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ABSTRACT 18 

 Human noroviruses are enteric pathogens causing substantial proportion of acute 19 

gastroenteritis cases worldwide, irrespective of background variables, such as age, ethnicity or 20 

sex. Although person-to-person contact is the general route of transmission, foodborne 21 

infections are also common. Thorough cooking eliminates noroviruses, but several food 22 

products such as berries, leafy vegetables or mollusks undergo only limited heat treatment, if 23 

any, before consumption. Novel applications of nonthermal processing technologies are 24 

currently under vigorous research as they can inactivate pathogens in variable degree together 25 

with extending product shelf life and varying effect on nutrients and perceivable quality. 26 

These technologies have been adopted from several industrial fields, some even approved as 27 

food processing methods and applied in the food industry for years. However, majority of the 28 

research has been conducted by bacteria and simple matrixes or surfaces. Hence, this review 29 

focuses on norovirus elimination in food matrixes by nonthermal technologies based on four 30 

distinctive categories; high hydrostatic pressure, light, irradiation and cold atmospheric 31 

plasma. We discuss the properties of norovirus, principles of chosen technologies and their 32 

inactivation mechanisms and present main findings of relevant studies. Further, we provide an 33 

overview of the current status of the research and propose future directions for related work.  34 

 35 

HIGHLIGHTS 36 

 High-pressure processing (HPP) is the most promising nonthermal treatment 37 

 HPP, ionizing radiation and UVC can reduce noroviruses (NoV) from foods 38 

 Treatment conditions eliminating viruses can impair product quality 39 

 Optimal strategy should be validated independently for each product 40 

  41 
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 Since its identification in 1972, Norwalk virus or norovirus (NoV) has been 42 

ubiquitously recorded as the cause of outbreaks and sporadic cases of acute gastroenteritis 43 

worldwide, particularly after the development of applicable molecular methods (82). In fact, 44 

globally 18 % (95 % CI: 17–20) of all diagnosed cases of acute gastroenteritis result from 45 

NoV and the burden is of similar magnitude in developed and developing countries making it 46 

a universal health challenge (5, 62, 64). Bartsch et al. (14) estimated that NoV infections 47 

result in annual total losses of $60.3 billion worldwide which could be further divided to $4.2 48 

billion in health care costs and $56.2 billion in productivity losses. This ratio is somewhat 49 

concordant across regions reinforcing the universal magnitude of societal and economic 50 

burden of NoV. While person-to-person route is the principal mode of NoV transmission, 51 

water- and foodborne routes are also acknowledged as important sources of infection (61, 52 

100). Foodborne infections, causing annually an estimated 14–15 million illnesses and 400 53 

deaths in Europe alone, typically result from a contamination somewhere along the 54 

production line, for example, at primary processing the irrigation water and at later stages 55 

workers or processing surfaces may be the sources of foodborne pathogens (104). Typical 56 

high-risk food for NoV contamination do not go through any heating treatments, are manually 57 

processed or live in water environments. Hence, there are common sources of foodborne 58 

outbreaks including, but not limited to, vegetables, berries and mollusks (12, 82). 59 

 The importance of a diet quality and nutrition in healthy lifestyle have been 60 

recognized for decades but only after the beginning of the 21st century they have shaped 61 

consumer trends dramatically increasing the demand for nutrient-rich, minimally processed, 62 

preservative-free and natural products (8). Expectedly, the food industry operating in the 63 

consumer driven market follows the trends closely and responds to the consumers’ desires. 64 

However, food safety, attractive sensorial properties and long shelf life remain equally 65 

important factors for both parties. Currently the only generally recognized method for 66 
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eliminating NoV is heating the product thoroughly above 70 ℃ for several minutes as the 67 

virus survives for prolonged time in temperature of 60 ℃ (18). Hence, the food industry and 68 

research are forced to develop new approaches for ensuring safe products as such thorough 69 

heating is not an option for majority of the risk products. 70 

 Viruses in general are less susceptible to processing than bacteria, excluding 71 

spores, or molds due to their small size and simple structure limiting the effectivity of 72 

traditional techniques such as pH or water activity modification in eliminating NoV 73 

contaminations (18). Nonthermal processing techniques are potential options for controlling 74 

pathogens in products that are delicate and meant to be consumed minimally processed. 75 

Although many technologies are still in the pipeline, their perks go beyond pathogen 76 

inactivation since product shelf-life can be extended without significant alterations in nutrient 77 

composition or sensory attributes (58). Such technologies employ stress factors like pressure, 78 

light or irradiation that have already been verified to be effective against various bacteria and 79 

used for sterilization or disinfection in numerous industries. Further, the use of applications, 80 

for instance HPP, UVC and gamma irradiation have been approved and applied in food 81 

products such as salsa, juices and spices. Nevertheless, data is scarcer when it comes to NoV 82 

elimination, especially in food matrixes that are complex in terms of composition and 83 

structure. Additionally, to overcome the methodological issues of NoV culturing, majority of 84 

the studies in food matrixes have used surrogate viruses to model NoV. 85 

 This review focuses on the recent findings of NoVs or surrogates’ inactivation 86 

by nonthermal treatments that are based on the following four methodologies; pressure, light, 87 

irradiation and cold plasma. Pressure applications were based on high-pressure processing 88 

(HPP). Identified applications utilizing different wavelengths of light were UVC (253–260 89 

nm), blue light (405 nm) and pulsed light (200–1100 nm). Recognized irradiation applications 90 

were gamma and electron beam (e-beam) radiation that differ by the source of the radiation. 91 
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Finally, cold plasma was generated by plasma jets and dielectric barrier discharge 92 

technologies. Among discussing the key findings of the recognized studies, the article 93 

explores the properties and proposed mechanisms of inactivation of the included technologies 94 

and summarizes virologic and clinical factors of NoV. 95 

 96 

NOROVIRUS: VIROLOGY AND RESEARCH 97 

 Characteristics of NoV. Taxonomically, NoVs belong to the family 98 

Caliciviridae in genus Norovirus which has only a single species, the Norwalk virus (102). 99 

NoVs are non-enveloped, single-stranded, positive-sense RNA viruses holding a 7.5–7.7 kb 100 

long genome with 3 open reading frames (ORF1, ORF2 and ORF3), except for murine 101 

norovirus (MNV) that has 4 ORFs. ORF1 encodes a polyprotein involved in replication cycle, 102 

ORF2 the major structural protein VP1, and ORF3 a minor structural protein VP2, together 103 

forming the viral capsid. The capsid protecting the viral RNA consists of 180 VP1 proteins 104 

organized into 90 dimers with few copies of VP2 protein located in the internal side of the 105 

capsid forming a symmetrical icosahedral shape with a diameter of 27–40 nm (78). VP1 106 

consists of protruding domain P linked by a flexible hinge to the shell domain (S) surrounding 107 

the RNA. Further, P domain can be divided into P1 and P2 which shows great variability 108 

between virus species and is likely to be a determinant in the virus-host interaction due to its 109 

binding activity. VP2 is likely to have a part in RNA encapsidation and capsid assembly.  110 

The classification of NoVs is based on dual nomenclature utilizing either the 111 

amino acid sequence of the complete gene of capsid protein VP1 or the nucleotide sequence 112 

of the RNA-dependent RNA polymerase region of ORF1, marked by capital P for 113 

‘polymerase’ in the label, allowing a more precise typing of types, variants and recombinant 114 

forms (17). NoVs can be divided into 10 genogroups (GI–GX) and these groups have a 115 

variable number, 49 in total, of distinct genotypes such as GI.1 or GII.4. Genotypes that 116 
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replicate in humans belong to groups GI, GII, GIV, GVIII and GIX although GII and GIV 117 

have genotypes that infect porcine and feline/canine hosts, too. In the other groups, GIII 118 

replicates in bovine, GV in murine, GVI and GVII in canines and GX in bats. Some 119 

predominant variants responsible for epidemic outbreaks surfacing every 2–3 year due to 120 

mutations and recombination may have the geographical location of the first identified 121 

outbreak attached into their name. The recently proposed dual-typing nomenclature for NoV 122 

strains would first list the genotype followed by P-type in brackets, e.g. GII.4 Sydney [P16]. 123 

  124 

NoV surrogates. Until now, the research on human norovirus (HuNoV) 125 

mechanistic features has been hampered due to the inexistence of reproducible culture system 126 

supporting high level of replication regardless of the recently published successful efforts in B 127 

cells and stem cell-derived human enteroids (23, 40). However, the viral fold increases in 128 

these cultures are relatively modest, ranging from 101 to 102, compared to 105–106 in well-129 

established surrogate cultures allowing extensive passaging. Hence, culturable surrogate 130 

viruses resembling HuNoVs are likely to remain a mainstay in the studies until the HuNoV 131 

culture systems permit production of highly concentrated stocks. Most utilized surrogates are 132 

Feline calicivirus (FCV), MNV, bacteriophage MS2 and the recently discovered rhesus 133 

monkey calicivirus Tulane virus (TV). MNV is genetically closest to HuNoVs whereas FCV 134 

belongs to the genus Vesivirus and TV to Recovirus, both however belonging to Caliciviridae 135 

family. Bacteriophage MS2 infects bacteria from the family Enterobacteriaceae but has also 136 

been applied due to structural similarities to NoV. In addition to culturable surrogates, virus-137 

like particles (VLPs) assembled in infected insect cells are also commonly applied for 138 

studying capsid stability and interaction (77). The VLPs consist of VP1 proteins forming a 139 

capsid that is morphologically and antigenically comparable to HuNoV but lacks the genome 140 

and VP2 proteins, both of which could contribute to capsid stability. Despite resemblance to 141 
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HuNoVs, surrogates rarely have similar survival rates when challenged with physical or 142 

chemical treatments that are in industrial use as concluded by a recent systematic review (46). 143 

For example, based on RT-qPCR signals, HuNoV is significantly more persistent than MNV-144 

1 and FCV F-9 in heat and chlorine treatments, respectively. Hence, extrapolating results 145 

from surrogate studies to HuNoVs is likely to underestimate the measures required for 146 

complete inactivation in virus contaminated foods. Due to this and the differences for 147 

example in genetic and host-virus interaction properties, no surrogate has been recognized as 148 

an ample replica of HuNoV. 149 

  150 

Assessment of infectivity. The evaluation of infectivity is the key determinant 151 

when investigating the efficacy of an inactivation approach in fresh foods. The real-time qRT-152 

PCR is currently considered as the golden standard due to its high sensitivity and specificity 153 

for detecting and assessing the viral loads of HuNoVs from clinical and environmental 154 

samples (102). However, genome-based molecular methods are incapable of differentiating 155 

between infectious and non-infectious viruses since vital capsid structures for host-virus 156 

interactions may be rendered defective without noticeable effect on viral RNA derived from 157 

functional, partially or completely degraded viruses. The lack of a well-established HuNoV 158 

cell culture model has prevented the evaluation of infectivity via plaque or the 50 % tissue 159 

culture infectious dose (TCID50) assays which are routinely applied with the surrogates. 160 

Hence, auxiliary approaches to discriminate functional from non-functional HuNoVs prior to 161 

qRT-PCR is to bind infectious viruses to ligands or prevent the amplification of RNA of the 162 

capsid-damaged viruses by nucleic acid intercalators. Among several options, studies with 163 

fresh foods have primarily used porcine gastric mucin conjugated magnetic beads (PGM-164 

MBs) containing histo-blood group antigens (HBGA) binding TV and HuNoV strains from 165 

the genogroups I and II (95, 96). The PGM-MBs are mixed with contaminated samples 166 
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allowing capture of infectious viruses which can be quantified by the following qRT-PCR. 167 

Compared to standard detection by RT-PCR, PGM-MBs did show a 2-log increase in 168 

sensitivity in PBS medium and in food matrixes such as lettuce, oysters and strawberries (96). 169 

Another strength of PGM-MB assay is the presence of sialic acid, an attachment factor for 170 

MNV, enabling the parallel use for another surrogate among TV in addition to HuNoV strains 171 

within the same experimental model. Observations have suggested that assay specificity could 172 

be further improved by pre-treatments such as RNAse or protease K treatment removing 173 

inactivated virions with remaining binding activity (38, 106). Recently, results of quantifying 174 

FCV inactivation by ethidium monoazide (EMA, nucleic acid intercalator) coupled RT-qPCR 175 

were comparable to results with RNAse RT-qPCR method, yet both underestimated 176 

inactivation by ~2 logs (1). This underlines the importance of developing a validated cell 177 

culturing method for assessing HuNoV infectivity. Apart from a single study utilizing EMA, 178 

options for augmenting the performance of nucleic acid-based methods, only RNAse was 179 

applied in the reviewed publications. 180 

 181 

NONTHERMAL PROCESSING METHODS 182 

 High-pressure processing. The properties of each technology are summarized 183 

in  184 

Processing 

technology 

Characteristics Mechanism of 

inactivation 

Advantages Disadvantages 

High-pressure 

processing 

(HPP) 

Hydrostatic pressure 

transmitted by fluid in 

pressure vessel 

Pressures range from 

200 to 800 MPa 

Treatment times are 

generally below 10 

minutes including come 

up, hold and 

depressurization times 

Disintegrates capsid 

attachment and binding 

sites   

Disrupts capsid 

structure at higher 

levels 

Pressure is uniformly 

distributed 

Preserves nutritional 

properties 

Independent of product 

geometry and size 

Extends shelf-life 

Expensive  

Requires pre-packing 

Batch process 

Large equipment  

Optimal conditions 

are product specific 
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.The essential advantage of HPP is based on the isostatic principle denoting that pressure is 185 

uniformly distributed throughout the product independent of the size or geometry which is 186 

particularly favorable in high-moisture foods like vegetables and beverages since HPP does 187 

not affect covalent bonds but alters non-covalent interactions forming the secondary and 188 

tertiary structure of proteins (58). Thus, helping to preserve sensorial attributes and low-189 

molecular mass particles contributing to the flavor and nutritional profile. However, optimal 190 

