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Abstract Human noroviruses (HuNoV) are the leading

cause of acute non-bacterial gastroenteritis in humans and

can be transmitted either by person-to-person contact or by

consumption of contaminated food. A knowledge of an

efficient disinfection for both hands and food-contact sur-

faces is helpful for the food sector and provides precious

information for public health. The aim of this study was to

evaluate the effect of seven disinfectants belonging to

different groups of biocides (alcohol, halogen, oxidizing

agents, quaternary ammonium compounds, aldehyde and

biguanide) on infectious viral titre and on genomic copy

number. Due to the absence of a cell culture system for

HuNoV, two HuNoV surrogates, such as murine norovirus

and feline calicivirus, were used and the tests were per-

formed in suspension, on gloves and on stainless steel

discs. When, as criteria of efficacy, a log reduction[3 of

the infectious viral titre on both surrogates and in the three

tests is used, the most efficacious disinfectants in this study

appear to be biocidal products B, C and D, representing the

halogens, the oxidizing agents group and a mix of QAC,

alcohol and aldehyde, respectively. In addition, these three

disinfectants also elicited a significant effect on genomic

copy number for both surrogate viruses and in all three

tests. The results of this study demonstrate that a halogen

compound, oxidizing agents and a mix of QAC, alcohol

and aldehyde are advisable for HuNoV disinfection of

either potentially contaminated surfaces or materials in

contact with foodstuffs.

Keywords Norovirus � Murine norovirus � Feline
calicivirus � Foodborne viruses � Disinfection � Food-
contact surfaces

Introduction

Human noroviruses (HuNoV), small icosahedral non-en-

veloped enteric viruses, are members of the family Cali-

civiridae and are divided into six genogroups (Green

2013). They are considered to be one of the most common

causes of acute non-bacterial gastroenteritis worldwide in

humans and are detected in approximately 50 % of acute

gastroenteritis outbreaks across Europe and the USA (De

Wit et al. 2001; Green 2007; Patel et al. 2008; Scallan et al.

2011; Hall et al. 2013; Ramani et al. 2014). They are also

considered to be the leading global cause of foodborne

outbreaks, the main involved products being mixed food,

seafood, buffet meals and commodities such as fruits and

vegetables (EFSA and ECDC 2011, 2012, 2013; Hannah

Gould et al. 2013; Hall et al. 2014).

The primary transmission route is the faecal–oral one,

either via person-to-person contact or by consumption of

contaminated food or water (Lopman et al. 2003; Siebenga

et al. 2007; Kroneman et al. 2008; Scallan et al. 2011;

Mathijs et al. 2012). Noroviruses are very resistant and can

persist for several days in the environment (D’Souza et al.

2006). Due to this high persistence on various inanimate

surfaces and on food, coupled with the prolonged shedding

of high amounts of virus in faeces and the low infectious
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dose, person-to-person transmission is very efficient and

noroviruses constitute a serious public health issue (Mathijs

et al. 2012). Alternatively, food can be contaminated with

HuNoV either at the source in the growing or harvesting

areas by contaminated irrigation water or during handling

or preparation of meals (Tuan Zainazor et al. 2010; Mathijs

et al. 2012). Foodhandlers have been involved in almost

half of all reported outbreaks, and this proportion is prob-

ably underestimated (Koopmans and Duizer 2004; Baert

et al. 2009a; Tuan Zainazor et al. 2010; Rodriguez-Lazaro

et al. 2012; Bellou et al. 2013). HuNoV are commonly

identified in closed or semi-closed communities such as

hospitals, nursing homes, cruise ships, military and holiday

camps, restaurants and catered functions (Glass et al. 2009;

Tuan Zainazor et al. 2010; EFSA and ECDC 2012).

The infective dose is not clearly determined, but studies

have suggested that about 10 to 100 virus particles are

sufficient to induce infection (De Wit et al. 2001; Seymour

and Appleton 2001; Bresee et al. 2002; Green 2007; FAO/

WHO 2008; Doré et al. 2010). More recently, the 50 %

human infectious dose was estimated to lie between 18 and

1000 viral particles or between 1320 and 2800 genome

equivalents for the HuNoV prototype Norwalk strain (Te-

unis et al. 2008; Glass et al. 2009; Atmar et al. 2014). This

infectious dose could vary depending on both the involved

strain and the experimental methodology.

No robust cell culture system is available for HuNoV

although norovirus RNA is infectious in mammalian cells

and a recent study showed the development of an in vitro

infection model for human noroviruses in human B cells

(Duizer et al. 2004b; Malik et al. 2005; Guix et al. 2007;

Jones et al. 2014). Due to the complexity and the specific

requirements for this new in vitro cell culture system for

HuNoV, the use of viral surrogates is still required. The

murine norovirus (MNV) and the feline calicivirus (FCV)

are good candidates as HuNoV surrogates as they can grow

in cell culture, are genetically related and share similar

physiochemical characteristics (Jiang et al. 1993; Wobus

et al. 2006; Kniel 2014). Tulane virus could be considered

as an alternative candidate as HuNoV surrogate. However,

Tulane virus does not belong to the genus Norovirus and is

less resistant than MNV which is currently considered to be

a better surrogate for HuNoV (Hirneisen and Kniel 2013).

First isolated in 2003, MNV belongs to genogroup V and

infects mice (Karst et al. 2003; Wobus et al. 2006).

Although, FCV is a respiratory virus and is more suscep-

tible to low pH and high temperature than MNV, it is also

used as HuNoV surrogate (Slomka and Appleton 1998;

Doultree et al. 1999; Clarke and Lambden 2000; Green

et al. 2000; Bidawid et al. 2003; Nuanualsuwan and Cliver

2003; Malik et al. 2006). Despite the degree of resistance

of HuNoV being unknown, the effect of a biocide on

HuNoV was inferred from the results obtained on the most

resistant HuNoV surrogates.

Preventive methods to control outbreaks of HuNoV are

non-specific. They consist of appropriate hygienic mea-

sures among foodhandlers and in environmental decon-

tamination (Baert et al. 2009a; Glass et al. 2009; Atmar

2010; Hirneisen et al. 2010). Disinfectants are biocide

substances that destroy microorganisms or inhibit their

activity on inanimate objects or surfaces (McDonnell and

Russell 1999). Previous studies (Doultree et al. 1999;

Duizer et al. 2004a; Radford et al. 2007) concluded that

ethanol and quaternary ammonium-based products were

ineffective disinfectants of FCV and the inactivation of

FCV required high concentrations of sodium hypochlorite.

MNV is sensitive both to alcohols and to bleach, and its

resistance to basic and acidic pH conditions as well as its

long-term resistance at room temperature is higher than

that of FCV (Cannon et al. 2006; Belliot et al. 2008; Park

and Sobsey 2011).

