable viruses through
the accumulation of oxidative damages.

Carbonyl group formation is not the only consequence
of oxidation. For example, a dichloramine is formed from a
lysine by oxidation with hypochlorite (37). Cysteine (38),
tyrosine (39), and methionine (40) also form different types
of oxidative products from a carbonyl group. These products
must be involved in the loss of capsid protein function and
virus infectivity, although these other products from a
carbonyl group cannot be detected in the proposed approach.
However, the latter three amino acid residues (cysteine,
tyrosine, and methionine) are relatively minor in capsid
proteins of the test viruses, which occupied only 5.74% (31/
540) and 5.71% (44/771) of the whole sequence of capsid
protein of norovirus GII/4 (accession number: AB496912)
and astrovirus type 4 (AB496913), respectively. Given that
four target residues of the carbonylation by free chlorine
occupied more than 20% in capsid proteins of test viruses,
the carbonyl groups should be considered more desirable as
a target moiety to evaluate the level of oxidative damages on
viral particles.

Free chlorine from sodium hypochlorite, mainly com-
posed of hypochlorite acid and hypochlorite ion, was used
in this study, because this is the most common, affordable,
and effective disinfectant. Hypochloric acid can cause the
formation of carbonyl groups on protein molecules (20, 41),
and it was proven here that this is also the case in the
interaction between nonenveloped viruses and free chlorine
from sodium hypochlorite. The further interest in this
interaction is the concentration of free chlorine, because an
excess oxidation of capsid protein would make viral RNA
exposed to outer environment where indigenous RNase
exists, which would affect the quantification of viral genome.
Furthermore, similar results with this study could be observed
when different disinfectants are employed, in which reactive
oxygen species (ROS) such as ozone and superoxide created
by titanium oxide are included, because ROS oxidize proteins
and cause the formation of carbonyl groups as well (42).
Since ROS can be created by the radiation of photons in
water (43), the sunlight and ultraviolet light inactivations of
viruses could be also attributed to the formation of carbonyl
groups on viral capsid protein. Since most noncultivatable
enteric viruses are nonenveloped, it would be possible to
quantitatively detect the oxidative damages on capsid protein
of any enteric viruses. The effects of these viral inactivating
factors on capsid protein of other enteric viruses will be
investigated with our novel technique in future studies.

In conclusion, it was reported for the first time that
oxidative products on viral capsid protein may be quanti-
tatively detected as an indication of virion integrity, which
has a significant correlation with viral infectivity. Since viral
capsid protein is the first place to contact with any types of
oxidants, the direct detection of oxidative lesions by bioti-
nylation and avidin-immobilized affinity chromatography
could be a powerful tool for the evaluation of the decrease
in infectivity of noncultivatable viruses.
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