Sub-ambient 

temperatures enhance 

efficacy 

Pulsed, blue 

and UVC light 

Utilizes various 

wavelengths of light; 

UVC 240–260 nm, blue 

405 nm and pulsed 200–

1100  

Effective against surface 

contaminations 

 

Appropriate doses are 

achieved in under 5 

minutes or in few 

seconds with pulsed 

light 

Photodimerization of 

RNA molecules and 

disruption of capsid 

structure (UVC 

wavelength) 

 

Creation of oxidative 

radicals 

 

Preserves nutritional 

properties 

Low cost 

Easy and safe handling 

 

Possibility for 

continuous process 

Does not require 

contact 

May impair sensorial 

properties at high 

doses 

 

Limited penetration 

depth that is also lost 

in turbid liquids 

 

Effectivity largely 

attributed to surface 

structure 

 

Gamma and 

electron beam 

(e-beam) 

irradiation 

Electromagnetic 

radiation with adequate 

energy for ionizing 

60Co or 137Cs are the 

radioactive sources of 

gamma rays in food 

processing 

 

E-beam is constituted of 

electrically accelerated 

electrons 

 

Commonly applied 

doses in fresh foods are 

1–10 kGy, yet doses up 

to 50 kGy are allowed 

for sterilization  

Disrupts RNA and 

capsid structure 

 

Creation of oxidative 

radicals 

 

Preserves nutritional 

properties 

Extends shelf-life 

 

Possibility for 

continuous process 

 

Does not require 

contact 

 

Gamma radiation is 

highly penetrating 

 

E-beams are created 

rapidly, directed to 

targets and can be 

powered off when not 

used 

Expensive 

Negative consumer 

perception 

 

May impair sensorial 

properties at high 

doses 

 

E-beams have limited 

penetration depth 

 

Safety and security 

risks especially with 

gamma radiation 

Cold 

atmospheric 

plasma (CAP) 

Inert gas or gas mixture 

ionized by strong 

electromagnetic fields 

Plasma is created in 

atmospheric pressure 

and generally remains 

close to ambient 

temperature 

 

Treatment times 

generally below 20 

minutes 

 

Can be applied directly, 

remotely or via activated 

water on the product 

Reactive oxygen and 

nitrogen species 

generated by the 

ionization of gas 

 

Capsid protein 

oxidation and 

disintegration 

 

RNA degradation 

Preserves sensorial 

properties 

 

Extends shelf-life 

 

Can be applied directly 

to packed products 

with modified 

atmosphere 

 

Utilizing air as feed gas 

is economical 

 

  

Some setups may 

cause product heating 

 

Large number of 

technologies with 

varying properties 

complicate 

comparisons 

 

Expensive with pure 

gases 

 

Industrial scale food 

processing equipment 

still under 

development 
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processing parameters for balancing pathogen inactivation with minimal changes in quality 191 

are product dependent since colors and texture of berries or vegetables can change and berry 192 

purees may lose their thickness (59). The potential and basics of HPP has been reviewed 193 

extensively by several authors elsewhere (13, 15, 103). 194 

 Pressure inactivation of HuNoVs and surrogates has been studied in an 195 

increasing pace since the turn of 21st century, yet only recently the research has shed light on 196 

the mechanism of inactivation (45). Tang et al. (93) evaluated MNV-1 capsid integrity and 197 

antigen capture by RT-PCR and receptor binding by ELISA after HPP treatment of 400 MPa 198 

at 0 ℃. This resulted in a successful reduction of 8.22 log PFU but viral RNA remained intact 199 

and the remaining viruses were still capable of binding to the specific antibody. Binding to the 200 

cell receptors on the other hand was significantly affected indicating interference with the 201 

binding proteins on viral capsid. Capsid integrity was sustained throughout HPP but when 202 

challenged with proteinase K, results implicated that capsid proteins were more prone to 203 

enzyme digestion than in untreated controls. Thus, authors concluded that inactivation is 204 

primarily transmitted through the changes in the function of capsid binding proteins without 205 

significant effect on RNA or capsid integrity. These findings were expanded by Lou et al. 206 

(59) as transmission electron microscope imaging showed that at 350 MPa, the structure of 207 

MNV-1 was partly ruptured and above 500 MPa, protein debris was the primary result 208 

indicating complete capsid degradation and loss of infectivity. However, despite of the 209 

degradation of capsid structure, RNA integrity remained and capsid proteins VP1 and VP2 210 

retained their form and antigenic properties demonstrated by SDS-PAGE and Western blot 211 

analysis. This was expected as HPP doesn’t affect covalent bonds of nucleic acids or proteins. 212 

 Dancho et al. (19) extended studies to HuNoV strains GI.1 and GII.4 by 213 

assessing their binding to PGM-MBs after HPP, UVC and heat treatments. They also assessed 214 

the binding efficacy by dividing the PGM-MB bound RNA equivalents by the total bound and 215 



 

11 
 

unbound RNA equivalents in the sample. The efficacy for untreated GII.4 strain was 69 % 216 

whereas for GI.1 strain the range was 68 – 84 %. The binding to PGM-MB was consistently 217 

reduced with increasing heat, light or pressure treatments. For example, with HPP at 300 218 

MPa, no considerable reductions in binding affinity were evident whereas 400 MPa proved to 219 

be the threshold for significant decline as binding was reduced by over 3 logs. At 500–600 220 

MPa binding was further declined by around 5 logs whereas total RNA decline was around 221 

1.5 log, mirroring the results at 400 MPa. Such reductions showed also clinical relevance in 222 

the only clinical human volunteer study conducted by Leon and colleagues (51) although 223 

reduction rates were not measured. They demonstrated that GI.1 seeded oysters HPP treated 224 

in 400 MPa were not rendered safe for consumption while participants who consumed oysters 225 

treated in 600 MPa did not suffer from signs of infection. Thus, these findings further 226 

promote the hypothesis of primary inactivation mechanism through modification of binding 227 

site integrity in viral capsid, rather than degradation of whole capsid structure or viral RNA. 228 

 229 

UVC light. UVC light is short-range wavelength (100–280 nm) electromagnetic 230 

radiation with mutagenic properties attributed to photodimerization of pyrimidines and 231 

formation of other photoproducts such as pyrimidine adducts and DNA-protein cross-linking 232 

in the DNA (33). Among the germicidal effect, factors such as low cost, easy handling and 233 

absence of toxic residues have resulted in wide industrial applications of UVC for sanitizing 234 

food contact surfaces, water and even solid and liquid foods. However, effectivity is limited 235 

to surfaces and rapidly lost in turbid liquids. In RNA viruses the nucleic acids are considered 236 

to be the primary site of inactivation although at higher levels of over 1000 mJ/cm2 capsid 237 

denaturation can also initiate (66). In the case of FCV, several UVC wavelengths at fluence 238 

level below 40 mJ/cm2 induced over 3 log viral reductions in infectivity (92). Although UVC 239 

induced capsid protein oxidation, morphological analysis showed that capsid structures were 240 
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not significantly affected. However, RNA copy numbers assessed by RT-PCR decreased by 241 

approximately 50 % after treatment. In another study the binding of HuNoV GI.1 to PGM-242 

MBs were reduced by 1.8 and 3.8 log following a 1000 and 2000 mJ/cm2, respectively, UVC 243 

treatment (19).  The loss in binding was not followed by similar reduction in RNA copies 244 

measured by RT-PCR. Hence, these results demonstrate that the loss of infectivity is due to 245 

damage to RNA and capsid proteins. 246 

 247 

Pulsed light. Another application utilizing the electromagnetic energy carried 248 

by light is pulsed light treatments where lamp units produce short, rapid bursts of light 249 

covering a wide scale of wavelengths (200–1100 nm) including UV, visible light and infrared 250 

(67). The greatest asset of pulsed light technology is that it delivers high amounts of energy in 251 

a matter of seconds. In extended treatments, the heating effect can make it unsuitable for 252 

delicate products if a cooling protocol is not adopted in the process (36). The disinfection 253 

potential is attributed to the UV and energy content, ranging from 0.1 to 50 000 mJ/cm2, 254 

being markedly greater than in continuous light delivery applications. However, the FDA has 255 

ruled that cumulative fluence of 12 000 mJ/cm2 is the upper limit of pulsed light treatments in 256 

foods. The mechanism of virus inactivation by pulsed light was elucidated by Vimont et al. 257 

(101) who demonstrated with MNV-1 suspension that the main targets of the treatment are 258 

capsid structure, major capsid proteins and viral RNA. Imaging showed a mixture of debris, 259 

empty and intact particles indicating degradation of the main structure of the capsid. The 260 

abundance of VP1 proteins decreased by half suggesting disintegration of the primary protein 261 

structure. Additionally, the amount of undamaged RNA and the total RNA were decreased. 262 

These effects resulted in a total loss of infectivity and were achieved below the total fluence 263 

level of 12 000 mJ/cm2. 264 

 265 
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Blue light. Effectivity of visible blue light (405 nm) against multiple microbes 266 

such as bacteria and molds is based on the photosensitizers, molecules excited by light 267 

wavelengths, inducing production of oxidative agents that damage and kill cell (98). 268 

Photosensitizers may be present in the surrounding media as exogenous or endogenous as is 269 

the case in bacteria where porphyrin rings absorb light generating singlet oxygen and other 270 

reactive oxygen species (ROS). However, viruses contain mainly proteins and nucleic acids 271 

that do not directly absorb such wavelengths, hence findings from other micro-organisms 272 

should not be extended to viruses as such. Instead, it is proposed that exogenous 273 

photosensitizers can damage viral capsids, cause alteration in the DNA-protein interactions 274 

and in the DNA secondary structure together predisposing viruses to inactivation (22). Tomb 275 

et al. (97) showed that blue light had the capacity to inactivate bacteriophages suspended into 276 

nutrient broth. A 2.7 to 7.1 log PFU/ml reduction was evident depending on the initial viral 277 

count and light dose. However, the reduction was only 0.3 log PFU/ml in simple PBS in 278 

otherwise similar parameters. Later on, the same authors provided similar evidence with FCV 279 

as a blue light dose of 421 J/cm2 yielded a 4.8 log PFU/ml reduction in nutrient-rich media 280 

compared to a 3.9 log decline in PBS after light dose of 2804 J/cm2 (98). These findings 281 

suggest that the composition of the surrounding media has a critical effect on inactivation and 282 

length of the blue light treatment as a 5-hour treatment was required for FCV inactivation in 283 

PBS compared to 45 minutes in nutrient-rich media. 284 

 285 

Gamma irradiation. In food irradiation products are subjected to radiation 286 

holding the energy to remove electrons from atoms or molecules thereby ionizing them (90). 287 

Rationales for irradiation incorporates delay of ripening, inhibition of sprouting, shelf-life 288 

extension, pathogen control and sterilization. Gamma radiation is emitted from a radioactive 289 

source, mainly cobalt-60 in food applications, in the process of radioactive decay. Gamma 290 
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rays from cobalt-60 carry the energies of 1.17 and 1.33 MeV and are photons without mass 291 

permitting high penetrability as they can pass through food matrix of various densities. The 292 

mechanism of virus inactivation by gamma radiation was elucidated by Feng et al. (24) who 293 

demonstrated by MNV-1 that irradiation affects several factors resulting in the loss of 294 

infectivity. The major capsid protein VP1 gradually degraded along elevating radiation dose 295 

and by 22.4 kGy, VP1 proteins were undetectable. Similar to the VP1 proteins, the amount of 296 

intact virion structures reduced along the gamma ray dose and at 22.4 kGy only debris was 297 

visible. Doses of 2.8 and 5.6 kGy decreased RNA levels and viral titers to certain levels and 298 

complete degradations were shown at 22.4 kGy. Moreover, the capsid stability of HuNoV 299 

VLPs were comparable to MNV-1. However, doses of over 11.2 kGy were required to 300 

produce significant reductions of over 3 logs in infectivity in buffer solutions. 301 

Currently, adsorbed irradiation doses for assuring microbiological safety of 302 

foods may exceed 10 kGy as such doses have been proved to be safe and nutritionally 303 

adequate (6). Nevertheless, authorities have underlined that irradiation should not be a 304 

substitute for hygienic production protocols, applied doses should be the lowest possible to 305 

reach the technological need and products need to be clearly labeled. In the EU, irradiation of 306 

“dried aromatic herbs, spices and vegetable seasonings” are authorized in every member state 307 

and some member states have temporary admittance for treating additional food stuffs. In the 308 

USA, regulations are more permissive for doses in specific food categories and labeling. The 309 

EU and USA limits in NoV risk food categories for absorbed irradiation doses (kGy) range 310 

from 1 to 4 in the US and 0.15 to 2 in the EU for vegetables or berries and 5.5 in the US and 3 311 

in the EU for shellfish (6, 74). 312 

 313 

Electron beam irradiation. In electron beam (E-beams) technology, the irradiation produced 314 

electrically by generating electrons and accelerating them by electromagnetic fields (90). The 315 
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perks of e-beams are their controllability as they can be targeted to small area and switched 316 

off when necessary. Also, accelerated electrons have typically the energy up to 10 MeV being 317 

ten times the energy compared to gamma rays. This makes e-beams more cost-efficient and 318 

enables rapid treatment times. However, decontamination by e-beams is limited to the outer 319 

surfaces as effective penetration depth ranges from 3 to 10 cm depending on the food 320 

material. Being ionizing irradiation, the inactivation mechanism is shared among different 321 

technologies to produce radiation.  DiCaprio et al. (21) studied e-beam inactivation in viruses 322 

and showed that HuNoV VLPs were reduced by 90 % after e-beam treatment of 28.3 kGy and 323 

the remaining particles retained binding potential to PGM-MBs. This suggests that the 324 

degradation of tertiary protein structures is the primary method of inactivation. Additionally, 325 

compared to HuNoV GII.4, TV seemed to be more susceptible to e-beam but not to gamma 326 

radiation although complete degradation of RNA was not achieved. Predmore and colleagues 327 

