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ABSTRACT We determined the disinfection efficacy and inactivation mechanisms of
peracetic acid (PAA)-based sanitizer using pH values relevant for vegetable sanita-
tion against rotavirus (RV) and Tulane virus (TV; a human norovirus surrogate). TV
was significantly more resistant to PAA disinfection than RV: for a 2-log,, reduction
of virus titer, RV required 1 mg/liter PAA for 3.5 min of exposure, while TV required
10 mg/liter PAA for 30 min. The higher resistance of TV can be explained, in part, by
significantly more aggregation of TV in PAA solutions. The PAA mechanisms of virus
inactivation were explored by quantifying (i) viral genome integrity and replication
using reverse transcription-quantitative PCR (RT-qPCR) and (ii) virus-host receptor in-
teractions using a cell-free binding assay with porcine gastric mucin conjugated with
magnetic beads (PGM-MBs). We observed that PAA induced damage to both RV and
TV genomes and also decreased virus-receptor interactions, with the latter suggest-
ing that PAA damages viral proteins important for binding its host cell receptors. Im-
portantly, the levels of genome-versus-protein damage induced by PAA were differ-
ent for each virus. PAA inactivation correlated with higher levels of RV genome
damage than of RV-receptor interactions. For PAA-treated TV, the opposite trends
were observed. Thus, PAA inactivates each of these viruses via different molecular
mechanisms. The findings presented here potentially contribute to the design of a
robust sanitation strategy for RV and TV using PAA to prevent foodborne disease.

IMPORTANCE In this study, we examined the inactivation mechanisms of peracetic
acid (PAA), a sanitizer commonly used for postharvest vegetable washing, for two
enteric viruses: Tulane virus (TV) as a human norovirus surrogate and rotavirus (RV).
PAA disinfection mechanisms for RV were mainly due to genome damage. In con-
trast, PAA disinfection in TV was due to damage of the proteins important for bind-
ing to its host receptor. We also observed that PAA triggered aggregation of TV to a
much greater extent than RV. These studies demonstrate that different viruses are
inactivated via different PAA mechanisms. This information is important for design-
ing an optimal sanitation practice for postharvest vegetable washing to minimize
foodborne viral diseases.

KEYWORDS RNA virus, disinfectants, noroviruses, rotavirus, sanitation

resh produce consumption has caused a large number of foodborne illnesses in the
United States (1). Sanitation of postharvest fresh produce is essential to prevent
foodborne illnesses associated with fresh produce. Vegetable sanitizers are commonly
used to prevent cross-contamination of fresh produce and to inactivate pathogens on
produce surfaces (2). Free chlorine, a highly reactive and low-cost sanitizer, is one of the
most commonly used sanitizers for postharvest produce (3). However, the efficacy of
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free chlorine depends on pH. Specifically, the pH of free chlorine needs to be adjusted
to 6 to 7 to ensure sufficient reactivity and avoid its corrosiveness (4, 5). Moreover,
chlorine-based vegetable sanitation produces potentially harmful disinfection by-
products (DBPs) (6). For this reason, some European countries (e.g., Germany, Switzer-
land, and the Netherlands) already prohibit the use of chlorine for washing fresh
vegetables (7, 8). Thus, there is an interest and need to use or develop nonchlorine
sanitizers (9).

Peracetic acid (PAA) is a highly effective antimicrobial agent and is increasingly
being used to sanitize fresh vegetables (2). PAA is synthesized through the reaction
between acetic acid and hydrogen peroxide and can be purchased commercially as a
stable mixture of PAA, acetic acid, and hydrogen peroxide (10). As a vegetable sanitizer,
PAA is preferred to chlorine because pH adjustment is not necessary (11), and fewer
chlorinated and aldehyde DBPs are formed by PAA than by chlorination of vegetables
(12).

Although PAA possesses strong antimicrobial activity, PAA is not effective at inac-
tivating some viruses (2, 13, 14). For example, PAA at 80 ppm inactivates only about 2.8
log,, of MS2 bacteriophage and 2.9 log,, of feline calicivirus (FCV) attached to salad
vegetables (13). Additionally, PAA does not inactivate all viruses to the same degree.
For example, 100 ppm of PAA inactivates 3.2 log,, FCV and 2.3 log,, murine norovirus-1
(MNV-1) attached to lettuce, as determined by 50% tissue culture infective dose
(TCIDs,) assays, but only 0.7 log,, hepatitis A virus as determined by plaque assay (2).
PAA at 100 ppm for 2 min inactivates only 1.2 log,, polioviruses attached to strawber-
ries in plaque assays but has a higher efficacy at this same concentration and time for
bacteriophages MS2 (1.8 log, ), ®X174 (2.2 log,,), and PRD1 (1.7 log, ) in plague assays
(14). These studies suggest that the PAA efficacy may be virus specific and based on the
different physical properties of viruses. Therefore, to design an optimal PAA sanitation
practice for virus-contaminated postharvest fresh produce, it is important to under-
stand how PAA mechanistically inactivates different viruses under conditions that are
relevant for fresh produce sanitation.

In general, disinfectants or sanitizers inactivate viruses by destabilizing or degrading
the viral capsid proteins, including capsid proteins responsible for host cell attachment
(15, 16), or by damaging or degrading the encapsidated viral genome (17, 18). PAA is
a strong oxidant; thus, it is possible that PAA could oxidize and damage virus capsid
proteins and/or genomes (19). In support of this possibility, publications from our
research group and from others have shown that PAA decreases rotavirus (RV) binding
to MA104 cells and human norovirus (HuNoV) binding to porcine gastric mucin
conjugated with magnetic beads (PGM-MBs) (19, 20), suggesting that PAA damages the
proteinaceous capsids of these viruses. There are other publications showing that PAA
treatment damages genomes of RNA viruses (e.g., feline calicivirus, murine norovirus,
and hepatitis A virus) as revealed by reverse transcription-quantitative PCR (RT-qPCR)
(2). However, it is not known if PAA causes both genome and protein damage
simultaneously in these viruses and whether this may affect rates of viral inactivation.
This gap in the knowledge is important to fill because without this information,
scientists cannot design conditions most effective for virus disinfection. For this reason,
comprehensive studies on the PAA inactivation mechanisms for viruses are critical.

This study aims to identify PAA mechanisms of inactivation for two enteric viruses,
Tulane virus (TV), as a HuNoV surrogate, and RV. HuNoV, a member of the Caliciviridae
family, is a nonenveloped virus with a single-stranded RNA genome (21). HuNoV is the
major cause of foodborne diseases in the United States and is responsible for 5.5 million
cases of foodborne illness every year (22). Although there are publications showing in
vitro propagation of HuNoV (23, 24), cultivation of HuNoV remains difficult. For this
reason, we examined TV, a virus often used as a surrogate of HuNoV (21). Indeed, 22 to
26% of the TV genome is identical to that of HuNoV (25), and both viruses recognize
histo-group blood antigens (HBGAs) as attachment receptors (26). RV, a member of
Reoviridae, is a nonenveloped virus with a double-stranded, segmented RNA genome
(27). RV is the major cause of acute gastroenteritis worldwide for children under 5 years
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FIG 1 Inactivation of RV (a) and TV (b) exposed to PAA. The log,, reduction in PFU was calculated as log,,
PFU,/PFU (or —log,, PFU/PFU,) in which PFU, is the titer of untreated TV and RV, and PFU is the titer of
each virus post-PAA exposure. The natural log reduction was calculated similarly. All data from three
separate experiments are plotted. The slopes of the regression lines using the natural log were 1.03 =
0.08 and 0.02 * 0.0005 for RV and TV, respectively.

of age (28). RV has been detected in irrigation water (29, 30) and from fresh produce
like lettuce and spinach (31, 32). Therefore, there could be potential RV transmission via
fresh produce consumption. In this study, TV and RV were exposed to PAA and then
subjected to several assays to identify how PAA inactivated each virus. A cell-free
binding assay was used to quantify the loss of virus-host receptor interactions. A
two-step reverse transcription-quantitative PCR (RT-qPCR) was used to determine
genome integrity and genome replication. Traditional plaque assays were used to
determine virus titers as a measure of virus replication.