The aim of this study was to infer the efficacy of bio-

cides on HuNoV surrogates from the screening of seven

products as virucidal agents by measuring their effect on

infectious viral titre and genomic copy number of MNV

and FCV in suspension, on gloves and on stainless steel

discs. These biocides (six disinfectants and one hand

sanitiser) belong to different major biocide groups such as

alcohols, halogens, oxidizing agents, quaternary ammo-

nium compounds (QAC), aldehydes and biguanides

(McDonnell and Russell 1999; Maillard 2001).

Materials and Methods

Viruses and Cells

CW1 strain of MNV-1 was propagated in RAW 264.7 cells

(ATCC TIB-71) maintained in Dulbecco’s modified

Eagle’s medium (Invitrogen) complemented (DMEMc)

with 10 % heat-inactivated foetal calf serum (FCS)

(BioWhittaker), 2 % penicillin (5000 U ml-1) and strep-

tomycin (5000 mg ml-1) (PS; Invitrogen), 1 % of a non-

essential amino acids preparation (NEAA) (Invitrogen) and

1 % HEPES buffer (1 M; Invitrogen).

F9 strain of FCV was propagated in Crandell’s feline

kidney (CRFK) cells (ATCC CCL-94) (Crandell et al.

1973) maintained in Eagle’s minimal essential medium

(Invitrogen) complemented (MEMc) with 10 % heat-in-

activated FCS (BioWhittaker), 2 % PS (Invitrogen) and

1 % NEAA (Invitrogen).

MNV-1 (CW1) and FCV (F9) were grown for 72 h at

37 �C and 5 % CO2 until cytopathic effect was observed.

Viruses were harvested after three freezing/thawing cycles
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of the cells and the suspensions were centrifuged at

10009g for 20 min to remove cell debris. Supernatants

were collected and purified by ultracentrifugation on a

30 % sucrose cushion in a SW28 rotor (Beckman Coulter)

at 11,20009g for 4 h at 4 �C. Pellets were suspended in

phosphate-buffered saline (PBS) overnight at 4 �C, ali-

quoted and stored at - 80 �C.

Biocides

Group, substance, final concentration used in the biocide

testing and contact time, for each biocidal product, are

listed in Table 1. The contact times used were those rec-

ommended by the manufacturer’s instructions for

achievement of a virucidal effect, namely 5 and 15 min., in

order to better mimic field conditions.

Cytotoxicity Tests

Cytotoxicity of Biocidal Products was Tested by Two

Different Ways

First, a quantitative evaluation of cell viability and meta-

bolism after exposure to biocidal products was performed

using thiazolyl blue (MTT). In this MTT test, the initial

biocide concentration was either the undiluted biocide for

biocides A, F and G (initial concentration of 100 %) or a 1:1

(vol/vol) dilution in cell culture medium for biocides B, C,

D and E (initial concentration of 50 %). Thus, for the MTT

tests, initial concentrations differed from concentrations

recommended by the manufacturer in that they were always

higher. However, the concentrations used during later bio-

cide testing corresponded to those of manufacturer’s

instructions (Table 1). Consequently, during the MTT test,

cell cultures were exposed to the initial concentration and

the nine 10-fold factor dilutions of the biocides. The optical

density of the wells was determined at a test wavelength of

570 nm with background subtraction at 630 nm.

For the second evaluation of cytotoxicity, monolayers of

RAW 264.7 or CRFK cells were inoculated with three ten-

fold dilutions starting from biocide concentrations corre-

sponding to those recommended in manufacturers’

instructions (Table 1). After 1 h at 37 �C, cell monolayers

were overlayed with agarose for 72 h and incubation

continued at the same temperature. Thereby, the biocide

dilutions used in this second cytotoxicity test were the

same as those used during the following biocide testing.

Alteration of cell monolayers was checked after fixation

and staining as described in the ‘‘infectivity assay’’ section.

Biocide Interaction with Virus Infectivity

A test of cell sensitivity to biocidal products was per-

formed. To check if exposure to a biocide decreases the

cell sensitivity to a virus, virus titrations were performed

on either untreated cells or cells treated with biocides. The

same dilutions as used in the biocide testing were added to

cell monolayers for each biocidal product. After washing

twice with PBS, cells were inoculated with dilutions of

viral suspensions and the viral titre was determined by

Table 1 Biocides (substances and commercial products) and their conditions of use during the biocide testing

Product Biocide group Active ingredient Final concentration (%)

used in this study

Contact

timea (min)

A Ethanol Alcohol Ethanol 70 5

B Kenochlore� Halogen Sodium hypochlorite 0.5 5

C Kenocid 2100-S� Oxidizing agents Peracetic acid and hydrogen peroxide 0.05

0.2

5

D Virocid� Quaternary ammonium compounds

Alcohol

Aldehyde

Benzylammoniumchloride

Didecyldimethyl-ammoniumchloride

Isopropanol

Glutaraldehyde

0.5 15

E Kenocid 210� Quaternary ammonium compound

Alcohol

Aldehyde

Didecyldimethyl-ammoniumchloride

Isopropanol

Glutaraldehyde

0.25 15

F Alcocid� Alcohol

Biguanide

Isopropanol

Chlorhexidine

70

0.1–1

To dryness

G Kenosept G� Alcohol

Biguanide

Isopropanol

Chlorhexidine

70

0.5

To dryness

Products A–F are intended for the disinfection of surfaces and product G for hand disinfection
a Contact time recommended by manufacturer’s instructions
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plaque assay. In parallel, cell monolayers without contact

with biocides were inoculated with dilutions of viral sus-

pension. A difference of less than one log10 between the

viral titre obtained from infected cells in contact with

biocides and from those without contact with biocides

indicates the absence of cell sensitivity to biocidal

products.

Infectivity Assay

Titres of each virus were determined by plaque assay

(Hyde et al. 2009). Briefly, cells were split into six-well

plates at a density of 106 cells per well. On the following

day, cells were inoculated with tenfold dilutions of virus in

DMEM (MNV) or MEM (FCV). After 1 h at 37 �C, the
inoculum was removed and the cells were overlaid with

2 ml DMEMc (or MEMc) with 0.5 % SeaPlaque agarose.

Plates were stored at room temperature for 20 min and then

incubated at 37 �C and 5 % CO2 for 72 h. To count the

plaques, the overlaying medium was removed and cells

were fixed by adding 1 ml of 4 % formaldehyde/well for

30 min and then stained with 2 ml of 0.3 % crystal violet

at room temperature.

The same protocol was used to determine the viral titre

after biocide exposure.