(80) also concluded that viral elimination likely result from the degradation of the capsid 328 

protein structure and in lesser degree from the breakdown of capsid protein VP1 as shown in 329 

e-beam treated MNV-1 and TV. Moreover, a dosage of over 32 kGy rendered the genetic 330 

material of MNV-1, but not TV, undetectable. 331 

 332 

Cold atmospheric plasma. Cold atmospheric plasma (CAP) is generated by 333 

subjecting inert gas, such as a noble gas or a mixture of gases like air, to strong 334 

electromagnetic fields (65). Electrically produced microwaves, radio frequency current, direct 335 

or alternating current can ionize the gas forming a vast number of excited reactive species 336 

determined by the feed gas. CAP devices operate at pressures of one atmosphere at ambient 337 

temperatures, are chemical-free and have antimicrobial qualities making them an attractive 338 

option for food processing. The technologies that have been applied in the included studies 339 

were plasma jet and dielectric barrier discharge (DBD) where plasma is generated directly on 340 
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the products with radio frequency electrodes. Further, apart from the antimicrobial properties, 341 

these technologies can also have additional value for example in shelf-life extension and food 342 

functionalizing (86). The antiviral properties are accredited to the variation of ionic, atomic, 343 

radical and molecular species within the plasma (25). Indeed, singlet oxygen and 344 

perioxynitrous acid, reactive oxygen and nitrogen species produced by CAP, were shown to 345 

inactivate FCV via modification of capsid proteins (2). Their role in FCV inactivation was 346 

later affirmed by Yamashiro et al. (105) as exposing viruses to similar concentrations of 347 

perioxynitrous acid as generated in CAP treatment produced comparable loss in infectivity. 348 

Moreover, the presence of scavengers of singlet oxygen and perioxynitrous acid decreased 349 

inactivation efficiency. Finally, a 15 s CAP treatment effectively rendered over 6 log TCID50 350 

non-infectious but this was not due to capsid degradation (3). Instead, infectivity was lost by 351 

oxidization of capsid proteins in the attachment and entry site of the viral capsid. However, a 352 

2-minute CAP treatment disintegrated the majority of viruses’ capsid structure and exposed 353 

the RNA to damage. 354 

 355 

HPP IN FRESH PRODUCTS 356 

 Berries. Blue-, rasp- and strawberries have been used as substrates in several 357 

studies either in their natural form (34, 35, 54, 55, 59) or as pureed or juiced (20, 35, 47, 59, 358 

68). A detailed overview of the effect of HPP on surrogate inactivation in berries and other 359 

food commodities is displayed in Table 2. Core features of the treatment for effective 360 

inactivation, irrespective of virus model, type or the form of the berry, were observed to be 361 

pressure, temperature and pH. While the relationship is linear between pressure magnitude 362 

and inactivation, the effect of temperature is inverse favoring inactivation at sub-ambient 363 

temperatures of 0–4 ℃. For pH, the optimal range was repeatedly observed to be at 6.5–7.4 364 

which enhances inactivation opposed to acidic conditions of 2.5 to 4.0 in surrogates MNV-1 365 
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and TV (20, 54, 55, 59). This was also observed with HuNoVs GI.1 and GII.4 as the pH of 366 

the surrounding waters and viral reductions were significantly lower in more acidic straw- and 367 

raspberries compared to blueberries after treatment as displayed in Table 3 (35). However, in 368 

addition to the pH, the surface structure of whole blueberries as opposed to straw- and 369 

raspberries was also proposed to cause fluctuations in reduction potential as inactivation was 370 

significantly higher in whole blueberries (35). While blueberries have a smooth surface, 371 

straw- and raspberries irregular surface has shielding cavities and pouches. For instance, GI.1 372 

was effectively reduced in blueberries by > 3.2 log genome copies/g in 2-minute handling of 373 

550 MPa at 0 ℃ but elevating pressure levels up to 650 MPa showed only a 2.5 log 374 

elimination in raspberries and 1.7 log in strawberry quarters. Similar effect was also seen with 375 

GII.4, albeit of greater reductions suggesting increased susceptibility towards HPP. Further, 376 

there were no differences in inactivation of GI.1 between berry purees but GII.4 was more 377 

susceptible to elimination in straw- and raspberry than in blueberry puree. To achieve a 378 

reduction of ≥ 3 logs in surrogates MNV-1 and TV the pressures required were on average 379 

400 MPa irrespective of the form of the berry matrix (34, 47, 55, 59, 68). Finally, direct 380 

contact to water i.e. wet state, was found to be superior over dry state as lower pressures 381 

yielded better results regardless of berry or virus type (34, 54, 55). This was discussed to 382 

derive from the pressure forcing water into the viral capsid protein structures disrupting the 383 

molecular folding of the protein domains associated with binding and attachment . 384 

 Several factors could account for the significance of matrix composition 385 

irrespective of the virus model indicating that matrix protects viruses during HPP. Pressures 386 

required for inactivation increase gradually from simple aqueous to more complex medium 387 

while being systematically higher in actual food matrixes (20, 47, 54, 55). Degree of the 388 

processing also affects as Pan and others (68) determined that MNV-1 was more easily 389 

inactivated from strawberry juice than puree, a finding in line with studies by Kovač et al. 390 
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(47) and Lou et al. (59). Likewise, differences in inactivation that were associated with the 391 

berry type in whole berries were absent in purees even with more resistant HuNoV GI.1 (35). 392 

HPP has also less impact on the sensorial qualities of purees opposite to whole berries where 393 

undesirable changes in the texture and color limits application of pressure levels necessary for 394 

achieving satisfactory inactivation levels (35, 59). 395 

 396 

Vegetables. Surrogates have been applied in variety of fresh or pickled 397 

vegetables, such as lettuce, green onions, salsa and cabbage kimchi (29, 31, 59, 72, 89). 398 

Contrary to findings of Sharma et al. (88) in deli sausages, FCV was found to be significantly 399 

more susceptible in salsa as it was reduced by ~6.5 log TCID50/g in 250 MPa (29). To reach 400 

over 3 log inactivation of MNV-1, pressures of 300–400 MPa were required in salsa and 400–401 

500 MPa in lettuce, green onions and kimchi (31, 59, 72, 89). Importantly, Hirneisen et al. 402 

(31) also pointed out that HPP is equally effective against MNV-1 inoculums in internal 403 

tissues or on the outer surface underlining the uniformity of pressure treatment. The only 404 

results with HuNoVs were provided by Sido and colleagues (89) where GI.1 proved to be 405 

more resistant in salsa as it required 500 MPa at 1 ℃ for 2 minutes to induce a > 3 log 406 

genome copies/g reduction whereas 300 MPa in otherwise equivalent conditions for GII.4 407 

showed a decline of 3.31 logs. Green onions instead required even higher pressures for a 408 

decline of similar magnitude as GI.1 and GII.4 needed 600 and 500 MPa, respectively, in 409 

otherwise similar parameters. However, the above-mentioned pressure ranges for effective 410 

inactivation, excluding FCV, deteriorated sensorial qualities of lettuce, green onion and 411 

kimchi (29, 31, 59, 72). 412 

 413 

Seafood. Clams or oysters are particularly prone to microbiological hazards as 414 

they are filter-feeders that bioconcentrate seaborne human pathogens and can be consumed 415 
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raw or lightly cooked. Hence, several studies applying HPP and surrogates have been 416 

conducted with shellfish (7, 52, 55, 91), various seafood salad-like products (30) and sea 417 

squirt (73). On average, inactivation at ambient temperatures was found at 250 MPa but for 418 

achieving a 4 log PFU decline in MNV-1 titers, pressure of at least 400 MPa in temperatures 419 

close to 0℃ were required. To reach such reductions in sub-optimal temperatures of 25–28 420 

℃, a threshold of 500 MPa was observed in both Manila clams (7) and sea squirt (73) 421 

independent of exposure duration. Such losses in infectivity were not followed by declines in 422 

viral RNA levels denoting the inadequacy of simple PCR assay (52).  423 

The individual behaviors of different matrixes were revealed by Hirneisen et al. 424 

(30) as they contaminated cooked seafood samples of cod, tuna, shrimp and clams with or 425 

without mayonnaise with FCV and also evaluated the protective effect of mayonnaise alone 426 

on FCV and MNV-1. Viral declines after treatment of 200 MPa at 5 ℃ showed significantly 427 

lower susceptibility in cod (−1.15 log TCID50/g) than in tuna (−4.54 log) or shrimp (−4.46 428 

log). Addition of mayonnaise to the seafood meats did not show any significant differences in 429 

inactivation compared to the meats alone. However, compared to cell culture medium, 430 

mayonnaise provided significant protection for FCV and MNV-1 reducing them only by 1.09 431 

log and 1.39 log, respectively. Takahashi and others (91) also observed the protecting effect 432 

of matrix complexity by growing demand of pressure to reach satisfactory inactivation result 433 

from salt and pH matched buffer to oyster homogenate to whole oyster. Additionally, HPP-434 

treatments did not negatively alter, rather they improved the sensorial quality of oysters and 435 

sea squirt (52, 73, 107). 436 

Imamura et al. (39) assessed the naturally present genogroups GI and GII in 437 

aqua-cultured Pacific oysters showing a prevalence of roughly 17 % and an average total 438 

RNA count around 2.95 log RNA/g that was inactivated below the theoretical limit of 439 

detection of 2.36 log after treatment of 400 MPa at 10 ℃ (Table 3). Slightly improved, yet 440 
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modest outcomes were also shown in bioaccumulated oysters where the combined reductions 441 

of GII.4 and GII.17 were −1.87 log and −1.99 log for separate batches after 400 MPa at 25 ℃ 442 

(38). However, these results were also based on RT-PCR after RNAse treatment without 443 

information on infectivity or binding potential. Like the bio-accumulation in water tanks, the 444 

studies of artificially inoculated oysters or clams have led to significantly higher 445 

contamination levels of 4–7 log RNA copies/g or ml and exclusively applied genotypes GI.1 446 

and GII.4 (60, 106, 107).  447 

Measurements by PGM-MB/RT-PCR assays with prior RNAse treatments are in 448 

line with previous findings as GI.1 proved out to be more pressure resistant since 450–500 449 

MPa produced ~4 log RNA/g reduction in low temperatures of 1 or 6 ℃ whereas 350–400 450 

MPa was sufficient for GII.4, even at 25 ℃ (106, 107). For now, the only human study of 451 

pressure-treated oysters spiked with 4 logs of GI.1 8FIIb showed that 5-minutes in 600 MPa, 452 

but not in 400 MPa, at 6 ℃ protected volunteers from infection suggesting complete 453 

inactivation (51). Lou and others (60) expanded research into animal models as they fed 454 

HuNoV GII.4 strain 765 -inoculated oyster homogenates with or without HPP treatment to 2-455 

day old gnotobiotic piglets to see whether this protects piglets from norovirus infection during 456 

7-day period since swine have similar HBGA phenotypes to humans. The effect of HPP in 457 

350 MPa at 35 ℃ (~1 log reduction) or at 0 ℃ (~3.7 log reduction) was verified by PGM-458 

MB/RT-PCR assays. Only piglets fed with homogenate treated with 350 MPa at 0 ℃ were 459 

protected from infection as the signs of virus shedding in feces, mild diarrhea, histological 460 

lesions and viral antigens in small intestine were absent in this group in contrast to others. 461 

These findings highlight the transferability of PGM-MB binding assay results to biological 462 

systems when estimating optimal treatment parameters for ensuring food safety. 463 

 464 
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Meat products. Although only 3.3 % of meat and meat product samples were 465 

found to be contaminated by NoV in a recent survey, mishandled meat products still represent 466 

a risk (84). Sharma et al. (88) inoculated pork meat deli sausages by FCV or bacteriophage 467 

MS2 after immersing samples in sterile water for 5 minutes and drying. HPP treatment in 500 468 

MPa at around 4 ℃ decreased FCV titers by 2.89 log TCID50/ml and MS2 titer by 1.47 log 469 

PFU/g but could not completely remove all viral titers as recoveries of FCV and MS2 were 470 

4.00 log TCID50/ml and 5.34 log PFU/g, respectively. Compared to sterile water, immersing 471 

samples to 100 ppm EDTA or 2 % lactoferrin did not significantly alter virus or phage 472 

attachment. Reductions were significant in all samples but there were no differences derived 473 

to the additives with FCV. MS2 on the contrary was more resistant to pressure while water or 474 

EDTA showed significantly better outcome in the elimination when compared to lactoferrin. 475 

The authors speculated that the coarse surface of grinded meat protected the NoV surrogates 476 

from HPP as has been discussed previously (50). However, the protein, fat and salt contents in 477 

the product and their interactions may also offer protection from inactivation (30, 44). 478 

Overall, HPP has been tested with multiple food matrixes and virus models over 479 

the last decade addressing the expectations towards this technology. The use of HuNoV 480 

strains, generally GI.1 and GII.4, was a particular asset of HPP research although surrogates, 481 

mainly MNV-1 were equally common. Observed outcomes reinforced the high resistance of 482 

GI.1 compared to GII.4 based on the binding assay while out of surrogates, FCV is the most 483 

susceptible while MNV-1 and TV share similar resistance to pressure. Although the 484 

surrogates’ comparability to HuNoVs in terms of susceptibility is questionable, they 485 

mimicked HuNoVs response to temperature, pH and the presence of water. (20, 54, 55, 89). 486 