RESULTS

Inactivation kinetics of TV and RV by PAA. We fitted the inactivation kinetics of
PAA-treated TV and RV to pseudo-first-order kinetics according to Chick's law of
disinfection to obtain the inactivation rate constants, as shown in Fig. 1. The RV
inactivation rate constant (1.03 = 0.08), calculated based on natural log reduction, was
significantly larger than the inactivation rate constant for TV (0.02 = 0.0005) (P < 0.01),
suggesting that RV was more susceptible to PAA disinfection than TV. Because of the
substantial differences in the PAA susceptibilities of these two viruses, we used
different concentrations of PAA and different exposure times to inactivate RV and TV.
For TV, we exposed viruses to PAA at 10 ppm for 5, 15, 30, 45, and 60 min. For RV OSU,
we exposed viruses to PAA at 1 to 3.5 ppm for 3 min. CT is the product of the PAA
concentration (C) and time of incubation (7). At a CT of 10 (ppmXmin), a 4-log,,
inactivation of RV in PFU was observed as determined by plaque assays. However, a CT
of over 430 (ppm>xXmin) was required for the same level of inactivation for TV.

Aggregation kinetics of TV and RV. It was shown previously that virus aggregation
protects virions from the neutralizing effects of disinfectants (33-35). In these cases,
aggregation may prevent optimal interactions between PAA and the surface area of a
virion, or aggregation may decrease PAA diffusion inside aggregated virions. Thus, it
was important to determine if PAA triggered RV or TV aggregation to determine how
PAA might affect virus inactivation.

First, we measured the aggregate diameter of TV and RV suspended in 10 ppm of
PAA at pH 3. The diameter of a TV particle, as determined by a transmission electron
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FIG 2 (a) Aggregate diameters of TV and RV, as indicated, suspended in 10 ppm PAA at pH 3. (b)
Aggregate diameters of TV suspended in the mixture of PAA and quencher (600 mg/liter sodium
thiosulfate containing 16 mg/liter catalase in 0.1 M PB) at a final pH of 7 and in 0.01 M PB at pH 3 without
PAA, as indicated.

microscope, is approximately 36 nm (25). As seen in Fig. 2a, TV aggregation increased
gradually from 250 nm to 1,100 nm in diameter over 30 min. In addition to PAA, low-pH
also triggered TV aggregation because particle diameters were increased when TV was
incubated in a low-pH solution devoid of PAA, as shown in Fig. 2b. This aggregation
appeared to be pH dependent because TV aggregates became smaller (250 nm in
aggregate diameter) when the pH of the PAA-containing solution was raised to 7.0 by
adding a quencher solution (600 mg/liter sodium thiosulfate containing 16 mg/liter
catalase in 0.1 M phosphate buffer [PB]).

In contrast to TV, the measured aggregate diameter of RV remained constant
(200 nm) in PAA solution (Fig. 2a). This RV stability is explained by steric interactions
measured by atomic force microscopy among the virions (36). We suggest that, as a
result of this lack of aggregation, PAA more easily accesses nonaggregated RV than
aggregated TV and that this may account, in part, for RV's increased susceptibility to
PAA (Fig. 1). As previously reported (37, 38), the pH near the viral isoelectric point (pl)
theoretically would favor virus aggregation. The pl values of RV and TV are 4.5 and 4.8,
respectively (39, 40). Thus, at a pH 3 in the experiments, both viruses were in conditions
below the pl, and theoretically they should have similar aggregation behaviors. The
observed differences in levels of aggregation of TV and RV is likely related to differences
in protein capsid properties and is beyond the scope of this study.

Impacts of exposure to PAA on TV and RV binding to host receptors. Despite
the aggregation effects observed above, which is expected to protect virions from the
disinfecting effects of PAA, PAA still inactivated both TV and RV. To understand how
PAA inactivated these RNA viruses on a molecular level, we first examined if PAA
affected the ability of the virus to bind to its cognate host receptor. To this end, we
used a cell-free binding assay in which untreated or PAA-treated virions were incubated
with porcine gastric mucin conjugated with magnetic beads (PGM-MBs). PGM-MBs
contain cellular attachment receptors (histo-blood group antigens [HBGAs] and sialic
acid) for TV and RV strain OSU (41, 42). RNA from viruses that bound to PGM-MBs were
then isolated. RT-gPCR was used to determine the quantities of the TV nonstructural
polyprotein (NSP) or RV NSP3 genes as a measure of the numbers of virions bound to
the PGM-MBs. By comparing the results from untreated and PAA-treated viruses, we

October 2020 Volume 86 Issue 19 e01095-20

Applied and Environmental Microbiology

aem.asm.org 4


https://aem.asm.org

Inactivation Mechanisms of Viruses by Peracetic Acid

25 T T T

O With RNase (a)
2.0H o NoRNase @ J
15

[y=0.0035%, .-
1.0}R2=0.99 _

Log,, reduction of
TV NSP cDNA

05} y=0.002x -

R2=0.96

0.0 . ! L
0 200 400 600

CT (ppm*min)
25 r T T T

© With RNase (b)

2.0F|o NoRNase %-

[ y=0.43x @ ]
1.0} R?=0.99 %

o 1t 2 3 4 5
Log;, reduction in PFU

Log,, reduction of
TV NSP cDNA
o

FIG 3 Log,, reduction of TV NSP cDNA quantified from RNA extracted from PGM-MB-bound viruses that
were either untreated or treated with PAA only, or untreated/treated with PAA followed by RNase. The
log,, reduction of TV NSP cDNA was calculated as log,, No/N (or —log,;, N/N,) in which N, is the copy
number of untreated TV, and N is the copy number of TV post-PAA exposure and was plotted as a
function of CT (a) or as a function of log,, reduction in PFU (b). Green pentagons, untreated TV and
PAA-treated TV samples treated with RNase prior to PGM-MB binding assays; red circles, untreated TV
and PAA-treated TV samples not treated with RNase and directly exposed to PGM-MBs. All data from
three separate experiments are plotted.

could extrapolate whether PAA altered a virus such that it could no longer interact with
its cognate receptor proteins. Note that this virus binding assay with PGM-MBs is an
indirect assay to measure the virus binding to PGM-MBs by quantifying the viral RNA
gene of bound viruses instead of quantifying the bound viral capsids. Using PGM-MBs
affords the opportunity to examine if virus-host receptor interactions are negatively
affected by PAA. However, this method cannot distinguish between binding loss due to
binding protein degradation and binding loss caused by capsid degradation.