Molecular Detection by RT-qPCR

RNA was extracted from 100 ll of each sample, using the

QIAamp viral RNA kit (Qiagen) and following manufac-

turer’s instruction. Total RNA was diluted in 60 ll of

elution buffer and stored at -80 �C before use. One-step

RT-qPCR was performed with a C1000 Touch thermocy-

cler (Biorad) on a final volume mix of 25 ll following

manufacturing instructions. The RT-qPCR reaction for

MNV or FCV consisted of 12.5 ll of 29 RT-qPCR reac-

tion mix (iScriptTM One-Step RT-PCR Kit for Probes,

Biorad), MNV primers and probe (at the final concentra-

tions of 100 and 200 nM, respectively) or FCV primers and

probe (at the final concentrations of 500 and 200 nM

respectively), 0.5 ll of iScript reverse transcriptase, 5 ll of
RNA template and water to 25 ll.

Cycle conditions were as follows: 10 min at 50 �C,
5 min at 95 �C and 45 cycles of 10 s at 95 �C and 30 s at

60 �C. The primers and probes used to detect MNV and

FCV are detailed in Table 2.

For quantification, each amplicon (FCV and MNV) was

first cloned into pGEM-T easy (Promega�). Cloning

reactions were analysed by sequencing after plasmid

purification with the high pure plasmid isolation kit

(Roche). Plasmid DNA was quantified via nanodrop and

converted into genomic copies. Serial dilutions were then

prepared (from 10-5 to 10-9) and tested for the

determination of standard curves for MNV-1 and FCV

quantification.

Biocide Testing

In this experiment, we used two different surrogate viruses,

MNV and FCV, and three different tests, i.e. suspension,

glove and stainless steel disc tests. The method was

adapted from the AFNOR norm EN 14476 and is illus-

trated in Fig. 1 (AFNOR 2007). Clean conditions were

simulated by addition of 0.3 % bovine serum albumin

(BSA). BSA mimicked the presence of organic load that

could be present in field conditions on surfaces and could

interfere with the activity of the disinfectant.

For each experiment, a sample without biocidal product

was used as a control sample, following the same steps as

described for the other samples, and was used for com-

parison with the samples containing one of the seven bio-

cidal products.

For suspension tests, the average initial virus titre for

MNV and FCV was 1.4 9 107 and 1.1 9 108 pfu ml-1,

respectively, and the inoculum volume was 10 or 15 ll. For
suspension tests, a mixture containing 10 % of the virus

(either MNV or FCV), 10 % of BSA (to reach a final

concentration of 0.3 %) and 80 % of the biocidal product at

the specific concentration, recommended by the manufac-

turer’s instructions (Table 1), was prepared. After the

determination of a contact time for each biocidal product

(Table 1), the tested suspension was diluted three times by

a ten-fold factor in cell culture media (at 4 �C) in order to

reduce both the activity of the biocide and the cytotoxic

effect. From these three dilutions of virus-biocide suspen-

sions, a first aliquot was used for an infectivity assay

(500 ll as inoculum in a 6-well plate) and a second aliquot

was used for molecular detection (100 ll for the RNA

extraction followed by the one-step RT-qPCR).

A biocidal product with a log10 reduction equal to or

higher than three was equivalent to a 99.9 % decrease of

infectious titre and was considered effective following the

Guidelines on the application of general principles of food

hygiene to the control of viruses in food (Codex Alimen-

tarius 2012). Each biocidal product was tested in three

independent experiments.

The efficiency of a disinfectant could vary depending on

the test. Suspension tests for virucidal activity do not

exactly reflect field conditions. To better mimic these field

conditions, two other experiments were performed using

gloves and stainless steel discs as tested surfaces. For the

gloves and stainless steel discs tests, a mixture containing

10 % of the virus (either MNV or FCV) and 10 % of BSA

(to reach a final concentration of 0.3 %) was deposited at

the centre of the surface (either glove or stainless steel disc)

and allowed to dry for 30 min under a laminar flow.
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Stainless steel discs were washed and sterilized by

autoclaving before use. Fingers of sterile latex gloves

(KimtechPure, Kimberly-Clark) were used to form a tube

and were inverted to mix virus and biocide on the external

surface of the glove. Then the biocide was deposited on the

same area during a biocide-dependent contact time

(Table 1). In the glove test, cell culture media was directly

added on the gloves and pipetted several times to recover

the virus. In the stainless steel disc test, the discs (Stainless

steel disc, AISI 304 cold rolled, Laserflash sa) were placed

into 6-well plates and DMEMc (for MNV) or MEMc (for

FCV) was added to dilute the biocide and to stop its effect.

The plate was placed on a rocking platform for 15 min at

4 �C. From this first dilution, two further ten-fold dilutions

were performed and finally, all dilutions were used for the

infectivity assay and for the quantification of genomic

copies as previously described for the suspension tests.

To evaluate the putative inhibitory effect of each biocide

on the RT-qPCR, all the steps of the biocide test were also

performed, starting with a suspension of one of the seven

biocidal products, the BSA and PBS instead of the surro-

gate virus. After the extraction process on the three dilu-

tions, a RT-qPCR was performed on these samples,

containing a part of the extraction and a part of the DNA

Table 2 Primer and probe sets and concentrations used to detect murine norovirus (MNV) and feline calicivirus (FCV) by RT-qPCR; both

probes labelled 50 6-carboxyfluorescein (FAM) and 30 MGB (minor groove binder)

Virus Primer and probe Final

concentration

(nM)

Sequence (50-30) Location (bp)a Ref.

MNV FW-ORF1/ORF2 100 CACGCCACCGATCTGTTCTG 4972–4991 Hannah Gould et al. (2013)

RV-ORF1/ORF2 100 GCGCTGCGCCATCACTC 5064–5080

MGB-ORF1/ORF2 200 CGCTTTGGAACAATG 5001–5015

FCV p30F 500 TGGATGAACTACCCGCCA 2415–2432 Hirneisen et al. (2010)

p30R 500 CATATGCGGCTCTGATGGCTTGAAACTG 2507–2534 Hirneisen and Kniel (2013)

P30P 200 TCGGTGTTTGATTTGGCCTG 2456–2475 b

a Nucleotide positions based on MNV (GenBank access NC_008311.1) and FCV sequences (GenBank access NC_001481.2)
b Zicola, personal communication

Fig. 1 Protocol and steps of the

study
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plasmid corresponding to the surrogate virus. The Ct values

were compared with the Ct values of RT-qPCR performed

only with the DNA plasmid without any remaining part of

the biocides.