Out of a wide range of treatment parameters (Table 2 and 3), the best outcomes were 487 

associated with temperatures below 5 ℃ and pressures between 400 and 600 MPa with direct 488 

water contact augmenting inactivation and limiting matrix damage to some extent in berries 489 
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(54, 55). The only product related features observed to favor inactivation were smooth surface 490 

and neutral pH concerning both the product itself and the surrounding water (20, 35). 491 

However, product composition could overcome the effect of low pH as demonstrated with 492 

lemon juice (59). Hence, rather than tracing the matrix features to a single factor, it is more 493 

likely that the complexity and interactions between components determine the protective 494 

effect (30). The downfalls of HPP are the possible texture changes at high pressures with 495 

whole berries and leafy greens making it unsuitable for produces sold fresh in their original 496 

form (35, 59). On the other hand, for purees, juices and oysters it is a viable option. Treatment 497 

durations can be reduced by assessing the optimal conditions since inactivation is saturated 498 

rapidly at adequate pressure levels (29, 72). Finally, the device investments are high as 499 

technology is expensive and requires maintenance along its lifespan. Nevertheless, several 500 

HPP-treated products like salsa and juices are available in the markets and it is also used in 501 

shucking, extending shelf life and reducing Vibrio spp. in oysters but the pressure levels 502 

currently applied are ≤ 300 MPa (106). 503 

 504 

UVC, PULSED AND BLUE LIGHT IN FRESH PRODUCTS 505 

Berries. UVC was the most frequent source of light introduced to inoculated 506 

blue-, rasp- or strawberries (16, 26, 56) followed by pulsed (36, 37) and monochromatic blue 507 

light (43) as summarized in Table 4. Fino and Kniel (26) demonstrated that while UVC 508 

fluence of 50–75 mJ/cm2 inactivated up to 7 log TCID50/ml of FCV in cell culture media, 509 

reductions reached only 1.13–2.28 log TCID50/ml in strawberries following fluences of 40–510 

240 mJ/cm2. Similar maximum reduction levels were evident with MNV strain S99 in fresh 511 

strawberries (1.27 log TCID50/g) and raspberries (1.52 log) but significantly higher in 512 

blueberries (3.12 log) while fluences administered ranged ~200 to 1300 mJ/cm2 during 20–513 

120 s period (16). Alterations in sensory characteristics were also noted after extended 514 
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exposure to UVC (4000 mJ/cm2) in frozen strawberries as some panelists noted off-flavors or 515 

slightly darker colors, the latter likely due to the degradation of anthocyanin pigments. 516 

Concurrent water wash could enhance UVC inactivation as Liu and colleagues (56) showed 517 

MNV-1 reductions of >3.20 log PFU/ml in blueberries at 600 mJ/cm2, increasing to > 4.32 518 

log with fluence of 1200 mJ/cm2, both being more effective than dry conditions. Fluences 519 

were substantially higher, 63200 mJ/cm2 in strawberries and 53900 mJ/cm2 in raspberries, in 520 

pulsed light treatments resulting in MNV-1 reductions of 1.8 log PFU/g in strawberries and 521 

3.6 logs in raspberries (36). Cutting the light fluences to 5900–22500 mJ/cm2 yielded only a 522 

modest MNV-1 inactivation of 0.7 to 0.9 log PFU/sample in strawberries but results with 523 

blueberries were again more encouraging as average reductions were 3.1 to 3.8 log (37). The 524 

lately applied blue light treatment in blueberries was shown to be ineffective against TV as 525 

from total fluences of 1260, 3780 and 7560 mJ/cm2, only 7560 mJ/cm2 produced a non-526 

significant reduction of 0.06 log PFU (43). 527 

 Observed differences between berries likely stem from the variations in surface 528 

topography as strawberries and raspberries have an irregular, cavity-holding exterior 529 

compared to blueberries shielding virus particles and the shape permitting shadowing (16, 36, 530 

37). Moreover, the observed saturation effect after UVC fluence of 200 mJ/cm2 was 531 

hypothesized to depend on these factors despite of the application of mirror reflectors (16). 532 

The surface-related differences could be compensated by coupling water wash and UVC 533 

treatment (56). A 5-minute wash alone reduced viral titers by 1.73 logs but resulted in high 534 

viral counts in washing water. The total reduction of >4.36 logs and the absence of virus in 535 

the water after water-assisted UVC treatment suggests that virus particles removed by 536 

washing are effectively killed by UVC light. Additionally, in the presence of blueberry juice 537 

(2 % v/v), but not crushed berries (5 % of sample mass), inactivation outcomes were ~2 log 538 

lower compared to the clear water assisted UVC treatment. Differences likely derive from 539 



 

24 
 

over 3 times higher water turbidity and over 20 times higher chemical oxygen demand in the 540 

water containing blueberry juice. Moreover, the presence of water was vital in pulsed light 541 

treatments due to the heating effect of fluence levels up to 63200 mJ/cm2 deteriorating the 542 

visual appearance of fresh blueberries (36). Compared to treatments without water, post-543 

treatment surface temperatures were reduced in raspberries from 59.9 to 31.5 ℃ and in 544 

strawberries from 53.5 to 33.3 ℃. In the single trial with blue light, the light alone was 545 

ineffective against TV but coupling fluence level of 7560 mJ/cm2 with riboflavin or rose 546 

bengal increased viral reduction by approximately 0.5 and 1.0 log PFU, respectively (43). 547 

Riboflavin and rose bengal are enhancers of singlet oxygen formation with structural 548 

similarities to porphyrins, hence they absorb light energy and generate ROS that induce 549 

inactivation. These compounds alone were effective in inactivating TV as riboflavin reduced 550 

viral titers by 0.13 log and rose bengal by 0.66 log. This indicates that blue light had the 551 

capacity to induce ROS formation, allegedly the key mechanism of inactivation, from 552 

appropriate molecules. 553 

 554 

 Vegetables. Application of UVC fluences between 40 and 240 mJ/cm2 reduced 555 

the viral counts of FCV in lettuce and green onions by 3.48–4.62 log TCID50/ml in the former 556 

and 2.44–3.92 log in the latter (26). MNV-1 on the other hand was reduced by 0.2 log 557 

PFU/plant in internal and 1.2 log in external parts of green onions following an identical 240 558 

mJ/cm2 UVC treatment (31). Likewise, Li et al. (53) had modest results with MNV-1 559 

inoculated lettuce as reductions of ~0.6–0.8 log PFU were shown following a 5-minute UVC 560 

treatment and the combination of UVC and vaporized 2.52 % H2O2 did not improve the 561 

outcome. However, the authors did not state the total light dosage complicating direct 562 

comparisons to other studies. Additionally, despite the similar surface structure to lettuce, 563 

green onions contain mucus-like compounds exposed in cutting that can affect virus 564 
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attachment or recovery possibly explaining observed differences between matrixes. Moreover, 565 

differences between internal and external viral counts in green onions were only logical 566 

considering the low penetrability of UVC. 567 

 568 

Seafood. Pilotto et al. (75) studied whether UVC as an adjunctive measure 569 

could assist in Pacific oyster depuration. The MNV-1 bioaccumulated oysters were placed to 570 

water tanks and the standard depuration was compared to UVC assisted (fluence rate 44 mW 571 

s/cm2) where light was constantly applied on circulating water. After 48 hours, the reduction 572 

rate was approximately 1 log PFU/g of digestive tissue reaching 1.2 log by the end of the 120-573 

hour period irrespective of the method. Hence, depuration with or without UVC light was not 574 

sufficient to ensure product safety in contaminated oysters as virus attachment to oyster 575 

digestive tissue averted pathogen release back to the water.  576 

 577 

Meat products. Research is also limited for other food commodities of animal-578 

origin as only a single study by Park and others (70) has applied UVC on MNV-1 579 

contaminated fresh, raw chicken breast. Fluences between 60 and 3,600 mJ/cm2 showed 580 

declines of 0.14–1.23 log PFU/ml from initial titer of 4.34 log. However, negative impacts on 581 

sensorial properties were confirmed after 1,800 mJ/cm2 deeming products unacceptable for 582 

consuming. Hence, fluences up to 1,200 mJ/cm2 (log reduction of 0.58) were defined as 583 

optimal for preserving consumer acceptability together with viral reduction. Nevertheless, this 584 

was far from optimal in regards of food safety and requires additional decontamination steps. 585 

Among the studies, UVC was the common choice while pulsed or blue light 586 

treatments remained in minor roles. Only two separate studies utilized FCV or TV and none 587 

of the studies evaluated HuNoVs leaving MNV as the preferred surrogate. In general, the 588 

outcomes of light treatments were mainly below 2 logs except for blueberries and strongly 589 
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associated with the surface structure (16, 31, 37, 56). Irregular surfaces provided better 590 

attachment sites and shelter for viruses, shadowing effect and limited to non-existing 591 

penetrability in solid products that is also rapidly lost in liquids with increasing turbidity. 592 

Inactivation can be augmented by agitation, free floating in water and applying multiple lights 593 

instead of single source or reflective surfaces (26, 56). Such approaches are also called for 594 

since a saturation or plateau of effectivity limits the potential of increasing fluence levels (16, 595 

26, 37). Also, UVC light can potentially induce fat oxidation or mutagenicity but in these 596 

treatment ranges, it was observed to be safe (16, 70). Much of the above mentioned is based 597 

on UVC or pulsed light as only a single study utilized blue light and the results were far from 598 

encouraging (43). As such, the potential of blue or pulsed light technologies in controlling 599 

NoV contaminations in food products remains inconclusive. 600 

 601 

GAMMA AND ELECTRON BEAM IRRADIATION IN FRESH PRODUCTS 602 

 Berries. MNV-1 inoculated strawberries required 8 kGy of e-beam radiation for 603 

a decline of 1.56 log PFU/g and further raising the dose to 12 kGy yielded a decline of 2.21 604 

log from the initial level of 5.37 log as expressed in Table 5 (85). Instead, gamma radiation 605 

had better outcome on MNV-1 levels in strawberries as 2.8 kGy showed a decline of 1.31 log 606 

PFU/ml and gradually raising doses to 11.2 and 16.8 kGy produced reductions of around 4 607 

and 5 logs, respectively, from the initial levels of 7 logs (24). Correspondingly, Pimenta and 608 

others (76) estimated that a gamma ray dose of 3.7 kGy reduced viral counts by 2.2 logs in 609 

strawberries and a similar reduction in raspberries required a dose of 3.4 kGy while 7 kGy 610 

produced roughly a 3-log decline in both berry types. The D10 values were estimated to be 3.0 611 

kGy in strawberries and 3.2 kGy in raspberries. 612 

Outcomes with another surrogate in strawberries, TV, were comparable to 613 

MNV-1 as 4.1 kGy delivered by e-beam yielded a decrease of 1.4 log PFU/ml, 8.2 kGy a 614 
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decrease of 2.6 logs and after 16.3 kGy, no virus was detected (80). DiCaprio and colleagues 615 

(21) assessed the susceptibility of TV and HuNoV GII.4 in strawberries after e-beam radiation 616 

with the PGM-MB assay (Table 3). GII.4 required 12.2 kGy for a decline of 1 log genome 617 

copies/g and at 16.3 kGy, the decline was 2.46 log while for TV the decrease was around 2 618 

log at same doses indicating comparable resilience to irradiation. After 28.7 kGy, the levels 619 

were below detection limit for both viruses. Overall, the doses for efficient inactivation are 620 

over the current legal limits and doses over 10 kGy cause notable deteriorations in the 621 

sensorial quality making the use of higher doses impractical for such products (80, 85). 622 

 623 

 Vegetables. In the study of Zhou et al. (108) 3 kGy of gamma radiation reduced 624 

FCV titers by 1 log/g in lettuce whereas the highest dose of 5 kGy showed a decline of 625 

approximately 2 logs. Based on the results, the estimated D10-value was approximately 2.95 626 

kGy. In other leafy greens, romaine lettuce and spinach, 2.8 kGy of gamma rays declined 627 

titers in spinach by 1.77 logs and 1.40 logs in romaine lettuce, by 5.6 kGy reductions were 628 

around 2 logs and at 11.2 kGy around 4 logs for both greens (24). Spinach seemed to protect 629 

MNV-1 from gamma rays as after a dosage of 22.4 kGy, elimination was complete in romaine 630 

lettuce, but 2.4 logs PFU/ml were still detectable in spinach. Better survival on spinach than 631 

on lettuce could be attributed to differences in leaf surface texture or binding to carbohydrate 632 

moieties on leaf surface (27, 32). However, in shredded cabbage, e-beam had inferior effect 633 

on MNV-1 since 4, 6 and 12 kGy showed reductions of 0.5, over 1.0 and approximately 2.8 634 

log PFU/g, respectively (85). A more processed form of cabbage, commercial kimchi, was 635 

evaluated by Park et al. (69) who subjected MNV-1 inoculated samples to gamma irradiation 636 

and the results reflected the ones from fresh cabbage. Doses of 5, 7 and 10 kGy were followed 637 

by declines of 0.98, 1.45 and of 1.76 log PFU/ml, respectively, while the D10 value was 5.75 638 

kGy based on the linear regression analysis. Identical doses of gamma rays administered on 639 
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MNV-1-contaminated green algae fulvescens and brown algae fusiforme, sea vegetables 640 

widely consumed in Eastern Asia, proved to be more effective as 5, 7 and 10 kGy showed a 641 