First, we examined TV binding under several conditions. Results are shown in Fig. 3.
For this first set of experiments, there were four sets of data that were collected: viruses
that did not receive PAA or RNase treatment, viruses that received PAA but not RNase
treatment, viruses that did not receive PAA but received RNase treatment, and viruses
that received PAA and RNase treatment. These treatments all occurred before incuba-
tion with PGM-MBs. If PAA treatment altered the integrity of the TV capsid, then we
expected that RNase would permeate the damaged capsid and degrade viral RNA.
Thus, the viral RNA would not be qPCR amplified from PGM-MB-bound virions that
lacked integrity. As a corollary, only genomes from intact capsids (capsids that remain
impermeable to RNase) would be gPCR amplified in the binding assays. The efficacy of
the RNase solution to degrade TV and RV genomes was established in our previous
study (15), where we observed a 6.4-log,, reduction in the copy number of the TV NSP
gene and a 7.8-log,, reduction in the copy number of the RV NSP3 gene in RNase-
treated RNAs compared to levels in untreated RNAs.

In Fig. 3a, we plotted the log,, reduction of TV NSP ¢cDNA quantified from PGM-
MB-bound virions (y axis) as a function of CT (ppmXmin) (x axis). Remember that the
TV NSP cDNAs are due to RNA that was isolated from virions that were captured by the
PGM-MBs. As shown in Fig. 3a, there was a reduction of NSP copies as the CT values
(ppmXmin) increased. The log,, reduction of the NSP copy numbers linearly correlated
with PAA exposure, suggesting that PAA altered TV in a manner that prevented TV from
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binding to its host receptors. A similar experiment was performed in which untreated
and PAA-treated viruses were next incubated with RNase. As discussed above, the
purpose of this experiment was to identify whether PAA treatment also altered the
integrity of the PGM-MB-bound TV capsid to the extent that the capsid would be
permeable to RNase molecules. Thus, only genomes from intact capsids (capsids that
remained impermeable to RNase) would be gPCR amplified in the binding assays. A
similar trend was observed when TV was treated with RNase post-PAA treatment (Fig.
3a, green line) in contrast to results with RNase treatment (Fig. 3a, red line): as the CT value
increased, the reduction of NSP copy numbers increased. However, the slope of the
regression line for RNase-treated samples was significantly larger than the slope of the
regression line for samples not treated with RNase (Fig. 3a) (0.0035 = 0.000085 versus
0.0021 = 0.00012; P < 0.01, respectively). Specifically, after TV was treated with PAA at a
CTof 570 (ppmXmin), the reduction in TV bound to PGM-MBs was a 1-log,, (90%)
reduction for conditions without RNase treatment versus a 2-log,, (99%) reduction from
assays containing RNase treatment. A conclusion to draw from the data shown in Fig. 3a is
that PAA treatment reduced TV binding integrity in a manner that prevents TV from
interacting with its cognate receptor. In addition, since the reduction of NSP cDNA is greater
in the presence of RNase, it is likely that PAA exposure also compromised the integrity of
the PGM-MB-bound TV capsid.

In Fig. 3b, the log,, reduction of TV NSP cDNA quantified from PGM-MB-bound
virions (y axis) and log,, reduction in PFU (x axis) were plotted. We also found that the
log,, reduction of the TV NSP cDNA linearly correlated with the log,, reduction in PFU.
Similar to the data shown in Fig. 3a, the slope of the regression line for the binding loss
of TV with RNase was significantly larger than the slope of binding loss of TV without
RNase (0.43 = 0.01 versus 0.25 *=0.02, P < 0.01). Because of a greater reduction in
cDNA quantified from RNA isolated from PGM-MB-captured virions in the presence
versus that in the absence of RNase, the conclusion is that PAA exposure disrupted not
only interactions between TV and its host receptor but also compromised the integrity
of the PGM-MB-bound TV capsid to the extent that the capsid became permeable to
molecules at least as large as RNase. We noted that the slopes of these lines (0.43 and
0.25) were less than 1. This implied that PAA-induced reduction of TV binding integrity
was not completely responsible for TV inactivation. Thus, PAA may have additional
mechanisms to inactivate TV.

The same approach was then used to examine how PAA disinfected RV particles. For
RV binding assays, we used conditions with CTs higher than those shown in Fig. 1a. This
high-CT range was necessary because RV exposed to PAA at CTs of 0 to 10 did not have
sufficient loss of binding that could be detected in the PGM-MBs binding assay used
here. For this reason, RV samples were exposed to PAA at higher CTs under conditions
that completely inactivated RV. Thus, data from RV binding assays were plotted as a
function of CT (ppmXmin), not as a function of a log,, reduction in PFU.

Similar to TV, untreated or PAA-exposed RV was either untreated or RNase treated
before incubation with PGM-MBs. The log;, reduction of RV NSP3 cDNA copies (y axis)
was plotted versus PAA exposure at various CTs (ppmXmin) (x axis), as shown in Fig.
4a. Similar to results with TV, there was a reduction in RV NSP3 cDNA copy numbers as
PAA exposure increased, suggesting that PAA altered RV in a manner that reduced its
capacity to bind to sialic acid (Fig. 4a). Also, RNase treatment increased this loss of cDNA
copies. For example, after PAA exposure, at a CT of 38 (ppmXmin), the loss in binding
of RV without RNase treatment was significantly lower than that with RNase treatment
(0.5 = 0.07 versus 0.73 = 0.06, P < 0.05). A linear correlation was observed for viruses
that were incubated with or without RNase (Fig. 4a). The fitted slope for RV binding in
the absence of RNase (0.011 = 0.00089) was significantly lower than the slope for RV
binding in the presence of RNase (0.016 * 0.00124) (P < 0.01). This pattern suggests
that PAA not only damaged the RV VP8* (RV binding protein) to compromise virus-host
receptor interactions but also disrupted the three-layered RV capsids sufficiently to
allow RNase penetration.
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FIG 4 (a) Log,, reduction of RV NSP3 cDNA quantified from RNA extracted from PGM-MB-bound viruses
that were either untreated, treated with PAA only, or untreated/treated with PAA followed by RNase
treatment, as indicated. Untreated or PAA-exposed RV was treated with trypsin before incubation of
viruses with PGM-MBs. The log,, reduction of RV NSP cDNA was calculated as log,, No/N (or —log,, N/N,)
in which N, is the copy number of untreated RV, and N is the copy number of RV post-PAA exposure and
was plotted as a function of CT. (b) Log,, NSP3 gene in copy number/ul quantified from either untreated
or PAA-treated RV bound to PGM-MBs pretreated with 0 and 63.1 mU/ml Vibrio cholerae neuraminidase.
All data from three separate experiments were plotted.

The VP8* protein of RV strain OSU binds to sialic acid to initiate host cell infection
(43, 44). To quantify the specificity of the binding of PAA-exposed RV to sialic acid, we
conducted an additional assay in which PGM-MBs were pretreated with Vibrio cholerae
neuraminidase to digest sialic acid moieties (20) before PGM-MBs were incubated with
untreated or PAA-exposed viruses. The data were plotted as values of log,, RV NSP3
cDNA copies/ul (y axis) and CT (ppm>Xxmin) of PAA exposure (x axis) (Fig. 4b). For RV
that did not receive PAA (CT of 0), neuraminidase treatment of PGM-MBs resulted in a
1.4-log,, decrease of the NSP3 copy number compared to that of untreated PGM-MBs
(5.35 = 0.14 versus 6.72 = 0.05 log,, NSP3 copies; P <0.01) (see Table S1 in the
supplemental material). This decrease in RV binding confirmed that RV VP8*-PGM-MB
interactions were mainly due to sialic acid (44). For PAA-treated RV, the differences
between the number of virions bound to untreated versus neuraminidase-treated
PGM-MBs became smaller (e.g., a 0.4-log,, decrease in the NSP3 gene at a CT of 19)
(Table S1). This smaller difference (0.4 log,, at a CT of 19 versus 1.4 log,, at a CT of 0)
suggested that PAA exposure altered the RV VP8* in a manner that compromises
known VP8*-sialic acid interactions. PAA altered the conformation of RV in a manner
that increases nonspecific binding in the PGM substrate.