Data Analysis

Each assay was performed in three independent experi-

ments and from these, three replicates were tested by RT-

qPCR. For the same test, samples treated with a disinfec-

tant and untreated samples were compared and the results

were expressed as log reduction. Thus, the virus elution

efficiency should not interfere with our results and statis-

tical analyses. Log reduction was expressed as mean ± s-

tandard deviation. Statistical analyses were performed

using SAS software, version 9.3. Genomic copy number

and infectivity were modelled using a linear model

involving two factors—namely the biocide, the virus and

their interaction—for each condition. Differences between

biocides were assessed using least square means and their

standard errors, using a Tukey correction for multiple

comparisons. Results were considered significant when the

associated p-values were lower than 0.05 or 0.01.

Results

Evaluation of Biocide Cytotoxicity

The highest non-cytotoxic concentrations of biocides after

quantitative evaluation of cell viability and metabolism

with MTT were 10-1 (biocide F), 10-2 (biocides A, B, C

and G) and 10-4 (biocides D and E) on RAW 264.7 cells

and 10-1 (biocide G), 10-2 (biocide A) and 10-3 (for

biocides B, C, D, E and F) on CRFK cells (Table 3).

The biocide dilutions used in the following biocide

testing were the 100- and 1000-fold dilutions of biocides

which had already been diluted to concentrations recom-

mended for use by the manufacturer (presented in Table 1).

Since these 100- and 1000-fold dilutions corresponded

to concentrations lower than (or equal to) the non-cytotoxic

ones previously evaluated by MTT test (Table 3), they

were logically also not cytotoxic.

The microscopic examination of the cell monolayers

confirms the results obtained with the MTT test.

Biocide Interaction with Virus Infectivity

When the residual effect of biocidal products was tested on

the virus infectivity, the difference between infectious viral

titres determined on cells in contact with biocides and cells

without biocides was lower than 1 log10, showing that, in

the infectivity assay, a reduction of infectious viral titre

reflects biocide effect only on the virus.

Biocide Interaction with Molecular Detection

The Ct values were compared for samples containing either

plasmids and biocide or only plasmids. Theoretically, delta

Ct lower than 3.3 means a difference of genomic copy

number lower than 1 log10. In our study, the mean delta Ct

values were 1.5 ± 1.3 and 1.2 ± 0.7 for MNV and FCV,

respectively. These findings showed that the presence of

biocide residue within the experiment assay had non-sig-

nificant effect on neither MNV nor FCV molecular

detection.

Biocide Efficacy

The log reduction and standard deviation of both the

infectious viral titre and the genomic copy number of MNV

and FCV during the three different tests are given in

Table 4. According to both Codex Alimentarius and Afnor

Norm 14476, a biocide was considered effective when the

log reduction of the infectious viral tire was C3 log10
(AFNOR 2007, Codex Alimentarius 2012).

Effect on MNV Infectivity

In suspension and in stainless steel disc tests, the log10
reduction of MNV infectious viral titre was between 3.32

and 3.85 for the biocidal products A, B, C, D, E, F and G

(Table 4). In the glove tests, the log10 reduction of MNV

infectious viral titre was higher than 4.36 log10 for the

biocidal products A, B, C, D and E and lower than 2.95

log10 for the biocidal products F and G (Table 4). In both

suspension tests and disc tests, no significant difference

was observed between the biocides. For the glove tests, the

log10 reduction of biocides A to E was significantly dif-

ferent (P\ 0.01) from biocides F and G (Fig. 2).

Effect on MNV Genome Integrity

The average reduction of genomic copy number was higher

than 2 log10 for biocidal products A and B, between 1 and 2

log10 for biocidal products D and G and lower than 1 log10
for biocidal products C and E. For the biocidal product F,

there was no log10 reduction (Table 4). The effect of all

biocidal products on MNV genomic copy number was

significant (P\ 0.01) in comparison to the control sample

(Fig. 3). There was no significant difference between bio-

cides C, D, E and G. On the contrary, the effect on MNV

genomic copy number of biocides C, D, E and G was

significantly different to biocides A and B on the one hand

and to biocide F on the other hand (P\ 0.01) (Fig. 3).
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Effect on FCV Infectivity

The log10 reduction with biocidal products B, C and D was

higher than 4.09 log10 in the three different tests, except in

the case of biocide B on disc tests with a 3.77 log10
reduction (Table 4). The log10 reduction with biocides A,

E, and F ranged from 3.52 to 3.94 in suspension tests and

was lower than 2.89 log10 in glove and disc tests. The log10
reduction with the biocidal product G was lower than 2.25

log10 in the three different tests. In suspension tests, the

log10 reduction of biocides A, B, C, D, E and F was sig-

nificantly different to the log10 reduction of biocide G

(P\ 0.01) and the log10 reduction of biocides B and C was

also significantly different to the log10 reduction of bio-

cides A (P\ 0.01), E and F (P\ 0.05) (Fig. 2). The log10
reduction of biocide D was significantly different to the

log10 reduction of biocides A (P\ 0.05) and G (P\ 0.01).

For the glove tests, the log10 reduction of biocides B, C and

D was significantly different to the log10 reduction of

biocides A, E, F and G (P\ 0.01). For the disc tests, the

log10 reduction of biocides B (P\ 0.05), C (P\ 0.01) and

D (P\ 0.01 with A and G; P\ 0.05 with F) was signifi-

cantly different to the log10 reduction of biocides A, F and

G and the log10 reduction of biocide C was also signifi-

cantly different to the log10 reduction of biocide E

(P\ 0.05) (Fig. 2).

Effect on FCV Genome Integrity

The log10 reductions of FCV genomic copy number with

the biocide product B were highest, ranging from 2.39 to

3.88 depending on the different tests (Table 4). The log10
reductions of FCV genomic copy number with biocidal

products C, D and E ranged from 1.04 to 2.30, 0.08 to 2.08

and 0.06 to 1.46, respectively (Table 4). The effects of

biocidal products B, C, D and E on FCV genomic copy

number were significant (P\ 0.01) (Fig. 3). The log10
reductions of FCV genomic copy number with biocidal

products A, F and G ranged from 0.03 to 0.42, from -0.11

to 0.07 and from 0.21 to 0.42, respectively (Table 4).

Biocidal products A, F and G had no significant effect

on genomic copy number (Fig. 3).

Discussion

Two HuNoV surrogates, namely MNV and FCV, were

used to evaluate the biocidal effect of seven fully formu-

lated products, representing the major groups of

disinfectants.