1.41, 1.94 and 2.46 log PFU/ml reductions in fulvescens and a 1.26, 2.60 and 2.21 log 642 

reductions in fusiforme, respectively (71).This was further noticeable in the Weibull model 643 

calculated D10 values being 2.89 kGy and 3.93 kGy for fulvescens and fusiforme, 644 

respectively, both lower than in cabbage kimchi. Further, the authors also determined that 645 

inactivation levels of 3 log would be reached by 13.83 kGy in green and by 14.93 kGy in 646 

brown algae. Also, kimchi and algae retained their sensorial qualities under average levels of 647 

irradiation of 10 kGy while no changes were observed in the quality of cabbage under doses 648 

of 4 kGy (69, 71, 85). 649 

 650 

 Seafood. Praveen and others (79) subjected MNV-1 -contaminated whole 651 

oysters and oyster meat homogenates to varying levels of e-beam treatment and estimated the 652 

D10 values of 4.05 and 4.97 kGy for whole oysters and homogenates, respectively, by linear 653 

regression analysis. The required radiation dose for complete inactivation in homogenates 654 

from the initial level of 4.898 log PFU/ml was 31.9 kGy, a value almost six times higher than 655 

the approved radiation limit of 5.5 kGy in the US for shellfish. In another model of 656 

contaminated seafood, abalones were inoculated by MNV-1 and e-beam radiated by Kim et 657 

al. (42) who used first order model to determine D10 values of 6.26 and 5.23 kGy for sliced 658 

meat and minced viscera, respectively. At maximum level of 10 kGy, reductions were 1.45 659 

log PFU/ml for meat and 1.56 log for viscera. Likewise, in MNV-1 contaminated Gwamegi, a 660 

half-dried Pacific herring or saury, and semi-dried squid, the 10 kGy reduced titers by 1.66 661 

log PFU/ml and 1.81 log, respectively (41). A dose of 7 kGy was required in both food 662 

samples for a decline of over 1 log. These results propose that the currently applied radiation 663 

levels in seafood do not guarantee food safety and increasing the upper limit to 10 kGy would 664 
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not show marked improvements to the situation. However, up to 10 kGy of radiation did not 665 

undermine the product qualities irrespective of the higher risk of lipid peroxidation within the 666 

product category (41, 42). 667 

 Apart from single studies with HuNoV GII.4 and FCV, e-beam and gamma 668 

irradiation were mainly applied to surrogates MNV-1 or TV. If doses fell within current 669 

limits, inactivation levels were generally 1–2 logs regardless of the virus model or radiation 670 

technology. Although debatable, it is proposed that among other reasons, the production of 671 

oxidative molecules is reduced by other scavenger components present in food limiting 672 

efficacy. Hence, to reach satisfactory results i.e. over 3-log reduction with HuNoVs, it is 673 

likely that the applied doses should be well over 10 kGy, although berries could be an 674 

exception (76, 80). Unfortunately, even if regulations permit usage of higher dosages, it 675 

would be at the expense of organoleptic qualities like texture and flavor (41, 80, 85). Thus, 676 

product properties, safety aspects and industrial scale set-up are the factors more likely to 677 

determine the choice of irradiation source. For instance, the complexity and structure of the 678 

matrix are more important determinants for e-beam effectivity due to the poor penetrability as 679 

opposed to gamma radiation. Even delivery of e-beams to irregularly shaped products is 680 

challenging as adjacent areas of the same product could receive exposure levels of both 681 

extremes (80). E-beam treatment is more rapid but on the other hand, longer exposure to 682 

radiation could potentially improve the inactivation result due to extended duration of water 683 

radiolysis and ROS generation but this was shown at very high exposure levels (21). The 684 

cleavage of water molecules to ROS by ionizing radiation induces oxidative stress that can 685 

further augment viral inactivation. Subsequently, the effect of product water activity on 686 

outcome could also be a factor that should be investigated in the future (41). 687 

 688 

COLD ATMOSPHERIC PLASMA IN FRESH PRODUCTS 689 
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Berries. As shown in Table 3Table 6, only 4 studies have assessed the potential 690 

of CAP in food products contaminated with NoV or surrogates. In the study of Lacombe and 691 

colleagues (49) TV and MNV-1 -inoculated blueberries were subjected to CAP jet for 0–120 692 

s. Product temperatures rose to 70 ℃ when treatment durations were over 60 s. To mitigate 693 

the thermal effect, an ambient-temperature air stream was channeled on the berries during 694 

treatment limiting the rise in berry temperatures to roughly 47 ℃ by the end of the 120 s 695 

treatment. MNV-1 was significantly more susceptible to CAP jet as the log reduction after 15 696 

s handling was 0.5 log PFU/g and at 90 s the reduction reached 5 logs and the limit of 697 

detection. TV on the contrary achieved significant decreases at 45, 90 and 120 s being 698 

approximately 1.5, 2.5 and 3.5 log PFU/g, respectively. Such differences were discussed to 699 

result from intrinsic factors between MNV-1 and TV, such as the latter’s HBGA binding 700 

properties. Although the effects on sensorial qualities were not evaluated in this study, 701 

another study from the authors with comparable setup showed that blueberry texture softened 702 

significantly after 60 s, anthocyanins degraded significantly after 90 s and negative darkening 703 

of color was apparent after 120 s treatments (48). 704 

 705 

Vegetables. 2 individual studies have used lettuce as food matrix and generated 706 

CAP with the DBD technology (1, 63). In the first one by Min et al. (63), TV-inoculated 707 

lettuce was either treated in closed Petri dish or in modified atmosphere packaging with 5 or 708 

10 % O2 (balance N2) for 5 minutes. In the Petri dish, outcomes indicated total inactivation of 709 

1.3±0.2 log PFU/g while in the 5 % and 10 % O2 modified atmosphere packaging reductions 710 

were 0.7±0.3 and 0.2±0.2 logs, respectively. Variations in effectivity may be connected to the 711 

concentration of available oxygen as the low levels of oxygen in modified atmosphere 712 

packaging can limit the generation of ROSs contributing to inactivation outcomes. 713 

Additionally, treatment did not induce any significant changes in the colors or appearance of 714 
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the lettuce. Sample temperatures remained under 29 ℃ throughout the treatment and no 715 

significant weight loss was observed. In the second study lettuce was inoculated with HuNoV 716 

GII.4 or FCV and subjected to CAP treatment produced by two-dimensional array of 717 

integrated coaxial-microhollow DBD (1). HuNoV GII.4 inactivation efficacy on lettuce was 718 

determined by EMA-RT-qPCR method while FCV by cell culturing method. After 1-, 3- and 719 

5-min treatments reductions were approximately 0.5, 1.8 and 2.6 log genome copy 720 

number/sample for GII.4. After 1-, 2- and 3-min FCV was reduced by approximately 2.7, 3.9 721 

and >5 log TCID50/sample. No observable changes were detected in lettuce after handling. 722 

Outcomes did not differ from inactivation on stainless-steel surface which is surprising since 723 

pathogen elimination is usually impaired in the presence of organic material. Nevertheless, 724 

observed discrepancies should be compared cautiously as methodological approaches differ 725 

and the EMA-RT-qPCR method was shown underestimate FCV inactivation by about 2 logs 726 

compared to the cell culture assay. 727 

 728 

Meat products. The final research applying CAP jet on MNV-1 -contaminated 729 

food products used fresh beef loin, pork shoulder and chicken breast as model matrix (11). 730 

Inactivation from the initial inoculum of 5 log PFU/ml after 5 min treatments for beef, pork 731 

and chicken were 2.05, 2.11 and 2.01 log, respectively. Extending duration to 20 min did not 732 

produce additional benefit as outcomes were 2.09 log in beef, 2.15 log in pork and 2.07 log in 733 

chicken. No statistical differences were detected between meats or the 5- and 20-minute 734 

treatments. From sensorial characteristics, changes in the surface colors and moisture content 735 

in the under 5-minute, but not over, treatments remained insignificant. Lipid peroxidation 736 

increased gradually with treatment duration but remained under the threshold of critical 737 

change. Hence, a 5-minute treatment with CAP jet in meats preserved the quality and 738 

produced significant inactivation, but 3 log viral titers remained in the products. 739 
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Overall, the number of publications of HuNoV or surrogate decontamination by 740 

CAP technologies on food products is sparse for the time being. Hence, the effect of matrix 741 

composition and form on the virus inactivation remains inconclusive. Also, the appropriate 742 

virus model, technology and application are yet to be determined. Out of the several options, 743 

CAP was generated either by jet or DBD technology and treatment durations ranged from 0.5 744 

to 20 minute. Interestingly, a time-dependent increase in inactivation was evident in all 745 

studies when handling duration was <5 min, but no additional benefit was exerted by over 5-746 

minute treatment in meats (11). Significant reductions of surrogates or HuNoV were produced 747 

in all applied matrixes with minimal impact to sensory characteristics. However, plasma jet 748 

did increase the temperature of blueberry samples to around 70 ℃ without parallel cooling, 749 

but no heating effect was reported with plasma jet treatment in meats or DBD CAP in lettuce 750 

(1, 11, 49, 63). Nevertheless, differences between technological characteristics, such as gas 751 

type, power and distance complicate direct comparisons. 752 

 753 

CONCLUSIVE REMARKS AND FUTURE PERSPECTIVES 754 

A recent review by Hall et al. (28) concluded that annually in the US alone, 755 

NoV results into 19–21 million illnesses, 1.7–1.9 million outpatient visits, 400,000 emergency 756 

visits, 56,000–71,000 hospitalizations and 570–800 deaths while on a global scale, it is 757 

estimated to cause on average 684 million diseases leading to a total of 212,000 deaths yearly 758 

(57). As an important route of transmission, foodborne infections warrant for the development 759 

of new approaches fitted for delicate fresh products overrepresented in NoV outbreaks. Novel 760 

technologies are also called for due to the resistance of NoVs against traditional food safety 761 

measures. HPP, ionizing radiation and light-based applications were chosen as the approaches 762 

of interest due to their well-established background, industrial implementations and minor 763 

effects on nutritional value and perceived freshness ( 764 
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Processing 

technology 

Characteristics Mechanism of 

inactivation 

Advantages Disadvantages 

High-pressure 

processing 

(HPP) 

Hydrostatic pressure 

transmitted by fluid in 

pressure vessel 

Pressures range from 

200 to 800 MPa 

Treatment times are 

generally below 10 

minutes including come 

up, hold and 

depressurization times 

Sub-ambient 

temperatures enhance 

efficacy 

Disintegrates capsid 

attachment and binding 

sites   

Disrupts capsid 

structure at higher 

levels 

Pressure is uniformly 

distributed 

Preserves nutritional 

properties 

Independent of product 

geometry and size 

Extends shelf-life 

Expensive  

Requires pre-packing 

Batch process 

Large equipment  

Optimal conditions 

are product specific 

Pulsed, blue 

and UVC light 

Utilizes various 

wavelengths of light; 

UVC 240–260 nm, blue 

405 nm and pulsed 200–

1100  

Effective against surface 

contaminations 

 

Appropriate doses are 

achieved in under 5 

minutes or in few 

seconds with pulsed 

light 

Photodimerization of 

RNA molecules and 

disruption of capsid 

structure (UVC 

wavelength) 

 

Creation of oxidative 

radicals 

 

Preserves nutritional 

properties 

Low cost 

Easy and safe handling 

 

Possibility for 

continuous process 

Does not require 

contact 

May impair sensorial 

properties at high 

doses 

 

Limited penetration 

depth that is also lost 

in turbid liquids 

 

Effectivity largely 

attributed to surface 

structure 

 

Gamma and 

electron beam 

(e-beam) 

irradiation 

Electromagnetic 

radiation with adequate 

energy for ionizing 

60Co or 137Cs are the 

radioactive sources of 

gamma rays in food 

processing 

 

E-beam is constituted of 

electrically accelerated 

electrons 

 

Commonly applied 

doses in fresh foods are 

1–10 kGy, yet doses up 

to 50 kGy are allowed 

for sterilization  

Disrupts RNA and 

capsid structure 

 

Creation of oxidative 

radicals 

 

Preserves nutritional 

properties 

Extends shelf-life 

 

Possibility for 

continuous process 

 

Does not require 

contact 

 

Gamma radiation is 

highly penetrating 

 

E-beams are created 

rapidly, directed to 

targets and can be 

powered off when not 

used 

Expensive 

Negative consumer 

perception 

 

May impair sensorial 

properties at high 

doses 

 

E-beams have limited 

penetration depth 

 

Safety and security 

risks especially with 

gamma radiation 

Cold 

atmospheric 

plasma (CAP) 

Inert gas or gas mixture 

ionized by strong 

electromagnetic fields 

Plasma is created in 

atmospheric pressure 

and generally remains 

close to ambient 

temperature 

 

Treatment times 

generally below 20 

minutes 

Reactive oxygen and 

nitrogen species 

generated by the 

ionization of gas 

 

Capsid protein 

oxidation and 

disintegration 

 

RNA degradation 

Preserves sensorial 

properties 

 

Extends shelf-life 

 

Can be applied directly 

to packed products 

with modified 

atmosphere 

 

Utilizing air as feed gas 

is economical 

 

Some setups may 

cause product heating 

 

Large number of 

technologies with 

varying properties 

complicate 

comparisons 

 

Expensive with pure 

gases 
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). A total of 47 original research articles published after 2008 were retrieved 765 

through database searches and article reference of which approximately half were based on 766 

HPP and the rest on light and irradiation, Owing to the technical limitations of HuNoV 767 

cultivation, only a fifth of the studies utilized HuNoV strains while majority applied 768 

surrogates MNV, FCV or TV. Hence, surrogates were also incorporated into the review 769 

compensating the limited number of HuNoV inactivation studies in actual food matrixes. 770 