In this study, we used RV strain OSU, which binds to sialic acid to initiate host cell
infection (43). Of course, PGM also contains HBGAs, rotavirus-binding receptors that are
resistant to neuraminidase treatment. However, HBGAs are receptors for other RV
strains such as K8 and HAL1166 but not for strain OSU (45, 46). Thus, it is unlikely that
RV strain OSU used here would interact with HBGAs to a large degree.

Based on data from the binding assays, it appears that PAA alters TV and RV in a
manner that reduced its capacity to bind to host receptor moieties (e.g., sialic acid for
RV). Without this interaction, the subsequent steps in the virus replication cycle (e.g.,
virus entry into the host cell, viral gene expression, viral genome replication, and virus
maturation) would not be initiated. Note that for both viruses, the observed loss in
binding was less than the observed loss in PFU caused by PAA, suggesting that there
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of the TV NSP gene and the RV VP7 gene as a function of the log,, reduction in PFU of TV and RV exposed
to PAA.

are PAA mechanisms of virus inactivation in addition to the ones that alter virus-host
cell receptor interactions.

Impacts of exposure to PAA on TV and RV genomes. We hypothesized that PAA
altered the virus capsids to the extent that small molecules (including PAA) could now
access and inactivate the viral RNA genomes. Once damaged, the RNA can no longer
be amplified or translated during the virus infection life cycle. We conducted two sets
of experiments to test this hypothesis that PAA could directly damage viral RNA
genomes. First, we measured the PAA-induced decay rate of purified viral RNA. After
purified viral genomes were exposed to PAA, a 1,324-bp region of the nonstructural
polyprotein (NSP) gene for TV or a 1,052-bp region in the VP7 gene for RV was reverse
transcribed, and the resultant cDNA was amplified and quantified in the gPCR step. If
PAA damaged the viral RNA to the point where it could not be reverse transcribed by
reverse transcriptase, then there should be a decrease in RT-gPCR amplicons. In Fig. 5a,
we plotted the log,, reduction in copy numbers of the TV NSP gene or RV VP7 gene.
In the x axis, C was the PAA concentration at the exposure time, and T was the exposure
time. As shown in Fig. 5a, increasing PAA exposure to viral RNA decreased copy
numbers for both the TV NSP and RV VP7 genes. At CT values of 0.5 and 9.4 (ppmXmin),
the log,, reduction in copy numbers of the TV NSP gene was significantly higher than
that of the RV VP7 gene for viral RNAs that were not exposed to PAA. At a CT of 0.5,
there was a 0.49 = 0.07-log,, reduction of TV NSP and a 0.25 = 0.03-log,, reduction of
RV VP7, as shown in Table S2 (P < 0.01). At a CT of 9.4, there was a 1.02 = 0.12-log,,
reduction of TV NSP and a 0.78 =+ 0.06-log,, reduction of RV VP7 (P < 0.05). At CT values
of 2.3 and 4.7 (ppm Xmin), the log,, reductions in copy numbers were similar between
the TV NSP gene and the RV VP7 gene, implying that PAA directly damaged the naked
viral genomes. Thus, at lower CT values, PAA may have a higher reactivity with
single-stranded TV RNA genomes than with double-stranded RV RNA genomes.

Data in Fig. 5a showed that PAA could indeed damage naked viral genomes. The
next question was to ask if PAA could damage capsid-associated viral RNA. To answer
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this question, we exposed whole virions to PAA, extracted RNA from these virions, and
then used these virions as templates for RT-gPCR as a proxy for genome integrity.
Again, the TV NSP and RV VP7 genes were used as the templates for RT-gPCR. The log;,
reduction in PFU and log,, reduction in copy numbers were plotted for both TV and RV
(Fig. 5b). Linear correlations were found between the log,, reduction in PFU (x axis) and
log,, reduction in copy numbers (y axis) for both studied viruses. The slopes of these
regression lines give quantitative information about the genome damage of these
viruses after exposure to PAA. The significantly higher slope observed for RV data than
for TV data (RV, 0.3 = 0.03; TV, 0.13 £ 0.0; P < 0.01) suggested that PAA induced more
RV genome damage than TV genome damage at the same levels of inactivation. For
example, a 4-log,, reduction in RV PFU was associated with approximately a 1-log;,
reduction in RV VP7 cDNA, but a 4-log;,, reduction in TV PFU was associated with only
a 0.5-log,, reduction for TV NSP cDNA. This finding suggested that PAA was more
permeable to the capsids of RV than to those of TV such that PAA now has greater
access to the genome of RV than of TV through the capsids.

In Fig. 5b, the slopes of the regression lines for both RV and TV are less than 1,
implying that genome damage was not the sole cause of virus inactivation. Based on
this, we propose that PAA may have multiple mechanisms to inhibit RV and TV
replication by both targeting virus-host receptor interactions and by damaging viral
genomes. Specifically, the slope of TV genome damage (0.13 = 0.00) shown in Fig. 5b
was smaller than the slope of TV binding loss (0.25 % 0.02) shown in Fig. 3b, suggesting
that PAA affected binding integrity of TV more than genome integrity, leading to TV
inactivation. In contrast, for RV, we detected genome damage of RV exposed to PAA at
CT values of 0 to 10 (ppmXmin), as shown in Fig. 5b, while we employed a higher CT
range (up to 60 ppmXxmin) for RV binding assays to detect binding loss of RV. This
indicates that RV inactivation by PAA was caused more by genome damage than by
binding damage.

DISCUSSION

Viruses are a major cause of foodborne diseases (22) and responsible for many
reported outbreaks associated with fresh vegetables in many countries (47). For this
reason, it is important to elucidate how viruses like TV and RV become inactivated by
sanitizers. We demonstrated that TV has a higher resistance to PAA at pH 3 than RV (Fig.
1), and this resistance correlates with TV aggregation in PAA solution (Fig. 2).

The PAA used in this study was Tsunami 100. Undiluted Tsunami 100 as sold from
Ecolab is composed of 15.2% peracetic acid, 11.2% hydrogen peroxide, and 30 to 60%
acetic acid (48). PAA is created by the reaction between acetic acid and hydrogen
peroxide. The equilibrium solution containing PAA, acetic acid, and hydrogen peroxide
is the sanitizer commercially sold as peracetic acid. It is important to note that pure PAA
is not available commercially because it is an explosive (49). For this reason, pure PAA
is not used in the food industry, and it is not possible to examine the effect of pure
PAA on viruses. PAA studies, including ours, examined virus inactivation mechanisms
using commercially available PAA solutions, which are composed of PAA, hydrogen
peroxide, and acetic acid; however, the percentage composition for each of these
chemical components might differ depending on the manufacturer of PAA (2, 19). One
question is whether the other components of Tsunami 100 may have antiviral effects
either independently or synergistically with PAA. Such possibilities were not examined
here. However, in three other publications, the addition of a surfactant such as sodium
dodecyl sulfate (SDS) into a sanitizer (chlorine and levulinic acid) yielded a higher
inactivation efficacy of viruses than surfactant alone (50-52).