When, as criteria of efficacy, a log reduction[3 of the

infectious viral titre on both surrogates and in the three

tests is used, the most efficacious disinfectants in this study

Table 3 Determination of the cytotoxicity of biocides in Raw and CrFK cells by MTT test

Biocide group Biocide Cells O.D. for initial

biocide

concentrationc

O.D. for ten-fold dilutions of the initial biocide concentrationab O.D. for

reference

(untreated

cells)

10-1 10-2 10-3 10-4 10-5 10-6 10-7 10-8 10-9

Alcohol A Raw 0.08 0.09 0.27 0.60 0.47 0.54 0.50 0.39 0.36 0.34 0.26 0.37

CrFK 0.09 0.10 0.20 0.55 0.41 0.39 0.39 0.29 0.31 0.27 0.21 0.31

Halogen B Raw 0.08 0.13 1.88 1.76 1.62 1.36 1.12 1.87 1.41 1.41 1.34 1.02

CrFK 0.04 0.13 0.52 0.94 0.92 0.91 0.93 0.98 0.92 0.72 0.66 0.63

Peracetic acid, hydrogen

peroxide

C Raw 0.05 0.10 1.73 2.01 1.92 1.72 1.80 1.40 1.70 1.70 1.19 0.96

CrFK 0.05 0.10 0.36 0.92 0.93 0.98 0.92 0.87 0.95 0.92 1.02 0.59

Quaternary ammonium

compounds, alcohol,

aldehyde

D Raw 0.26 0.11 0.07 0.08 0.82 1.88 1.49 1.43 1.88 2.23 1.82 0.85

CrFK 0.26 0.11 0.19 0.90 0.97 0.93 0.98 0.96 1.01 1.00 0.87 0.88

E Raw 0.23 0.11 0.09 0.09 1.97 2.38 2.14 1.80 2.27 1.86 1.44 1.84

CrFK 0.05 0.11 0.36 0.87 0.90 0.89 0.93 0.82 0.92 0.89 1.00 0.58

Alcohol, iguanide F Raw 0.07 1.76 1.91 1.44 1.63 1.80 1.30 1.68 1.55 1.57 1.19 1.16

CrFK 0.06 0.06 0.11 0.37 0.47 0.58 0.63 0.57 0.61 0.52 0.47 0.37

G Raw 0.08 0.14 1.98 1.88 1.37 1.43 1.32 1.72 1.34 1.46 1.43 1.13

CrFK 0.08 0.94 1.05 1.01 0.93 1.03 0.79 0.98 0.57 0.49 0.77 0.65

Results represent the average optical density (O.D.) measured in 8 wells at 570 nm with background subtraction at 630 nm
a The underlined O.D. correspond to the highest non-cytotoxic biocide concentration
b O.D. in bold correspond to the biocide concentration used in the biocide testing to determine the log reductions of both pfu and genomic copy

number
c The initial concentration was either the undiluted biocide (the biocides A, F and G) or the biocide mixed 1:1 with cell culture media in 50 %

(vol/vol) suspension (the biocides B, C, D and E)
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appeared to be biocidal products B, C and D, representing

the halogens, the oxidizing agents group and a mix of

QAC, alcohol and aldehyde, respectively. In addition, these

three disinfectants also elicited a significant effect on

genomic copy number for both surrogate viruses and in all

three tests.

Biocide B, containing sodium hypochlorite, is often

used to disinfect water and environmental surfaces. Its

significant effect on infectious viral titre and genomic copy

number confirms results of other studies which also

revealed a significant effect on HuNoV genome integrity

(Girard et al. 2010; Lim et al. 2010; Park and Sobsey 2011;

Hirneisen and Kniel 2013; Tung et al. 2013).

Biocide C contains peracetic acid (PAA) and hydrogen

peroxide (H2O2), representing the oxidizing agents, and

reduced the MNV and the FCV viral titres by more than 3

and 4 log10, respectively; these findings are consistent with

several studies (Baert et al. 2009b; Fraisse et al. 2011;

Vimont et al. 2015). The effect on the genomic copy

number was significant but lower than that of other biocidal

products such as sodium hypochlorite for example; again,

this finding is in accordance with the results of Fraisse et al.

(2011). FCV seems to be more sensitive to sodium

hypochlorite and to PAA than MNV (Gulati et al. 2001;

Baert et al. 2009b; D’Souza and Su 2010; Fraisse et al.

2011; Park and Sobsey 2011; Kim et al. 2012; Vimont et al.

2015); therefore, FCV could overestimate the effect of

these two biocides on HuNoV.

Biocide D, composed of glutaraldehyde, QAC and iso-

propanol, significantly reduced the infectious viral titre and

the genomic copy number of both surrogates. Previously

published results may be controversial, reporting a signif-

icant effect either on MNV or FCV infectious titres

(Doultree et al. 1999; Jimenez and Chiang 2006; Belliot

et al. 2008; Girard et al. 2010; Whitehead and McCue

2010; Su and D’Souza 2012). These apparently contra-

dictory results could be explained by the biocide concen-

trations, the kind of QAC, the contact time and the nature

of the surfaces tested. The difference between biocide D

(significant reduction of both MNV and FCV infectious

titres) and biocide E (significant reduction of MVN infec-

tious titre only) could be explained by the chemical

Table 4 Results on log reduction and standard deviation of infectious viral titre and of genomic copy number of murine norovirus (MNV) and

feline calicivirus (FCV) in suspension (s), on gloves (g) and on stainless steel discs (d)

Biocide group Biocide Test Log10 reduction of

MNV FCV

Infectious viral

titre

Genomic copy

number

Infectious viral

titre

Genomic copy

number

Alcohol A s C3.85 ± 0.0* 2.14 ± 1.4 C3.52 ± 0.1* 0.03 ± 0.1

g C5.18 ± 0.0* 2.94 ± 1.4 B2.35 ± 0.2 0.42 ± 1.1

d C3.69 ± 0.5* 2.08 ± 0.4 B2.15 ± 0.4 0.04 ± 0.3

Halogen B s C3.85 ± 0.0* 6.07 ± 1.9 C4.70 ± 0.0* 3.88 ± 2.4

g C4.87 ± 0.5* 2.65 ± 1.4 C4.47 ± 0.3* 2.68 ± 1.2

d C3.69 ± 0.5* 2.3 ± 0.7 C3.77 ± 0.8* 2.39 ± 1.1

Peracetic acid, hydrogen peroxide C s C3.85 ± 0.0* 0.68 ± 0.4 C4.70 ± 0.0* 2.30 ± 0.3