 Common traits determining the effectiveness among processing methods were 771 

observed to be the food matrix and surface topography as both shield viral particles from 772 

inactivation. In the case of the former, more research is needed to establish the role of 773 

different matrix components and their interactions in regards of food safety. Although the 774 

surrogates share some commonalities with HuNoV, none has proven to be a convincing 775 

substitute. Thus, when assessing the parameters for effective treatments, the primary choice of 776 

model viruses should be HuNoV strains. More precisely the circulating variants from 777 

genogroups GI and GII that have been predominantly identified in the outbreaks globally 778 

(99). The pre-treatments, such as binding to PGM-MBs or nucleic acid intercalators, for  779 

distinguishing infectious viral particles from non-infectious are welcomed practices for 780 

evaluating HuNoVs, but they serve as a proxy for infectivity at best as observed with the lack 781 

of infectivity in plaque assays concurrent with sustained RT-PCR readings (1, 20, 21). 782 

Nevertheless, it should be noted that the results of binding assays are in line with the only 783 

human and animal studies conducted with actual food matrixes (51, 60). As a result, in the 784 

absence of clinical human trials due to their ethical, practical and financial challenges, the 785 

development of validated HuNoV culture propagation methodology and application of animal 786 

models, such as the gnotobiotic piglets, is crucial for studying the true infectivity and the 787 

potential of nonthermal treatments against NoV contaminations in food commodities. 788 

 

Can be applied directly, 

remotely or via activated 

water on the product 

  Industrial scale food 

processing equipment 

still under 

development 



 

35 
 

Out of the approaches, HPP proved to be most promising showing to reduce 789 

viral titers despite their location due to the uniformity of pressure (31). A desirable outcome 790 

with HPP is likely to require a pressure of ≥ 500 MPa, wet state in packaging and a 791 

temperature close to 0 ℃. The combination is expected to yield a sufficient reduction in viral 792 

titres averaging between 2 to 4 logs, a range observed in naturally contaminated berry purees, 793 

whole blueberries and oysters (12, 39). However, there are no universal treatment parameters 794 

that could be applied to all food products since the outcomes depend on product properties 795 

and applied treatment. It is impossible to draw any conclusions about the potential of 796 

irradiation, light or CAP technologies due to the limited number of publications and 797 

utilization of HuNoVs in the research. Also, the inoculation levels were consistently 798 

unnaturally high which could over- or underestimate the treatment outcomes. In the future, 799 

the application of biologically relevant inoculums and the harmonization of reporting, such as 800 

detection limits, D10 and exact log values is encouraged. In fact, rather than relying on single 801 

technology, the potential of hurdle technologies with the reviewed methods should be 802 

assessed carefully due to the possible synergistic effects. Lastly, the amount of product in 803 

individual samples remained in experimental scale in majority of the publications so the 804 

effects remain to be validated on pilot and industrial scales. Especially for light applications 805 

where the proximity of products and uneven distribution of light is likely to cause mitigation 806 

of inactivation. Altogether, industrial applications require vigorous testing and the safety 807 

should be verified carefully with appropriate methods for each product before large-scale 808 

implementations. 809 

 810 

ACKNOWLEDGMENTS 811 



 

36 
 

 This work was funded by EU, European Regional Development Fund, Regional 812 

Council of Pohjois-Savo, Improving shelf-life and ensuring quality in food using new 813 

technologies –development project. 814 

 815 

REFERENCES 816 

1.     Aboubakr, H. A., F. Sampedro Parra, J. Collins, P. Bruggeman, and S. M. Goyal. 2020. 817 

Ìn situ inactivation of human norovirus GII.4 by cold plasma: Ethidium monoazide 818 

(EMA)-coupled RT-qPCR underestimates virus reduction and fecal material suppresses 819 

inactivation. Food Microbiol. 85:103307. 820 

2.     Aboubakr, H. A., U. Gangal, M. M. Youssef, S. M. Goyal, and P. J. Bruggeman. 2016. 821 

Inactivation of virus in solution by cold atmospheric pressure plasma: identification of 822 

chemical inactivation pathways. J. Phys. D. Appl. Phys. 49:204001-204017. 823 

3.     Aboubakr, H. A., S. K. Mor, L. Higgins, A. Armien, M. M. Youssef, P. J. Bruggeman, 824 

and S. M. Goyal. 2018. Cold argon-oxygen plasma species oxidize and disintegrate 825 

capsid protein of feline calicivirus. PLoS ONE 13:e0194618. 826 

4.     Ahmed, S. M., A. J. Hall, A. E. Robinson, L. Verhoef, P. Premkumar, U. D. Parashar, M. 827 

Koopmans, and B. A. Lopman. 2014. Global prevalence of norovirus in cases of 828 

gastroenteritis: a systematic review and meta-analysis. Lancet Infect. Dis. 14:725-730. 829 

5.     Andreoletti, O., H. Budka, S. Buncic, J. D. Collins, J. Griffin, T. Hald, J. Hope, A. H. 830 

Havelaar, G. Klein, J. McLauchlin, C. Müller-Graf, C. Nguyen-The, B. Nörrung, L. 831 

Peixe, M. Prieto Maradona, J. Sofos, A. Ricci, J. Threlfall, I. Vågsholm, and E. 832 

Vanopdenbosch. 2011. Scientific opinion on the efficacy and microbiological safety of 833 

irradiation of food. EFSA J. 9:2103. 834 



 

37 
 

6.     Arcangeli, G., C. Terregino, P. De Benedictis, B. Zecchin, A. Manfrin, E. Rossetti, C. 835 

Magnabosco, M. Mancin, and A. Brutti. 2012. Effect of high hydrostatic pressure on 836 

murine norovirus in Manila clams. Lett. Appl. Microbiol. 54:325-329. 837 

7.     Asioli, D., J. Aschemann-Witzel, V. Caputo, R. Vecchio, A. Annunziata, T. Næs, and P. 838 

Varela. 2017. Making sense of the “clean label” trends: A review of consumer food 839 

choice behavior and discussion of industry implications. Food Res. Int. 99:58-71. 840 

8.     Bae, S., S. Y. Park, W. Choe, and S. Ha. 2015. Inactivation of murine norovirus-1 and 841 

hepatitis A virus on fresh meats by atmospheric pressure plasma jets. Food Res. Int. 842 

76:342-347. 843 

9.     Baert, L., K. Mattison, F. Loisy-Hamon, J. Harlow, A. Martyres, B. Lebeau, A. Stals, E. 844 

Van Coillie, L. Herman, and M. Uyttendaele. 2011. Review: Norovirus prevalence in 845 

Belgian, Canadian and French fresh produce: A threat to human health? Int. J. Food 846 

Microbiol. 151:261-269. 847 

10.     Balasubramaniam, B. V. M., S. I. Martínez-Monteagudo, and R. Gupta. 2015. 848 

Principles and application of high pressure-based technologies in the food industry. 849 

Annu. Rev. Food Sci. Technol. 6:435-462. 850 

11.     Bartsch, S. M., B. A. Lopman, S. Ozawa, A. J. Hall, and B. Y. Lee. 2016. Global 851 

economic burden of norovirus gastroenteritis. PLoS ONE 11:e0151219. 852 

12.     Bermúdez-Aguirre, D., G. V. Barbosa-Cánovas. 2011. An update on high hydrostatic 853 

pressure, from the laboratory to industrial applications. Food Eng. Rev 3:44-61. 854 



 

38 
 

13.     Butot, S., F. Cantergiani, M. Moser, J. Jean, A. Lima, L. Michot, T. Putallaz, T. 855 

Stroheker, and S. Zuber. 2018. UV-C inactivation of foodborne bacterial and viral 856 

pathogens and surrogates on fresh and frozen berries. Int. J. Food Microbiol. 275:8-16. 857 

14.     Chhabra, P., M. de Graaf, G. I. Parra, M. C. Chan, K. Green, V. Martella, Q. Wang, P. 858 

A. White, K. Katayama, H. Vennema, M. P. G. Koopmans, and J. Vinjé. 2019. Updated 859 

classification of norovirus genogroups and genotypes. J. Gen. Virol. 100:1393-1406. 860 

15.     Cook, N., A. Knight, and G. P. Richards. 2016. Persistence and elimination of human 861 

norovirus in food and on food contact surfaces: A critical review. J. Food Prot. 79:1273-862 

1294. 863 

16.     Dancho, B. A., H. Chen, and D. H. Kingsley. 2012. Discrimination between infectious 864 

and non-infectious human norovirus using porcine gastric mucin. Int. J. Food Microbiol. 865 

155:222-226. 866 

17.     DiCaprio, E., M. Ye, H. Chen, and J. Li. 2019. Inactivation of human norovirus and 867 

Tulane virus by high pressure processing in simple mediums and strawberry puree. 868 

Front. Sustain. Food Syst. http://doi.org/10.3389/fsufs.2019.00026 869 

18.     DiCaprio, E., N. Phantkankum, D. Culbertson, Y. Ma, J. H. Hughes, D. Kingsley, R. M. 870 

Uribe, and J. Li. 2016. Inactivation of human norovirus and Tulane virus in simple media 871 

and fresh whole strawberries by ionizing radiation. Int. J. Food Microbiol. 232:43-51. 872 

19.     Egyeki, M., G. Turóczy, Z. Majer, K. Tóth, A. Fekete, P. Maillard, and G. Csı́k. 2003. 873 

Photosensitized inactivation of T7 phage as surrogate of non-enveloped DNA viruses: 874 

efficiency and mechanism of action. BBA - Gen. Subjects. 1624:115-124. 875 



 

39 
 

20.     Ettayebi, K., S. E. Crawford, K. Murakami, J. R. Broughman, U. Karandikar, V. R. 876 

Tenge, F. H. Neill, S. E. Blutt, X. Zeng, L. Qu, B. Kou, A. R. Opekun, D. Burrin, D. Y. 877 

Graham, S. Ramani, R. L. Atmar, and M. K. Estes. 2016. Replication of human 878 

noroviruses in stem cell-derived human enteroids. Science 353:1387-1393. 879 

21.     Feng, K., E. Divers, Y. Ma, and J. Li. 2011. Inactivation of a human norovirus 880 

surrogate, human norovirus virus-like particles, and vesicular stomatitis virus by gamma 881 

irradiation. Appl. Environ. Microbiol. 77:3507-3517. 882 

22.     Filipić, A., I. Gutierrez-Aguirre, G. Primc, M. Mozetič, and D. Dobnik. 2020. Cold 883 

plasma, a new hope in the field of virus inactivation. Trends Biotechnol. 884 

http://doi.org/10.1016/j.tibtech.2020.04.003 885 

23.     Fino, V. R., K. E. Kniel. 2008. UV light Inactivation of hepatitis A virus, aichi virus, 886 

and feline calicivirus on strawberries, green onions, and lettuce. J. Food Prot. 71:908-887 

913. 888 

24.     Gandhi, K. M., R. E. Mandrell, and P. Tian. 2010. Binding of virus-like particles of 889 

Norwalk virus to romaine lettuce veins. Appl. Environ. Microbiol. 76:7997-8003. 890 

25.     Hall, A. J., B. A. Lopman, D. C. Payne, M. M. Patel, P. A. Gastañaduy, J. Vinjé, and U. 891 

D. Parashar. 2013. Norovirus disease in the United States. Emerg. Infect. Dis. 19:1198-892 

1205. 893 

26.     Hirneisen, K., J. L. Reith, J. Wei, D. G. Hoover, D. T. Hicks, L. F. Pivarnik, and K. E. 894 

Kniel. 2014. Comparison of pressure inactivation of caliciviruses and picornaviruses in a 895 

model food system. Innov. Food Sci. Emerg. Technol. 26:102-107. 896 



 

40 
 

27.     Hirneisen, K. A., D. G. Hoover, D. T. Hicks, L. F. Pivarnik, and K. E. Kniel. 2012. 897 

Pressure inactivation of enteric viruses in a seafood salad-like product. J. Aquat. Food 898 

Prod. Technol. 21:455-467. 899 

28.     Hirneisen, K. A., K. E. Kniel. 2013. Inactivation of internalized and surface 900 

contaminated enteric viruses in green onions. Int. J. Food Microbiol. 166:201-206. 901 

29.     Hirneisen, K. A., K. E. Kniel. 2013. Norovirus surrogate survival on spinach during 902 

preharvest growth. Phytopathology 103:389-394. 903 

30.     Hirneisen, K. A., E. P. Black, J. L. Cascarino, V. R. Fino, D. G. Hoover, and K. E. 904 

Kniel. 2010. Viral inactivation in foods: A review of traditional and novel food‐905 

processing technologies. Compr. Rev. Food Sci. 9:3-20. 906 

31.     Huang, R., X. Li, Y. Huang, and H. Chen. 2014. Strategies to enhance high pressure 907 

inactivation of murine norovirus in strawberry puree and on strawberries. Int. J. Food 908 

Microbiol. 185:1-6. 909 

32.     Huang, R., M. Ye, X. Li, L. Ji, M. Karwe, and H. Chen. 2016. Evaluation of high 910 

hydrostatic pressure inactivation of human norovirus on strawberries, blueberries, 911 

raspberries and in their purees. Int. J. Food Microbiol. 223:17-24. 912 

33.     Huang, Y., H. Chen. 2015. Inactivation of Escherichia coli O157:H7, Salmonella and 913 

human norovirus surrogate on artificially contaminated strawberries and raspberries by 914 

water-assisted pulsed light treatment. Food Res. Int. 72:1-7. 915 

34.     Huang, Y., M. Ye, X. Cao, and H. Chen. 2017. Pulsed light inactivation of murine 916 

norovirus, Tulane virus, Escherichia coli O157:H7 and Salmonella in suspension and on 917 

berry surfaces. Food Microbiol. 61:1-4. 918 



 