When PAA is used for vegetable washing in the food industry, a high concentration
of PAA from 30 to 80 ppm for a short period of time (up to 905) is typically used (53).
The reason why such high PAA concentrations are used is that produce surface-
attached viruses are more difficult to inactivate than suspended viruses (4, 15, 20). This
difficulty to inactivate produce-attached viruses could be explained by many possible
reasons, including specific interactions between viruses and produce surfaces (20). The
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reason for a short exposure time of PAA to vegetables is to avoid oxidation of vegetable
surfaces. In this study, to examine the virus inactivation mechanisms caused by PAA, we
intentionally set PAA concentrations lower than the established guidelines for vegeta-
ble washing. Specifically, we used PAA concentrations of 1 to 3.5 ppm for RV and
10 ppm for TV.

As a strong oxidant, PAA oxidizes virus capsid proteins and genetic material,
resulting in virus inactivation (2, 19). The oxidizing potential of PAA is stronger than
chlorine but less that of than ozone (10). The protonated form of PAA, PAAH, is a
stronger oxidant than the deprotonated form PAA~ (10). At pH 3, which is lower than
a pKa of 8.2, PAAH is the dominant species (5, 54). In this study, we used Tsunami 100,
and the pH of Tsunami 100 in undiluted form is 1.8; once diluted, the pH is designed
to be around 2.8 to 4.6 (48), depending on the target concentration for vegetable
washing. In this study, we found that PAA solution at pH 3 induced TV aggregation,
resulting in high resistance of TV to PAA. For this reason, balancing the pH of PAA and
aggregation of viruses is important in designing effective PAA sanitation.

In the food industry, acidified sanitizers other than PAA, such as acidified sodium
chlorite (ASC), lactic acid, acetic acid, and malic acid, are also used for their antimicro-
bial effect (5). The pH of these acid-based sanitizers ranges from 2.1 to 3.1, depending
on the concentrations (3, 5). Moreover, previous studies also reported the inactivation
of RV and TV at low pH. At pH 2, TV had less than a 1-log,, reduction in infectivity after
1 h (55) although RV (strains C486, WC3, and NCDV) had approximately a 3-log,,
inactivation after 10 min (56). At pH3, TV did not have a significant reduction in
infectivity after 1 h (55), while RV (same strains as above) had a 2-log,, inactivation after
10 min (56). Both TV and HuNoV are members of the Caliciviridae family (21), and TV
proteins are 22 to 26% similar to HuNoV proteins (25). HuNoV virus-like particles (VLPs)
also are reported to aggregate at pH 3 (57). We also observed TV aggregation at pH 3
without PAA (Fig. 2b). Based on our findings and previous studies (57), the use of
acidified disinfectants may generate favorable conditions for HuNoV to aggregate,
which may prevent HuNoV from being inactivated. Thus, the potential aggregation of
HuNoV in solutions of other organic acid sanitizers should be considered.

We determined that PAA treatment of TV or RV compromised the ability of each
virus to bind to PGM-MBs and also destabilized portions of each genome. For example,
treatment with PAA at a CT of 287 (ppmXmin) reduced TV PGM-MB interactions by 1
log,, (Fig. 3a). These data agree with the previously reported results that a 1-log,,
reduction of HuNoV binding to PGM-MBs was observed after PAA treatment at
195 ppm for 1 min (19). When HuNoV was treated for up to 1h with 4% hydrogen
peroxide (H,0,), a component of the PAA mixture, only a 0.1-log,, binding loss to
PGM-MBs was observed (19). Thus, the loss of TV-PGM-MBs interactions would be
minimally affected by H,O,, and PAA was more responsible than H,O, for reduced
binding integrity of TV.

For RV, a 0.4-log,, binding loss was observed when RV was treated with PAA at a
CTof 19 (ppmXmin) compared to the level for untreated RV (Fig. 4a). Under these
conditions, only 58% of PAA-exposed RV bound to sialic acid (Fig. 4b and Table S1 in
the supplemental material). The current hypothesis is that PAA may oxidize RV VP8" in
such a manner that VP8* no longer interacts with sialic acid, and this is an area of future
investigations. Please note that VP8* is the protein exposed after trypsin cleavage of
VP4 (43). When we used the same strain of RV in our previous study, where intact VP4
instead of VP8* was used, we observed lower inactivation efficacy of RV with PAA (20).
A 4-log,, inactivation of RV with VP4 intact required exposure to PAA at 50 ppm for 30's
to 8 min. For the same inactivation level of RV with VP8*, only 3.5 ppm of PAA over
3 min was required. This observation suggests that the cleavage of RV VP4 allowed
higher inactivation, indicating that damaging VP8* facilitates the inactivation of RV.

To examine the capsid integrity of viruses bound to PGM-MBs, we incubated
untreated and PAA-treated viruses with RNase prior to the binding assay. An alternative
method to identify capsid integrity uses propidium monoazide (PMA) instead of RNase.
In this case, PMA would bind only to viral RNA that is either not associated with capsids
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FIG 6 Proposed PAA inactivation mechanisms of TV and RV.

or when capsids are permeable. PMA-RNA complexes cannot be amplified by RT-gPCR
(58). However, difficulties with the PMA method have been reported (58-61). These
difficulties include optimization (58), conflicting results between bacteriophage MS2
and MNV (59), and inconsistent outcomes depending on the secondary structure of the
viral nucleic acid (60). In addition, RNase treatments yield more consistent results than
PMA in examinations of the capsid integrity of RV and norovirus (62). For these reasons,
we chose to use RNase treatment to determine the capsid integrity of viruses bound to
PGM-MBs.

We determined that PAA treatment of TV and RV caused genome damage of each
virus in this study. In addition, previously it was shown that PAA at higher pHs (6.5, 7.5,
and 8.5) also caused genome damage to both MNV and MS2 (63), suggesting that PAA
at higher pHs also damages viral genomes. Moreover, the same amount of exposure to
PAA inactivated more MNV than MS2 and also caused more damage on MNV (63),
indicating that resistance to PAA depends on the virus type, which is in agreement with
our findings in this study.

In summary, we found that Tulane virus (TV, a surrogate of human norovirus) formed
aggregates in PAA at pH 3 (conditions relevant to commercial vegetable washing), and
this likely contributes to TV being more resistant to PAA disinfection than rotavirus (RV).
In contrast, RV formed much smaller aggregates and remained susceptible to PAA
disinfection. We have examined how RV and TV become inactivated by PAA. Interest-
ingly, in the proposed PAA inactivation mechanisms shown in Fig. 6, RV inactivation by
PAA is caused more by genome than by binding damage. In contrast, PAA caused TV
inactivation as a result of primarily binding loss rather than genome damage. These
findings illustrate that no one condition or concentration of PAA has the same effect on
viruses, and therefore PAA may not be effective against all viral contaminants. We
propose that TV may be a favorable model virus for HuNoV because TV has shown
increased resistance to PAA in this study and to other various treatments, including
chlorine and alcohols, in previous studies (21, 64), in addition to the capsid similarity of
TV and HuNoV (25, 61).