g C4.36 ± 0.1* 0.43 ± 0.3 C4.72 ± 0.8* 1.18 ± 0.8

d C3.69 ± 0.5* 1.63 ± 0.2 C4.77 ± 0.8* 1.04 ± 0.1

Quaternary ammonium compounds,

alcohol, aldehyde

D s C3.85 ± 0.0* 0.62 ± 0.3 C4.48 ± 0.4* 2.08 ± 0.3

g C5.18 ± 0.0* 1.22 ± 0.3 C4.09 ± 0.8* 0.63 ± 0.9

d C3.69 ± 0.5* 1.19 ± 0.7 C4.36 ± 1.1* 0.08 ± 0.2

E s C3.85 ± 0.0* 0.58 ± 0.3 C3.70 ± 1.7* 1.46 ± 0.8

g C4.54 ± 0.6* 0.81 ± 0.4 B2.50 ± 0.3 0.38 ± 0.7

d C3.32 ± 0.2* 0.79 ± 0.6 B2.89 ± 1.6 0.06 ± 0.2

Alcohol, biguanide F s C3.85 ± 0.0* -0.37 ± 0.4 C3.94 ± 0.2* 0.07 ± 0.1

g B2.95 ± 0.8 -0.02 ± 0.3 B2.25 ± 0.3 -0.11 ± 0.6

d C3.69 ± 0.5* -0.92 ± 0.5 B2.51 ± 0.8 0.02 ± 0.3

G s C3.85 ± 0.0* 1.29 ± 1.2 B1.80 ± 0.2 0.42 ± 0.6

g B2.85 ± 1.2 0.68 ± 0.3 B2.25 ± 0.3 0.24 ± 0.5

d C3.69 ± 0.5* 1.02 ± 0.8 B2.15 ± 0.4 0.21 ± 0.6

* log10 reduction of infectious viral titre[3 log10

C Indicates that the virus titre was below the detection limit
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composition of the QAC used. Glutaraldehyde significantly

reduced MNV and FCV titres by C6 log10 at a 2 % con-

centration (D’Souza and Su 2010), while the reduction in

MNV and in FCV titres was B3 log10 after the use of QAC

(Belliot et al. 2008; Girard et al. 2010; Whitehead and

McCue 2010). In this study, biocide D, a mixture con-

taining glutaraldehyde, QAC and isopropanol, showed a

significant effect on the infectious titre with a log reduc-

tion C3 log10 on both surrogates and in the three tests, as

well as a significant effect on the genome integrity

(P\ 0.01). Therefore, interactions between different sub-

stances, e.g. providing synergistic or antagonistic effects,

are likely to exist and should be taken into account.

Comparisons between studies on biocidal products are

difficult due to the large number of disinfectants and the

variety of conditions of use: concentration, contact time,

test set-up and surrogate virus.

The mechanisms of action of these disinfectants show-

ing a significant efficiency on both MNV and FCV surro-

gates are not fully clarified. Previous studies demonstrated

a virucidal activity of halogens by a modification of capsid

integrity as it is observed with PAA and glutaraldehyde

(O’Brien and Newman 1979; McDonnell and Russell

1999). H2O2 acts as an oxidant on lipids, proteins and DNA

MNV FCV

Suspension 
tests No significant difference between biocide 

products

A B C D E F G
A S** S** S* NS NS S**
B NS NS S* S* S**
C NS S* S* S**
D NS NS S**
E NS S**
F S**
G

Glove tests

A B C D E F G
A NS NS NS NS S** S**
B NS NS NS S** S**
C NS NS S** S**
D NS S** S**
E S** S**
F NS
G

A B C D E F G
A S** S** S** NS NS NS
B NS NS S** S** S**
C NS S** S** S**
D S** S** S**
E NS NS
F NS
G

Stainless 
steel disc

tests
No significant difference between biocide 

products

A B C D E F G
A S* S** S** NS NS NS
B NS NS NS S* S*
C NS S* S** S**
D NS S* S**
E NS NS
F NS
G

Fig. 2 Comparison of the effect

of the biocidal products (A–

G) on MNV and FCV titres.

S significant difference with

P values\0.01 (**) or\0.05

(*); NS no significant

difference; A ethanol; B sodium

hypochlorite; C peracetic acid

and hydrogen peroxide;

D benzylammoniumchloride,

didecyldimethylammonium

chloride, isopropanol and

glutaraldehyde;

E Didecyldimethylammonium

chloride, isopropanol and

glutaraldehyde; F isopropanol

and chlorhexidine;

G isopropanol and

chlorhexidine

Fig. 3 Comparison of the effect of the biocidal products (A–G) on

detection of MNV and FCV genome copies. S significant difference

with P values\0.01 (**) or\0.05 (*); NS no significant difference;

Ctrl controls; A ethanol; B sodium hypochlorite; C peracetic acid and

hydrogen peroxide; D benzylammoniumchloride, didecyldimethy-

lammonium chloride, isopropanol and glutaraldehyde; E dide-

cyldimethylammonium chloride, isopropanol and glutaraldehyde;

F isopropanol and chlorhexidine; G isopropanol and chlorhexidine
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(McDonnell and Russell 1999; Wutzler and Sauerbrei

2000). After PAA and H2O2 treatments of HuNoV faecal

samples, HuNoV binding was only reduced by less than

1 log10. These results suggest that binding was not affected

and capsids were not altered by these oxidizing agents

(Kingsley et al. 2014). The mechanisms of action of glu-

taraldehyde on viruses are still unknown but probably also

involve cross-linking of proteins, RNA and DNA (Cham-

bon et al. 1992; McDonnell and Russell 1999). QAC have

an effect on lipids and enveloped viruses, and, in studies on

bacteriophages, QAC had an effect on infectivity but did

not affect the genomic DNA (Doultree et al. 1999;

McDonnell and Russell 1999).

Alcohols and chlorhexidine associated with alcohol had

differing effects on the two surrogates in the three tests.

Biocide A (alcohol) had a significant effect on infectious

viral titre and genomic copy number of MNV but no sig-

nificant effect on these same parameters of FCV, thus con-

firming previous studies (Park et al. 2010; Tung et al. 2013).

The biocide products F and G are an association of alcohol

and chlorhexidine (which is a major member of the bigua-

nide group). They produced a significant effect on MNV in

suspensions and stainless steel disc tests but not on FCV

(except biocide F in the suspension test). Several studies

(Park et al. 2010; Iwasawa et al. 2012; Matsuhira et al. 2012)

showed poor effects of chlorhexidine on bothMNVand FCV

viral titres. Our results are in accordance with this with

regard to FCV. The short contact time used in previous

studies (\5 min) could explain the absence of any significant

effect of alcohol (D’Souza and Su 2010) and of chlorhexi-

dine (Park et al. 2010; Iwasawa et al. 2012; Matsuhira et al.

2012) on the infectious titre ofMNV and FCV.Our results as

well as previous studies confirmed that MNV is more sus-

ceptible to alcohol and chlorhexidine than FCV (Park et al.

2010; Tung et al. 2013; Cromeans et al. 2014). These data

also suggest differences between MNV and FCV regarding

viral capsid integrity (Cannon et al. 2006; Park et al. 2010).