41 
 

35.     Imamura, S., H. Kanezashi, T. Goshima, A. Suto, Y. Ueki, N. Sugawara, H. Ito, B. Zou, 919 

M. Uema, M. Noda, and K. Akimoto. 2017. Effect of high-pressure processing on human 920 

noroviruses in laboratory-contaminated oysters by bio-accumulation. Foodborne Pathog. 921 

Dis. 14:518-523. 922 

36.     Imamura, S., H. Kanezashi, T. Goshima, A. Suto, Y. Ueki, N. Sugawara, H. Ito, B. Zou, 923 

C. Kawasaki, T. Okada, M. Uema, M. Noda, and K. Akimoto. 2018. Effect of high 924 

pressure processing on a wide variety of human noroviruses naturally present in aqua-925 

cultured Japanese oysters. Foodborne Pathog. Dis. 15:621-626. 926 

37.     Jones, M. K., M. Watanabe, S. Zhu, C. L. Graves, L. R. Keyes, K. R. Grau, M. B. 927 

Gonzalez-Hernandez, N. M. Iovine, C. E. Wobus, J. Vinjé, S. A. Tibbetts, S. M. Wallet, 928 

and S. M. Karst. 2014. Enteric bacteria promote human and mouse norovirus infection of 929 

B cells. Science 346:755-759. 930 

38.     Kang, S., S. Y. Park, and S. Ha. 2016. Application of gamma irradiation for the 931 

reduction of norovirus in traditional Korean half-dried seafood products during storage. 932 

Food Sci. Technol. 65:739-745. 933 

39.     Kim, S. E., S. Y. Park, M. Rui, and S. Ha. 2017. Effects of electron beam irradiation on 934 

murine norovirus-1 in abalone (Haliotis discus hannai) meat and viscera. LWT 86:611-935 

618. 936 

40.     Kingsley, D. H., R. E. Perez-Perez, G. Boyd, J. Sites, and B. A. Niemira. 2018. 937 

Evaluation of 405-nm monochromatic light for inactivation of Tulane virus on blueberry 938 

surfaces. J. Appl. Microbiol. 124:1017-1022. 939 



 

42 
 

41.     Kingsley, D. H., H. Chen. 2008. Aqueous matrix compositions and pH influence feline 940 

calicivirus inactivation by high pressure processing. J. Food Prot. 71:1598-1603. 941 

42.     Kingsley, D. H. 2013. High pressure processing and its application to the challenge of 942 

virus-contaminated foods. Food Environ. Virol. 5:1-12. 943 

43.     Knight, A., A. Knight, J. Haines, A. Stals, D. Li, M. Uyttendaele, and L. Jaykus. 2016. 944 

A systematic review of human norovirus survival reveals a greater persistence of human 945 

norovirus RT-qPCR signals compared to those of cultivable surrogate viruses. Int. J. 946 

Food Microbiol. 216:40-49. 947 

44.     Kovač, K., M. Diez-Valcarce, P. Raspor, M. Hernández, and D. Rodríguez-Lázaro. 948 

2012. Effect of high hydrostatic pressure processing on norovirus infectivity and genome 949 

stability in strawberry puree and mineral water. Int. J. Food Microbiol. 152:35-39. 950 

45.     Lacombe, A., B. A. Niemira, J. B. Gurtler, X. Fan, J. Sites, G. Boyd, and H. Chen. 951 

2015. Atmospheric cold plasma inactivation of aerobic microorganisms on blueberries 952 

and effects on quality attributes. Food Microbiol. 46:479-484. 953 

46.     Lacombe, A., B. A. Niemira, J. B. Gurtler, J. Sites, G. Boyd, D. H. Kingsley, X. Li, and 954 

H. Chen. 2017. Nonthermal inactivation of norovirus surrogates on blueberries using 955 

atmospheric cold plasma. Food Microbiol. 63:1-5. 956 

47.     Lamhoujeb, S., I. Fliss, S. E. Ngazoa, and J. Jean. 2008. Evaluation of the persistence 957 

of infectious human noroviruses on food surfaces by using real-time nucleic acid 958 

sequence-based amplification. Appl. Environ. Microbiol. 74:3349-3355. 959 

48.     Leon, J. S., D. H. Kingsley, J. S. Montes, G. P. Richards, G. M. Lyon, G. M. 960 

Abdulhafid, S. R. Seitz, M. L. Fernandez, P. F. Teunis, G. J. Flick, and C. L. Moe. 2011. 961 



 

43 
 

Randomized, double-blinded clinical trial for human norovirus inactivation in oysters by 962 

high hydrostatic pressure processing. Appl. Environ. Microbiol. 77:5476-5482. 963 

49.     Li, D., Q. Tang, Y. Wang, J. Wang, Q. Zhao, and C. Xue. 2009. Effects of high-964 

pressure processing on murine norovirus-1 in oysters (Crassostrea gigas) in situ. Food 965 

Control 20:992-996. 966 

50.     Li, D., L. Baert, M. De Jonghe, E. Van Coillie, J. Ryckeboer, F. Devlieghere, and M. 967 

Uyttendaele. 2011. Inactivation of murine norovirus 1, coliphage phiX174, and 968 

Bacteroides [corrected] fragilis phage B40-8 on surfaces and fresh-cut iceberg lettuce by 969 

hydrogen peroxide and UV light. Appl. Environ. Microbiol. 77:1399. 970 

51.     Li, X., H. Chen, and D. H. Kingsley. 2013. The influence of temperature, pH, and water 971 

immersion on the high hydrostatic pressure inactivation of GI.1 and GII.4 human 972 

noroviruses. Int. J. Food Microbiol. 167:138-143. 973 

52.     Li, X., H. Neetoo, S. Golovan, and H. Chen. 2013. Pressure inactivation of Tulane 974 

virus, a candidate surrogate for human norovirus and its potential application in food 975 

industry. Int. J. Food. Microbiol. 162:37-42. 976 

53.     Liu, C., X. Li, and H. Chen. 2015. Application of water-assisted ultraviolet light 977 

processing on the inactivation of murine norovirus on blueberries. Int. J. Food Microbiol. 978 

214:18-23. 979 

54.     Lopman, B. A., D. Steele, C. D. Kirkwood, and U. D. Parashar. 2016. The vast and 980 

varied global burden of norovirus: prospects for prevention and control. PLoS Med. 981 

13:e1001999. 982 



 

44 
 

55.     Lou, F., H. Neetoo, H. Chen, and J. Li. 2015. High hydrostatic pressure processing: a 983 

promising nonthermal technology to inactivate viruses in high-risk foods. Annu. Rev. 984 

Food Sci. Technol. 6:389-409. 985 

56.     Lou, F., H. Neetoo, H. Chen, and J. Li. 2011. Inactivation of a human norovirus 986 

surrogate by high-pressure processing: effectiveness, mechanism, and potential 987 

application in the fresh produce industry. Appl. Environ. Microbiol. 77:1862-1871. 988 

57.     Lou, F., M. Ye, Y. Ma, X. Li, E. DiCaprio, H. Chen, S. Krakowka, J. Hughes, D. 989 

Kingsley, and J. Li. 2015. A gnotobiotic pig model for determining human norovirus 990 

inactivation by high-pressure processing. Appl. Environ. Microbiol. 81:6679-6687. 991 

58.     Lysén, M., M. Thorhagen, M. Brytting, M. Hjertqvist, Y. Andersson, and K. Hedlund. 992 

2009. Genetic diversity among food-borne and waterborne norovirus strains causing 993 

outbreaks in Sweden. J. Clin. Microbiol. 47:2411-2418. 994 

59.     Mans, J. 2019. Norovirus infections and disease in lower-middle and low-income 995 

countries, 1997–2018. Viruses 11:341. 996 

60.     Min, S. C., S. H. Roh, B. A. Niemira, J. E. Sites, G. Boyd, and A. Lacombe. 2016. 997 

Dielectric barrier discharge atmospheric cold plasma inhibits Escherichia coli O157:H7, 998 

Salmonella, Listeria monocytogenes, and Tulane virus in Romaine lettuce. Int. J. Food 999 

Microbiol. 237:114-120. 1000 

61.     Nguyen, G. T., K. Phan, I. Teng, J. Pu, and T. Watanabe. 2017. A systematic review 1001 

and meta-analysis of the prevalence of norovirus in cases of gastroenteritis in developing 1002 

countries. Medicine (Baltimore) 96:e8139. 1003 



 

45 
 

62.     Niemira, B. A. 2012. Cold plasma decontamination of foods. Annu. Rev. Food Sci. 1004 

Technol. 3:125-142. 1005 

63.     Nuanualsuwan, S., D. O. Cliver. 2003. Infectivity of RNA from inactivated poliovirus. 1006 

Appl. Environ. Microbiol. 69:1629-1632. 1007 

64.     Oms-Oliu, G., G. Oms-Oliu, O. Martín-Belloso, O. Martín-Belloso, R. Soliva-Fortuny, 1008 

and R. Soliva-Fortuny. 2010. Pulsed light treatments for food preservation. A review. 1009 

Food Bioproc. Technol. 3:13-23. 1010 

65.     Pan, H., M. Buenconsejo, K. F. Reineke, and Y. C. Shieh. 2016. Effect of process 1011 

temperature on virus inactivation during high hydrostatic pressure processing of 1012 

contaminated fruit puree and juice. J. Food Prot. 79:1517-1526. 1013 

66.     Park, S. Y., S. Ha. 2017. Application of gamma radiation for the reduction of norovirus 1014 

and the quality stability in optimally ripened cabbage kimchi. Food Res. Int. 100:277-1015 

281. 1016 

67.     Park, S. Y., S. Ha. 2015. Ultraviolet-C radiation on the fresh chicken breast: 1017 

inactivation of major foodborne viruses and changes in physicochemical and sensory 1018 

qualities of product. Food Bioproc. Technol. 8:895-906. 1019 

68.     Park, S. Y., S. Kang, and S. Ha. 2016. Inactivation of murine norovirus-1 in the edible 1020 

seaweeds Capsosiphon fulvescens and Hizikia fusiforme using gamma radiation. Food 1021 

Microbiol. 56:80-86. 1022 

69.     Park, S. Y., S. Ha, J. Ha, and S. H. Kim. 2017. Effects of high hydrostatic pressure on 1023 

the inactivation of norovirus and quality of cabbage Kimchi. Food Control 81:40-45. 1024 



 

46 
 

70.     Park, S. Y., Y. J. Jung, J. Y. Kwon, S. E. Kim, M. Jeong, and S. Ha. 2019. Application 1025 

of high hydrostatic pressure for the inactivation of norovirus and quality stability in fresh 1026 

sea squirt (Halocynthia roretzi). Food Sci. Technol. Int. 25:573-578. 1027 

71.     Pillai, S., S. Pillai, S. Shayanfar, and S. Shayanfar. 2017. Electron beam technology and 1028 

other irradiation technology applications in the food industry. Top. Curr. Chem. 375:1-1029 

20. 1030 

72.     Pilotto, M. R., D. S. M. Souza, and C. R. M. Barardi. 2019. Viral uptake and stability in 1031 

Crassostrea gigas oysters during depuration, storage and steaming. Mar. Pollut. Bull. 1032 

149:110524. 1033 

73.     Pimenta, A. I., F. M. A. Margaça, and S. Cabo Verde. 2019. Virucidal activity of 1034 

gamma radiation on strawberries and raspberries. Int. J. Food Microbiol. 304:89-96. 1035 

74.     Pogan, R., J. Dülfer, and C. Uetrecht. 2018. Norovirus assembly and stability. Curr. 1036 

Opin. Virol. 31:59-65. 1037 

75.     Prasad, B. V. V., M. E. Hardy, T. Dokland, J. Bella, M. G. Rossmann, and M. K. Estes. 1038 

1999. X-ray crystallographic structure of the Norwalk virus capsid. Science 286:287-290. 1039 

76.     Praveen, C., B. A. Dancho, D. H. Kingsley, K. R. Calci, G. K. Meade, K. D. Mena, and 1040 

S. D. Pillai. 2013. Susceptibility of murine norovirus and hepatitis A virus to electron 1041 

beam irradiation in oysters and quantifying the reduction in potential infection risks. 1042 

Appl. Environ. Microbiol. 79:3796-3801. 1043 

77.     Predmore, A., G. C. Sanglay, E. DiCaprio, J. Li, R. M. Uribe, and K. Lee. 2015. 1044 

Electron beam inactivation of Tulane virus on fresh produce, and mechanism of 1045 



 

47 
 

inactivation of human norovirus surrogates by electron beam irradiation. Int. J. Food 1046 

Microbiol. 198:28-36. 1047 

78.     Robilotti, E., S. Deresinski, and B. A. Pinsky. 2015. Norovirus. Clin. Microbiol. Rev. 1048 

28:134-164. 1049 

79.     Rodríguez-Lázaro, D., M. Diez-Valcarce, R. Montes-Briones, D. Gallego, M. 1050 

Hernández, and J. Rovira. 2015. Presence of pathogenic enteric viruses in illegally 1051 

imported meat and meat products to EU by international air travelers. Int. J. Food 1052 

Microbiol. 209:39-43. 1053 

80.     Sanglay, G. C., J. Li, R. M. Uribe, and K. Lee. 2011. Electron-beam inactivation of a 1054 

norovirus surrogate in fresh produce and model systems. J. Food Prot. 74:1155-1160. 1055 

81.     Sarangapani, C., A. Patange, P. Bourke, K. Keener, and P. J. Cullen. 2018. Recent 1056 

advances in the application of cold plasma technology in foods. Annu. Rev. Food Sci. 1057 