MATERIALS AND METHODS

RV and TV propagation. Rotavirus (RV) strain OSU (VR-892) was purchased from the ATCC (Manas-
sas, VA). Trypsin-activated RV was propagated in MA104 cells with minimal essential medium (MEM)
containing trypsin at a final concentration of 0.5 ug/ml at 37°C in a 5% CO, incubator, as described
previously (20). Tulane virus (TV) was kindly provided by Xi Jiang (Cincinnati Children’s Hospital). TV was
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TABLE 1 Primer sequences for used for Sanger sequencing

Target Primer sequence (5'-3") Reference

RV VP4 gene GGCTATAAAATGGCTTCG 16
GGTCACAACCTCTAGACACTACT

TV NSP gene GGCAGCTGGGAAGAAATCTG 66
TGAGGTCTTCTTCAACGCCC

propagated in the monkey kidney epithelial MA104 cell line, which is similar to the monkey epithelial
LLC-MK2 cell line widely used to propagate TV. MA104 cells are likely permissive to TV replication
because MA104 cells express the sialic acid moiety that TV interacts with (65). Two previous publications
from our research group described the use of MA104 cells to propagate TV and the confirmation of the
viruses by Sanger sequencing (15, 66). For either RV or TV, infected MA104 cellular monolayers were
incubated at 37°C in a 5% CO, incubator in T175 cell culture flasks (15, 66). Infected cells and their
supernatants were collected at 3 to 5days postinfection, a time when cytopathic effect (CPE) has
occurred and infected cells are detached from flask surfaces. This solution was subjected to three cycles
of freezing and thawing to release viruses from infected cells. Suspensions were transferred to centrifuge
tubes and centrifuged at 1,500 X g for 12 min. Virus-containing supernatants were collected. Viruses
were purified from supernatants by the sucrose cushion method using ultracentrifugation as described
previously (15, 16). Purified virus stocks were aliquoted and stored at -80°C. The RV VP4 and TV
nonstructural polyprotein (NSP) genes were sequenced by the high-throughput sequencing and geno-
typing unit at the University of lllinois at Urbana-Champaign using the Sanger method (primers are
shown in Table 1), as previously described (16, 66). Sequences for each virus were aligned using
Sequencer software (Gene Codes Corporation, Ann Arbor, Ml), and the aligned sequence of each virus
was compared with the sequence in the GenBank database (accession number KJ450845.1 for the RV
strain OSU VP4 gene and EU391643 for the TV NSP gene) to ensure no cross-contamination of virus
stocks.

Quantification of virus infectivity using plaque assays. The titers of infectious RV and TV particles
were determined by using plaque assays, and results were recorded as the number of PFU. For RV, virus
was activated with trypsin at a final concentration of 10 wg/ml at 37°C for 30 min, and plaque assays were
conducted as described previously (20). For TV, serially diluted TV solutions were added to confluent
monolayers of MA104 cells in a six-well plate and incubated at 37°C for 1 h in a CO, incubator. Next, the
viral solutions were aspirated and then replaced with an overlay of MEM containing 1% agarose, 7.5%
sodium bicarbonate, 15 mM HEPES, and antibiotic-antimycotic (10,000 U/ml of penicillin, 10,000 wg/ml of
streptomycin, and 25 ug/ml of Gibco amphotericin B) (Thermo Fisher Scientific, Waltham, MA). The
six-well plates were incubated at 37°C for 48 h in a 5% CO, incubator. Next, cellular monolayers were
fixed with 10% formaldehyde in phosphate-buffered saline (PBS) at room temperature for 1 h, and then
stained with 0.05% crystal violet in 10% ethanol for 20 min at room temperature. Visualized plaques were
counted.

PAA disinfection experiments. A commercially available PAA-containing solution, Tsunami 100
(Ecolab, Saint Paul, MN), was used, and this product is approved by the U.S. Food and Drug Adminis-
tration (FDA) for postharvest fruit and vegetable washing (67). PAA is also permitted for use in organic
vegetable sanitation (4). A high concentration of PAA (30 to 80 ppm) is used for vegetable washing in the
food industry (53). PAA is an organic peroxide-based, colorless liquid with a low pH. PAA is often used
without pH adjustment for produce washing (68) as the effectiveness of PAA is less dependent on pH
than chlorine (5). Thus, to use PAA in a way similar to its use in the food industry, the pH of PAA was not
adjusted in this study. Tsunami 100, the sanitizer used in this study, contains 15.2% peracetic acid, 30 to
60% acetic acid, and 11.2% hydrogen peroxide (48). Peracetic acid (CH;COOOH) is generated by the
reaction between acetic acid (CH;COOH) and hydrogen peroxide (H,0,) (10). The protonated form of
peracetic acid (CH;COOH; also expressed as PAAH) is the reactive form of PAA (10). Below the pH of PAA
used in this study (3.0 to 3.33), the speciation of PAA, which has a pKa of 8.2, is 100% PAAH (5, 54). PAA
was prepared by diluting Tsunami 100 with water purified with a Milli-Q water purification system (i.e.,
nanopure water). The concentration of PAA-based solutions was measured by a peracetic acid test kit
(Vacu-vials instrumental kit; CHEMetrics, Midland, VA).

Purified RV and TV were used for these studies, and starting titers were 1.2 X 108 PFU/ml for RV and
9.3 X 107 PFU/ml for TV. Ten-microliter aliquots of each virus were incubated with 990 ul of PAA-
containing solutions for a total volume of 1 ml. For RV, a solution containing 1 to 3.5 ppm of PAA at pH
3.2 to 3.3 was used. For TV, a solution containing 10 ppm of PAA at pH 3.0 was used. Incubations
occurred between 0 and 3 min for RV and 0 to 60 min for TV, as indicated for different experiments. To
quench the PAA reaction, 495 ul of 600 mg/liter sodium thiosulfate containing 16 mg/liter catalase in 0.1
M phosphate buffer (PB; a mixture of 0.1 M NaH,PO, and 0.1 M Na,HPO,) at pH 7.1 was immediately
added to each tube. As a control, separate aliquots of RV and TV were treated with nanopure water
lacking PAA and the quencher. Three replicates were conducted for each condition. Following disinfec-
tion, RV was activated with trypsin at a final concentration of 10 wg/ml for 30 min at 37°C. Plaque assays
for both TV and trypsin-activated RV were then conducted as described above.

To test if the reaction by-product of PAA and the quencher in 0.1 M PB can inactivate RV, which was
more sensitive to PAA than TV, we conducted a preliminary control experiment wherein we mixed 990 ul
of PAA (2.2 ppm, pH 3.25) and 495 ul of the quencher in 0.1 M PB (pH 7.1) and exposed this mixture to
10 pl of RV for 30 min at room temperature. For the control, instead of the mixture of PAA and quencher,
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a corresponding volume of nanopure water at pH 7.2 was added to 10 ul of RV. When the quencher in
0.1 M PB was used, the final pH of the mixture of PAA and the quencher was pH 7. Based on results from
the plaque assays, a reduction of infectivity compared to the level of the control was not observed
(P = 0.235, n = 3) (control, 10%3*02 PFU/ml; samples, 105+02), Thus, we used the quencher dissolved in
0.1 M PB for this study.

Measurement of RV and TV aggregates in PAA solution by using DLS. The extent of RV and TV
aggregation in PAA-containing solutions was measured by using a dynamic light scattering (DLS) ZS90
Zetasizer (Malvern, UK). This measurement gives the aggregate diameter of the virions. Ten microliters
RV or TV virus stocks was added to 990 ul of a solution containing 10 ppm PAA at pH 3. The final
concentration of RV or TV was approximately 106 PFU/ml. This concentration of RV or TV was sufficient
to give a single peak centered at the aggregate diameter of the virions measured in three separate
experiments (see Fig. S1a to c in the supplemental material). This mixture was immediately subjected to
the measurement for aggregate diameters every 4 min for 28 min. Three biological replicates were
conducted for each virus.