While the results above present useful information with

regard to effects of disinfectants on HuNoV surrogates, it

must be noted that this work has some limitations. Obvi-

ously, results extrapolated from HuNoV surrogates should

always be carefully interpreted, as they are not directly

obtained for HuNoV. However, since these surrogates are

genetically related to HuNoV, they still remain the best

approach for evaluation of the effect of disinfectants on

HuNoV. Information obtained from other existing HuNoV

surrogates (e.g. Tulane virus) could contribute to a better

understanding of disinfectant effects against HuNoV. The

second limitation is the use of only one parameter per test

condition as a fixed temperature, contact time and disin-

fectant concentration were maintained per disinfectant. It

could be interesting to comprehensively analyse a possible

effect of different conditions of application on infectious

viral titre and genomic copy number. Thus, determination

of a shorter efficient contact time could be interesting for

practical use.

In conclusion, halogen compounds, oxidizing agents and

a combination of QAC, alcohol and aldehyde showed the

best biocide activity for the disinfection of surfaces and

materials. The information on the lowest efficient con-

centration and the shortest contact time of these three

biocides on HuNoV surrogates will be useful during

selection of the most appropriate disinfectant against

HuNoV. Both harmonization and standardization of test

conditions could be beneficial to compare biocide efficacy.

In addition, hand and surface disinfection are not the

only targets to control and reduce HuNoV contamination in

food industry and human healthcare centres. These mea-

sures should be combined with an optimal management of

foodhandlers hygiene and with optimized detection of

HuNoV at critical points of possible contamination.
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A., & Vinjé, J. (2006). Surrogates for the study, of norovirus

stability and inactivation in the environment: A comparison of

murine norovirus and feline calicivirus. Journal of Food

Protection, 69(11), 2761–2765.

Chambon, M., Bailly, J. L., & Peigue-Lafeuille, H. (1992). Activity of

glutaraldehyde at low concentrations against capsid proteins of

poliovirus type 1 and echovirus type 25. Applied and Environ-

mental Microbiology, 58(11), 3517–3521.

Clarke, I. N., & Lambden, P. R. (2000). Organization and expression

of calicivirus genes. Journal of Infectious Diseases, 181(Suppl

2), S309–S316.

Codex Alimentarius. (2012). CAC/GL 79-2012 guidelines on the

application of general principles of food hygiene to the control of

viruses in food. Codex Committee on Food Hygiene, 13.

Crandell, R. A., Fabricant, C. G., & Nelson Rees, W. A. (1973).

Development, characterization, and viral susceptibility of a

feline (Felis catus) renal cell line (CRFK). In Vitro, 9(3),

176–185.

Cromeans, T., Park, G. W., Costantini, V., Lee, D., Wang, Q., Farkas,

T., et al. (2014). Comprehensive comparison of cultivable

norovirus surrogates in response to different inactivation and

disinfection treatments. Applied and Environmental Microbiol-

ogy, 80(18), 5743–5751. doi:10.1128/aem.01532-14.

De Wit, M. A. S., Koopmans, M. P. G., Kortbeek, L. M., Wannet, W.
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Doré, B., Keaveney, S., Flannery, J., & Rajko-Nenow, P. (2010).

Management of health risks associated with oysters harvested

from a norovirus contaminated area, Ireland, February-March

2010. Eurosurveillance, 15(19), 1–4.

Doultree, J. C., Druce, J. D., Birch, C. J., Bowden, D. S., & Marshall,

J. A. (1999). Inactivation of feline calicivirus, a Norwalk virus

surrogate. Journal of Hospital Infection, 41(1), 51–57.

D’Souza, D. H., Sair, A., Williams, K., Papafragkou, E., Jean, J.,

Moore, C., et al. (2006). Persistence of caliciviruses on

environmental surfaces and their transfer to food. International

Journal of Food Microbiology, 108(1), 84–91.

D’Souza, D. H., & Su, X. (2010). Efficacy of chemical treatments

against murine norovirus, feline calicivirus, and MS2 bacterio-

phage. Foodborne Pathogens and Disease, 7(3), 319–326.

Duizer, E., Bijkerk, P., Rockx, B., De Groot, A., Twisk, F., &

Koopmans, M. (2004a). Inactivation of caliciviruses. Applied

and Environmental Microbiology, 70(8), 4538–4543.

Duizer, E., Schwab, K. J., Neill, F. H., Atmar, R. L., Koopmans, M.

P. G., & Estes, M. K. (2004b). Laboratory efforts to cultivate

noroviruses. Journal of General Virology, 85(1), 79–87.

EFSA & ECDC. (2011). The European Union summary report on

trends and sources of zoonoses, zoonotic agents and food-borne

outbreaks in 2009. EFSA Journal 2011, 9(3), 378.

EFSA, & ECDC. (2012). The European Union summary report on

trends and sources of zoonoses, zoonotic agents and food-borne

outbreaks in 2010. EFSA Journal 2012, 10(3), 442.

EFSA & ECDC. (2013). The European Union summary report on

trends and sources of zoonoses, zoonotic agents and food-borne

outbreaks in 2011. EFSA Journal 2013, 11(4), 250.

FAO/WHO. (2008). Viruses in food: Scientific advice to support risk

management activities. Microbiological risk assessment series

13, meeting report. Geneva: World Health Organization.

Fraisse, A., Temmam, S., Deboosere, N., Guillier, L., Delobel, A.,

Maris, P., et al. (2011). Comparison of chlorine and peroxy-

acetic-based disinfectant to inactivate Feline calicivirus, Murine

norovirus and Hepatitis A virus on lettuce. International Journal

of Food Microbiology, 151(1), 98–104.

Girard, M., Ngazoa, S., Mattison, K., & Jean, J. (2010). Attachment of

noroviruses to stainless steel and their inactivation, using

household disinfectants. Journal of Food Protection, 73(2),

400–404.

Glass, R. I., Parashar, U. D., & Estes, M. K. (2009). Norovirus

gastroenteritis. New England Journal of Medicine, 361(18),

1776–1785.

Green, K. Y. (2007). Caliciviridae: The Noroviruses. In D. M. Knipe,

P. M. Howley, D. E. Griffin, R. A. Lamb, M. A. Martin, B.

Roizman, et al. (Eds.), Fields virology (5th ed., pp. 949–979).

Philadelphia: Lippincott Williams & Wilkins.

Green, K. Y. (2013). Caliciviridae: The noroviruses. In D. M. Knipe,

P. M. Howley, J. I. Cohen, D. E. Griffin, R. A. Lamb, M.

A. Martin, et al. (Eds.), Fields virology (6th ed., pp. 583–609).

Philadelphia: Lippincott Williams & Wilkins.

Green, K. Y., Ando, T., Balayan, M. S., Berke, T., Clarke, I. N., Estes,

M. K., et al. (2000). Taxonomy of the caliciviruses. Journal of

Infectious Diseases, 181(Suppl 2), S322–S330.

Guix, S., Asanaka, M., Katayama, K., Crawford, S. E., Neill, F. H.,

Atmar, R. L., et al. (2007). Norwalk virus RNA is infectious in

mammalian cells. Journal of Virology, 81(22), 12238–12248.