Binding assays using PGM-MBs. We previously published assays that detect the ability of RV and
TV to bind to their host receptors using a cell-free binding assay (15, 16). Specifically, we used a cell-free
binding matrix (porcine gastric mucin conjugated with magnetic beads [PGM-MBs]), which contains host
receptors (sialic acid and HBGAs) for RV and TV (41, 42). PGM-MBs were prepared as described previously
(16). Three types of binding assays were conducted as described below.

(i) PGM-MBs binding assay with PAA-exposed RV and TV. To determine the ability of PAA-
exposed RV and TV to bind to PGM-MBs, we added 50 ul of PAA-exposed RV (treated with trypsin) or TV
to a 1.5-ml low-adhesion centrifuge tube containing 50 ul of PGM-MBs and 900 ul of PBS. This ratio of
virions to PGM-MBs was determined previously using calibration curves (15, 16). For the control, 50 ul of
untreated RV (treated with trypsin) or TV was used. Virus and PGM-MBs were incubated on a VWR rocking
platform shaker at room temperature for 30 min at 8 rom. PGM-MBs were then collected by using a
magnetic separation rack (New England Biolabs, Ipswich, MA). PGM-MBs were washed three times with
1 ml of PBS to remove unbound virions. Washed PGM-MBs were resuspended in 140 ul of nuclease-free
water; then viral RNA was extracted from the resuspended PGM-MBs using a QIAmp viral RNA minikit
(Qiagen, Hilden, Germany) according to the manufacturer’s protocol.

(ii) PGM-MB binding assay with PAA-exposed RV and TV treated with RNase. We conducted a
second set of binding assays in which PAA-exposed viruses subsequently were treated with RNase. After
RNase treatment, these viruses were incubated with PGM-MBs. The logic is as follows: if PAA treatment
altered capsids to the extent that the capsids became permeable to RNase, then RNase should degrade
viral RNA (15, 16). Using this approach, RNase treatment versus no treatment can differentiate between
viruses with intact capsids versus virus capsids that have lost their integrity.

RNase treatment of viruses was conducted as previously described (16). Briefly, 50 ul of untreated or
PAA-exposed virus was incubated with 50 ul of RNase A/T1 mix (Thermo Fisher Scientific) at a concen-
tration of 40 ug/ml RNase-A and 100 U/ml RNase-T1 for 30 min at 37°C. RNase activity was halted by
adding 50 ul of SUPERase-In RNase inhibitor (Thermo Fisher Scientific) at a concentration of 2 U/ul to
each reaction mixture for 20 min at room temperature. After the RNase treatment, the virions (without
or with previous exposure to PAA) were incubated with PGM-MBs as described above. Viruses bound to
PGM-MBs were resuspended in 140 ul of nuclease-free water and subjected to RNA extraction using a
QIAmp viral RNA minikit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol. Only the
RNA from viruses that (i) have intact capsids and (ii) attach to PGM-MBs would be quantified by RT-qPCR
(see below for the methodology). These values were then compared to PAA-treated viruses that were not
incubated with RNase to identify the quantity of PGM-MB-bound viruses with intact capsids.

(iii) Neuraminidase-treated PGM-MB binding assay with PAA-exposed RV. To examine the
interactions between PAA-exposed RV and sialic acid, we conducted a binding assay wherein PGM-MBs
were pretreated with neuraminidase, an enzyme that cleaves sialic acids (20), before incubation with RV.
This treatment digests sialic acids in the PGM-MBs, providing a means to show the specificity of
virus-sialic acid receptor interactions in the cell-free binding assays. Fifty microliters of PGM-MBs was
incubated with 54 ul of a PBS-based solution containing 63 mU/ml of V. cholerae neuraminidase for 1 h
at 37°C. Next, PGM-MBs were washed with 1 ml of PBS to remove residual neuraminidase and then
collected by using a magnetic separation rack. PGM-MBs were suspended in 950 ul of PBS, and 50 ul of
untreated or PAA-treated RV activated with trypsin was added to this suspension, followed by incubation
at 37°C for 30 min at 8 rpom. PGM-MBs were washed and resuspended in the same manner as described
above, and then RNA extraction was performed for each sample, and samples were subjected to
one-step RT-qPCR. The differences in untreated versus PAA-treated virions bound to PGM-MBs gave
information as to whether PAA compromised virus binding to sialic acid receptors.

(iv) One-step RT-qPCR to quantify viruses bound to PGM-MBs. RNA from the above-described
assays was used for one-step RT-qPCR assays to amplify virus genomes. For RV RNA samples, 5 ul of the
extracted double-stranded RNA (dsRNA) genomes was denatured at 95°C for 5 min and then immediately
incubated on ice. This denaturation step was not required for TV genomes because TV has a single-
stranded RNA genome. Three microliters of RNA (denatured RNA for RV and nondenatured RNA for TV)
was incubated with 0.125 ul of iScript reverse transcriptase, 5 ul of 2XX iTaq universal SYBR green reaction
mix (Bio-Rad Laboratories, Hercules, CA), 0.3 ul of 10 uM forward primer, 0.3 ul of 10 uM reverse primer,
and 1.275 ul of nuclease-free water, for a total volume of 10 ul for each RT-qPCR. To generate a standard
curve for each viral gene of interest, we serially diluted a known concentration of cDNA containing the
NSP3 gene for RV or the NSP gene for TV (Integrated DNA Technologies, Coralville, IA) and quantified
these serially diluted samples in parallel with the experimental viral RNA samples. Thermal cycling
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TABLE 2 Primers and standard sequences used for one-step RT-qPCR to quantify viruses bound to PGM-MBs

Position in the Amplicon

Target gene  Primer name Sequence (5'-3") gene (nt) size (bp) Reference RT-gPCR conditions
RV strain OSU JVKF CAGTGGTTGATGCTGAAGAT 17-37 122 72 1 cycle at 50°C for 10 min and 95°C
NSP34 JVKR TCATTGTAATCATATTGAATACCCA 122-138 for 1 min; then 40 cycles at 95°C
for 10 s and 60°C for 30 s
TV NSP? TV-NSP-gPCR-F2 GGCAGCTGGGAAGAAATCTG 2774-2793 111 15 1 cycle at 50°C for 10 min and 95°C
TV-NSP-gPCR-R2  CCTGCTGTGTGAATGCCTAC 2865-2884 for 1 min; then 40 cycles at 95°C

for 10 s and 60°C for 30 s

agPCR standard sequence (5'-3") acquired from GenBank accession number DQ146697.1: GGCTTTTAATGCTTTTCAGTGGTTGATGCTCAAGATGGAGTCTACTCAACAGATGG
CATCTTCTATTATTAACTCTTCTTTTGAAGCTGCAGTTGTCGCTGCAACTTCTACATTAGAATTAATGGGTATTCAATATGATTATAATGAAGTATACACTAGAGTTAAAAGTAAGTTTGATTTT
GTAATGGATGATTCTGGTG. The forward (F) primer attaches to the sequence indicated in boldface, and the reverse primer (R) attaches to the complementary strand
indicated by underlining.

bgPCR standard sequence (5'-3’) acquired from GenBank accession number EU391643.1: CCGTGGTTGTGCGCAGTATTGGAAACACAAACATTGCTGGGAAATTCCTCAACGTCT
TCACAGGTACAGTTGTGGCAGCTGGGAAGAAATCTGACGGCCTCGGGTCTGAACCAGGAGACTGTGGCTCACCATATCTTAAATTTGTTAATGGAAAACCAACTCTT
GTAGGCATTCACACAGCAGGCAGCTACACTACCAACCAGGTTGCAGGCTTAGTGATACCTTCTAGATTCAACCTTG. The forward (F) primer attaches to the sequence indicated in
boldface, and the reverse primer (R) attaches to the complementary strand indicated by underlining.

conditions for both the NSP3 gene of RV and the NSP gene of TV were as follows: 1 cycle at 50°C for
10 min and 95°C for 1 min and then 40 cycles of 95°C for 10 s and 60°C for 30 s, followed by melting curve
analysis. The qPCR efficiency ranged from 90 to 95%. In addition, we previously have observed qPCR
amplification inhibition from binding samples (15). Thus, to avoid qPCR inhibition, we routinely dilute
RNA extracts 100-fold with nuclease-free water prior to subjecting RNA to one-step RT-qPCR (69). The
sequences of primer and standards used for the binding assays are shown in Table 2. Note that the target
amplicon sizes for both TV and RV were approximately 110 and 120 bp, respectively, and we have found
that this product is too short of a region to accurately assess if the viral genome is damaged (66). Thus,
data quantified by one-step RT-qPCR indicate the number of viruses bound to PGM-MBs, but not
necessarily genome damage.

Effect of PAA on naked viral TV and RV RNA genomes. To determine if PAA can damage viral RNA
genomes that are not encapsidated, we extracted viral RNA from 140 ul of intact RV or TV virions using
a QIAmp viral RNA minikit (Qiagen). Next, 1.7 ul of RV RNA (107 VP7 copy/ul) or TV RNA (106° NSP
copy/ul) was exposed to 3.5 ul of 1.3 ppm PAA at pH 3.2 for 0.5, 1, 5, 10, or 20 min. Next, 1.7 ul of
600-mg/liter sodium thiosulfate containing 16 mg/liter catalase in 0.1 M PB was immediately added to
each solution to quench the PAA reaction. In a separate set of tubes used for controls, instead of PAA
and the quencher, a corresponding volume of nuclease-free water was added to viral RNAs. Three
replicates were conducted for each condition. The integrity of the PAA-exposed viral RNA was evaluated
by using two-step RT-qPCR, as described previously (70). Briefly, during the first RT step, only undam-
aged/intact viral RNA can be reverse transcribed by reverse transcriptase to cDNA (15). Then, cDNA from
this first step can be quantified by the second qPCR step.

Before the RT step, rotavirus dsRNA was denatured at 95°C for 5 min and immediately incubated on
ice. For the RT step, we used a ProtoScript First Strand cDNA Synthesis kit (New England BioLabs, Ipswich,
MA) to amplify a 1,052-bp segment of the RV VP7 gene and a 1,324-bp segment for the nonstructural
polyprotein (NSP) gene of TV. Each RT reaction mix included the following: 3 ul of RNA, 2 ul of 10 uM
either OSU-VP7-R or TV-NSP-R primer, 10 ul of Moloney murine leukemia virus (M-MuLV) reaction mix
(2X), 2 ul of M-MuLV enzyme mix (10X), and 3 ul of nuclease-free water, for a 20-ul volume total.
Reaction mixtures were incubated at 42°C for 60 min and then at 80°C for 5 min. After the RT step, we
added 30 ul of nuclease-free water to each reaction mixture, according to the manufacturer’s protocol.

TABLE 3 Primers and standard sequences used for two-step RT-qPCR to detect PAA-induced genome damage of RV and TV

Step Position in the Amplicon
Target gene no.” Primer name Sequence (5'-3') gene (nt) size (bp) PCR conditions
RV strain OSU VP7° 1 OSU-VP7-R GTTAGAACTGTATGATGTGACC 1041-1062 1,052 42°C for 60 min and 80°C for 5 min
2 OSU-VP7-qPCR-F1  GAGAGAATTTCCGACTGG 11-28 131 95°C for 10 min; then 40 cycles of 95°C
OSU-VP7-gPCR-RT GTCCATTGTTCTAGTAACTGA 121-141 for 15 s and 60°C for 1 min
TV NSP< 1 TV-NSP-R TGAGGTCTTCTTCAACGCCC 4078-4098 1,324 42°C for 60 min and 80°C for 5 min
2 TV-NSP-gPCR-F GGCAGCTGGGAAGAAATCTG  2774-2794 111 95°C for 10 min; then 40 cycles of 95°C
TV-NSP-gPCR-R CCTGCTGTGTGAATGCCTAC 2865-2885 for 15 s and 60°C for 1 min

aStep 1 consists of reverse transcription of the target gene, and step 2 consists of qPCR of the target gene.

bqPCR standard sequence (5'-3’) acquired from GenBank accession number KJ450849.1: GGCTTTAAAAGAGAGAATTTCCGACTGGCTATCGGATAGCCTTTTTAATGTATGGT
ATTGAATATACCACAGTTCTAACTTTTTTGATATCGCTTGTATTTGTCAATTATATACTGAAATCAGTTACTAGAACAATGGACTTTATCATTTATAGATTCTTATTGGTTATAGT
CGTACTTGCACCGCTCA. The forward (F) primer attaches to the sequence indicated in boldface, and the reverse primers (R) attach to the complementary strand
indicated by underlining.

<gPCR standard sequence (5'-3') acquired from GenBank accession number EU391643.1: CCGTGGTTGTGCGCAGTATTGGAAACACAAACATTGCTGGGAAATTCCTCAACGTCT
TCACAGGTACAGTTGTGGCAGCTGGGAAGAAATCTGACGGCCTCGGGTCTGAACCAGGAGACTGTGGCTCACCATATCTTAAATTTGTTAATGGAAAACCAACTCTT
GTAGGCATTCACACAGCAGGCAGCTACACTACCAACCAGGTTGCAGGCTTAGTGATACCTTCTAGATTCAACCTTG. The forward (F) primer attaches to the sequence indicated in
boldface, and the reverse primers (R) attach to the complementary strand indicated by underlining.
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To quantify cDNA that was generated during the RT reaction, we used qPCR. Each gPCR consisted of 2 ul
of ¢cDNA, 7.5 ul of SYBR green PCR Master Mix (Applied Biosystems, Foster City, CA), 0.3 ul of 10 uM
forward primer (either OSU-VP7-qPCR-F1 or TV-NSP-qPCR-F), 0.3 ul of 10 uM reverse primer (either
OSU-VP7-gPCR-R1 or TV-NSP-qPCR-R), and 4.9 ul of nuclease-free water. The thermal cycle conditions for
both the TV NSP gene and the RV VP7 gene were as follows: 95°C for 10 min, 40 cycles of 95°C for 15 s
and 60°C for 1 min, followed by melting curve analysis. The qPCR efficiency ranged from 90% to 93%.

Primer and standard sequences for the genome damage assays are in Table 3.

Effect of PAA on encapsidated RNA within TV and RV virions. To detect PAA-induced viral
genomic damage, RNA was extracted from 10 ul of PAA-exposed RV or TV by QIAmp viral RNA minikit
(Qiagen). RNA extracts were subjected to two-step RT-gPCR as described above. As we exposed PAA to
TV and RV before this experiment, the concentration of virus (either in PFU or genomic copies) varied
depending on the sample; for RV, the concentration was 4.7 X 10" to 8 X 10° PFU/ml, and that for TV was
1.5 X 10" to 6.2 X 10°> PFU/ml.

Statistical analyses. Data from PAA virus inactivation, binding assays, and genome damage on

PAA-exposed viruses were fitted by a linear regression model and then compared by an F test in
OriginPro, version 2018b. For genome damage of PAA-exposed naked viral RNA, we conducted two-way

nonparametric tests using the R software package with the WRS2 package (71).
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