Gulati, B. R., Allwood, P. B., Hedberg, C. W., & Goyal, S. M. (2001).

Efficacy of commonly used disinfectants for the inactivation of

calicivirus on strawberry, lettuce, and a food-contact surface.

Journal of Food Protection, 64(9), 1430–1434.

Hall, A. J., Wikswo, M. E., Manikonda, K., Roberts, V. A., Yoder, J.

S., & Hannah Gould, L. (2013). Acute gastroenteritis surveil-

lance through the national outbreak reporting system, United

States. Emerging Infectious Diseases, 19(8), 1308–1309.

Hall, A. J., Wikswo, M. E., Pringle, K., Gould, L. H., & Parashar, U.

D. (2014). Vital signs: Foodborne norovirus outbreaks—United

States, 2009–2012. Morbidity and Mortality Weekly Report,

63(22), 491–495.

Hannah Gould, L., Mungai, E. A., Johnson, S. D., Richardson, L. C.,

Williams, I. T., Griffin, P. M., et al. (2013). Surveillance for

foodborne disease outbreaks—United States, 2009–2010. Mor-

bidity and Mortality Weekly Report, 62(3), 41–47.

Hirneisen, K. A., Black, E. P., Cascarino, J. L., Fino, V. R., Hoover, D.

G., & Kniel, K. E. (2010). Viral inactivation in foods: A review of

traditional and novel food-processing technologies. Comprehen-

sive Reviews in Food Science and Food Safety, 9(1), 3–20.

Hirneisen, K. A., & Kniel, K. E. (2013). Comparing human norovirus

surrogates: Murine norovirus and Tulane virus. Journal of Food

Protection, 76(1), 139–143.

Hyde, J. L., Sosnovtsev, S. V., Green, K. Y., Wobus, C., Virgin, H.

W., & Mackenzie, J. M. (2009). Mouse norovirus replication is

associated with virus-induced vesicle clusters originating from

membranes derived from the secretory pathway. Journal of

Virology, 83(19), 9709–9719.

Iwasawa, A., Niwano, Y., Kohno, M., & Ayaki, M. (2012). Virucidal

activity of alcohol-based hand rub disinfectants. Biocontrol

Science, 17(1), 45–49.

Food Environ Virol (2016) 8:1–12 11

123

http://dx.doi.org/10.1128/aem.01532-14


Jiang, X., Wang, M., Wang, K., & Estes, M. K. (1993). Sequence and

genomic organization of Norwalk virus. Virology, 195(1),

51–61. doi:10.1006/viro.1993.1345.

Jimenez, L., & Chiang, M. (2006). Virucidal activity of a quaternary

ammonium compound disinfectant against feline calicivirus: A

surrogate for norovirus. American Journal of Infection Control,

34(5), 269–273.

Jones, M. K., Watanabe, M., Zhu, S., Graves, C. L., Keyes, L. R.,

Grau, K. R., et al. (2014). Enteric bacteria promote human and

mouse norovirus infection of B cells. Science, 346(6210),

755–759.

Karst, S. M., Wobus, C. E., Lay, M., Davidson, J., & Virgin Iv, H. W.

(2003). STAT1-dependent innate immunity to a norwalk-like

virus. Science, 299(5612), 1575–1578.

Kim, S. W., Baek, S. B., Ha, J. H., Lee, M. H., Choi, C., & Ha, S. D.

(2012). Chlorine treatment to inactivate norovirus on food

contact surfaces. Journal of Food Protection, 75(1), 184–188.

Kingsley, D. H., Vincent, E. M., Meade, G. K., Watson, C. L., & Fan,

X. (2014). Inactivation of human norovirus using chemical

sanitizers. International Journal of Food Microbiology, 171,

94–99.

Kniel, K. E. (2014). The makings of a good human norovirus

surrogate. Current Opinion in Virology, 4, 85–90. doi:10.1016/j.

coviro.2014.01.002.

Koopmans, M., & Duizer, E. (2004). Foodborne viruses: An emerging

problem. International Journal of Food Microbiology, 90(1),

23–41.

Kroneman, A., Verhoef, L., Harris, J., Vennema, H., Duizer, E., Van

Duynhoven, Y., et al. (2008). Analysis of integrated virological

and epidemiological reports of norovirus outbreaks collected

within the Foodborne Viruses in Europe network from 1 July

2001 to 30 June 2006. Journal of Clinical Microbiology, 46(9),

2959–2965.

Lim, M. Y., Kim, J. M., & Ko, G. (2010). Disinfection kinetics of

murine norovirus using chlorine and chlorine dioxide. Water

Research, 44(10), 3243–3251.

Lopman, B. A., Adak, G. K., Reacher, M. H., & Brown, D. W. G.

(2003). Two epidemiologic patterns of Norovirus outbreaks:

Surveillance in England and Wales, 1992–2000. Emerging

Infectious Diseases, 9(1), 71–77.

Maillard, J. Y. (2001). Virus susceptibility to biocides: An under-

standing. Reviews in Medical Microbiology, 12(2), 63–74.

Malik, Y. S., Maherchandani, S., Allwood, P. B., & Goyal, S. M.

(2005). Evaluation of animal origin cell cultures for in vitro

cultivation of noroviruses. Journal of Applied Research, 5(2),

312–317.

Malik, Y. S., Maherchandani, S., & Goyal, S. M. (2006). Comparative

efficacy of ethanol and isopropanol against feline calicivirus, a

norovirus surrogate. American Journal of Infection Control,

34(1), 31–35.

Mathijs, E., Stals, A., Baert, L., Botteldoorn, N., Denayer, S., Mauroy,

A., et al. (2012). A review of known and hypothetical

transmission routes for noroviruses. Food and Environmental

Virology, 4(4), 131–152.

Matsuhira, T., Kaji, C., Murakami, S., Maebashi, K., Oka, T., Takeda,

N., et al. (2012). Evaluation of four antiseptics using a novel

Murine norovirus. Experimental Animals, 61(1), 35–40.

McDonnell, G., & Russell, A. D. (1999). Antiseptics and disinfec-

tants: Activity, action, and resistance. Clinical Microbiology

Reviews, 12(1), 147–179.

Nuanualsuwan, S., & Cliver, D. O. (2003). Capsid functions of

inactivated human picornaviruses and feline calicivirus. Applied

and Environmental Microbiology, 69(1), 350–357.

O’Brien, R. T., & Newman, J. (1979). Structural and compositional
changes associated with chlorine inactivation of polioviruses.

Applied and Environmental Microbiology, 38(6), 1034–1039.

Park, G. W., Barclay, L., MacInga, D., Charbonneau, D., Pettigrew,
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