Technol. 9:609-629. 1058 

82.     Sharma, M., A. E. H. Shearer, D. G. Hoover, M. N. Liu, M. B. Solomon, and K. E. 1059 

Kniel. 2008. Comparison of hydrostatic and hydrodynamic pressure to inactivate 1060 

foodborne viruses. Innov. Food Sci. Emerg. Technol. 9:418-422. 1061 

83.     Sido, R. F., R. Huang, C. Liu, and H. Chen. 2017. High hydrostatic pressure 1062 

inactivation of murine norovirus and human noroviruses on green onions and in salsa. 1063 

Int. J. Food Microbiol. 242:1-6. 1064 

84.     Sommers, C. H., X. Fan. 2012. Food irradiation research and technology. Wiley-1065 

Blackwell, Somerset. 1066 



 

48 
 

85.     Takahashi, M., Y. Okakura, H. Takahashi, H. Yamane, S. Akashige, T. Kuda, and B. 1067 

Kimura. 2019. Evaluation of inactivation of murine norovirus in inoculated shell oysters 1068 

by high hydrostatic pressure treatment. J. Food Prot. 82:2169-2173. 1069 

86.     Tanaka, T., O. Nogariya, N. Shionoiri, Y. Maeda, and A. Arakaki. 2018. Integrated 1070 

molecular analysis of the inactivation of a non-enveloped virus, feline calicivirus, by 1071 

UV-C radiation. J. Biosci. Bioeng. 126:63-68. 1072 

87.     Tang, Q., D. Li, J. Xu, J. Wang, Y. Zhao, Z. Li, and C. Xue. 2010. Mechanism of 1073 

inactivation of murine norovirus-1 by high pressure processing. Int. J. Food Microbiol. 1074 

137:186-189. 1075 

88.     Tian, P., D. Yang, X. Jiang, W. Zhong, J. L. Cannon, W. Burkhardt III, J. W. Woods, 1076 

G. Hartman, L. Lindesmith, R. S. Baric, and R. Mandrell. 2010. Specificity and kinetics 1077 

of norovirus binding to magnetic bead‐conjugated histo‐blood group antigens. J. Appl. 1078 

Microbiol. 109:1753-1762. 1079 

89.     Tian, P., A. Engelbrektson, and R. Mandrell. 2008. Two-log increase in sensitivity for 1080 

detection of norovirus in complex samples by concentration with porcine gastric mucin 1081 

conjugated to magnetic beads. Appl. Environ. Microbiol. 74:4271-4276. 1082 

90.     Tomb, R. M., M. Maclean, P. R. Herron, P. A. Hoskisson, S. J. MacGregor, and J. G. 1083 

Anderson. 2014. Inactivation of Streptomyces phage ɸC31 by 405 nm light. 1084 

Bacteriophage 4:e32129. 1085 

91.     Tomb, R. M., M. Maclean, J. E. Coia, E. Graham, M. McDonald, C. D. Atreya, S. J. 1086 

MacGregor, and J. G. Anderson. 2017. New proof-of-concept in viral inactivation: 1087 



 

49 
 

Virucidal efficacy of 405 nm light against feline calicivirus as a model for norovirus 1088 

decontamination. Food Environ. Virol. 9:159-167. 1089 

92.     van Beek, J., M. de Graaf, H. Al-Hello, D. J. Allen, K. Ambert-Balay, N. Botteldoorn, 1090 

M. Brytting, J. Buesa, M. Cabrerizo, M. Chan, F. Cloak, I. Di Bartolo, S. Guix, J. Hewitt, 1091 

N. Iritani, M. Jin, R. Johne, I. Lederer, J. Mans, V. Martella, L. Maunula, G. McAllister, 1092 

S. Niendorf, H. G. Niesters, A. T. Podkolzin, M. Poljsak-Prijatelj, L. D. Rasmussen, G. 1093 

Reuter, G. Tuite, A. Kroneman, H. Vennema, and M. P. G. Koopmans. 2018. Molecular 1094 

surveillance of norovirus, 2005–16: an epidemiological analysis of data collected from 1095 

the NoroNet network. Lancet Infect. Dis. 18:545-553. 1096 

93.     Verhoef, L., J. Hewitt, L. Barclay, S. Ahmed, R. Lake, A. J. Hall, B. A. Lopman, A. 1097 

Kroneman, H. Vennema, J. Vinjé, and M. Koopmans. 2015. Norovirus genotype profiles 1098 

associated with foodborne transmission, 1999–2012. Emerg. Infect. Dis 21:592-599. 1099 

94.     Vimont, A., I. Fliss, and J. Jean. 2015. Efficacy and mechanisms of murine norovirus 1100 

inhibition by pulsed-light technology. Appl. Environ. Microbiol. 81:2950. 1101 

95.     Vinjé, J. 2015. Advances in laboratory methods for detection and typing of norovirus. J. 1102 

Clin. Microbiol. 53:373-381. 1103 

96.     Wang, C., H. Huang, C. Hsu, and B. B. Yang. 2016. Recent advances in food 1104 

processing using high hydrostatic pressure technology. Crit. Rev. Food Sci. Nutr. 56:527-1105 

540. 1106 

97.     World Health Organization. 2020. The burden of foodborne diseases in the WHO 1107 

European region. Available at: 1108 



 

50 
 

http://www.euro.who.int/__data/assets/pdf_file/0005/402989/50607-WHO-Food-Safety-1109 

publicationV4_Web.pdf?ua=1. Accessed April 21, 2020. 1110 

98.     Yamashiro, R., T. Misawa, and A. Sakudo. 2018. Key role of singlet oxygen and 1111 

peroxynitrite in viral RNA damage during virucidal effect of plasma torch on feline 1112 

calicivirus. Sci. Rep. 8:17947-13. 1113 

99.     Ye, M., X. Li, D. H. Kingsley, X. Jiang, and H. Chen. 2014. Inactivation of human 1114 

norovirus in contaminated oysters and clams by high hydrostatic pressure. Appl. Environ. 1115 

Microbiol. 80:2248-2253. 1116 

100.     Ye, M., T. Lingham, Y. Huang, G. Ozbay, L. Ji, M. Karwe, and H. Chen. 2015. 1117 

Effects of high-hydrostatic pressure on inactivation of human norovirus and physical and 1118 

sensory characteristics of oysters. J. Food Sci. 80:1330. 1119 

101.     Zhou, F., K. M. Harmon, K. Yoon, D. G. Olson, and J. S. Dickson. 2011. Inactivation 1120 

of feline calicivirus as a surrogate for norovirus on lettuce by electron beam irradiation. 1121 

J. Food Prot. 74:1500-1503. 1122 

 1123 



 

51 
 

Table 1. Reviewed processing technologies, their characteristics, mechanism of inactivation, advantages and disadvantages. 1124 

Processing technology Characteristics Mechanism of inactivation Advantages Disadvantages 

High-pressure processing 

(HPP) 

Hydrostatic pressure transmitted by 

fluid in pressure vessel 

Pressures range from 200 to 800 MPa 

Treatment times are generally below 10 

minutes including come up, hold and 

depressurization times 

Sub-ambient temperatures enhance 

efficacy 

Disintegrates capsid attachment and 

binding sites   

Disrupts capsid structure at higher 

levels 

Pressure is uniformly distributed 

Preserves nutritional properties 

Independent of product geometry and 

size 

Extends shelf-life 

Expensive  

Requires pre-packing 

Batch process 

Large equipment  

Optimal conditions are product 

specific 

Pulsed, blue and UVC 

light 

Utilizes various wavelengths of light; 

UVC 240–260 nm, blue 405 nm and 

pulsed 200–1100  

Effective against surface 

contaminations 

 

Appropriate doses are achieved in under 

5 minutes or in few seconds with pulsed 

light 

Photodimerization of RNA molecules 

and disruption of capsid structure 

(UVC wavelength) 

 

Creation of oxidative radicals 

 

Preserves nutritional properties 

Low cost 

Easy and safe handling 

 

Possibility for continuous process 

Does not require contact 

May impair sensorial properties at 

high doses 

 

Limited penetration depth that is 

also lost in turbid liquids 

 

Effectivity largely attributed to 

surface structure 

 

Gamma and electron 

beam (e-beam) irradiation 

Electromagnetic radiation with 

adequate energy for ionizing 

60Co or 137Cs are the radioactive sources 

of gamma rays in food processing 

 

E-beam is constituted of electrically 

accelerated electrons 

 

Commonly applied doses in fresh foods 

are 1–10 kGy, yet doses up to 50 kGy 

are allowed for sterilization  

Disrupts RNA and capsid structure 

 

Creation of oxidative radicals 

 

Preserves nutritional properties 

Extends shelf-life 

 

Possibility for continuous process 

 

Does not require contact 

 

Gamma radiation is highly 

penetrating 

 

E-beams are created rapidly, directed 

to targets and can be powered off 

when not used 

Expensive 

Negative consumer perception 

 

May impair sensorial properties at 

high doses 

 

E-beams have limited penetration 

depth 

 

Safety and security risks especially 

with gamma radiation 

Cold atmospheric plasma 

(CAP) 

Inert gas or gas mixture ionized by 

strong electromagnetic fields 

Reactive oxygen and nitrogen species 

generated by the ionization of gas 

 

Preserves sensorial properties 

 

Extends shelf-life 

Some setups may cause product 

heating 
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 1125 

  1126 

Plasma is created in atmospheric 

pressure and generally remains close to 

ambient temperature 

 

Treatment times generally below 20 

minutes 

 

Can be applied directly, remotely or via 

activated water on the product 

Capsid protein oxidation and 

disintegration 

 

RNA degradation 

 

Can be applied directly to packed 

products with modified atmosphere 

 

Utilizing air as feed gas is economical 

 

  

Large number of technologies with 

varying properties complicate 

comparisons 

 

Expensive with pure gases 

 

Industrial scale food processing 

equipment still under development 
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Table 2. Summary of applied model viruses, food matrixes, treatment parameters and inactivation outcomes in studies evaluating the effect of 1127 

HPP treatment on NoV surrogates. a 1128 

Model virus Food matrix Treatment Log reduction Unit Reference 

MNV-1 Strawberries, diced (wet state) 

Strawberries, diced (dry state) 

Strawberries, pureed 

300 MPa, 2 min, 0 ℃ 

300 MPa, 2 min, 0 ℃ 

350 MPa, 2 min, 0 ℃ 

2.9 

<1 

4.4 

PFU/g 

 

(34) 

MNV-1 Strawberry puree 200 MPa, < 10 min, 16 ℃ 

200 MPa, 10 min, 16 ℃ 

300 MPa, 2.5 min, 19 ℃ 

300 MPa, 5 min, 19 ℃ 

300 MPa, 10 min, 19 ℃ 

400/600 MPa, 2.5 min, 22 ℃ 

<1.0 

3.21 

1.21 

2.63 

2.75 

3.33 

TCID50/ml (47) 

MNV-1 

MS2 

MNV-1 

MS2 

MNV-1 

Strawberry, juice 

Strawberry, juice 

Strawberry, puree 

Strawberry, puree 

Pomegranate, juice 

300 MPa, 1.5 min, 10 ℃ 

600 MPa, 3 min, 38 ℃ 

400 MPa, 3 min, 20 ℃ 

600 MPa, 3 min, 38 ℃ 

300 MPa, 1.5 min, 10 ℃ 

1.68 

<1 

4.33 

<1 

1.69 

PFU/sample (68) 

 

MNV-1 

TV 

MNV-1 

TV 

MNV-1 

TV 

Blueberries (wet state) 

Blueberries (wet state) 

Blueberries (dry state) 

Blueberries (dry state) 

Oysters (Crassostrea virginica) 

Oysters (Crassostrea virginica) 

400 MPa, 2 min, 4 ℃ 

300 MPa, 2 min, 4 ℃ 

400/600 MPa, 2 min, 4/21/35 ℃ 

400/600 MPa, 2 min, 4/21/35 ℃ 

400 MPa, 2 min, 4 ℃ 

350 MPa, 2 min, 4 ℃ 

>5.6 

>3.8 

<1 

<1 

>4.0 

>4.5 

PFU/sample (55) 

MNV-1 Strawberries, diced 

Strawberries, puree 

Lemon, puree 

Watermelon, puree 

Tomato puree 

Lettuce 

Carrot, puree 

Carrot, juice 

450 MPa, 2 min, 4 ℃ 

450 MPa, 2 min, 4 ℃ 

350 MPa, 2 min, 4 ℃ 

400 MPa, 2 min, 4 ℃ 

400 MPa, 2 min, 4 ℃ 

450 MPa, 2 min, 4 ℃ 

400 MPa, 2 min, 4 ℃ 

400 MPa, 2 min, 4 ℃ 

6.0 

4.7 

5.4 

6.8 

5.8 

7.1 

6.8 

7.3 

PFU/g (59) 

MNV-1 Cabbage Kimchi 300 MPa, 5 min, 25 ℃ 

400 MPa, 5 min, 25 ℃ 

500 MPa, 5 min, 25 ℃ 

0.3 

1.5 

>4.7 

PFU/ml (72) 

MNV-1 

 

Green onions (Allium fistulosum x cepa) 500 MPa, 5 min, 20 ℃ 4.7b 

6.4c 

PFU/plant (31) 
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MNV-1 Green onions (wet state) 

Green onions (wet state) 

Green onions (wet state) 

Green onion (dry state) 

Salsa 

Salsa 

300 MPa, 2 min, 10 ℃ 

300 MPa, 2 min, 1 ℃ 

350 MPa, 2 min, 4 ℃ 

350 MPa, 2 min, 4/20 ℃ 

300 MPa, 1 min, 1 ℃ 

300 MPa, 2.5 min, 1 ℃ 

1.2 

2.8 

4.3 

1.7 

~2.0 

~4.0 

PFU/g (89) 

FCV 

MNV-1 

Salsa 250 MPa, 1 min, 9℃ 

400 MPa, 5 min, 9 ℃ 

6.48±1.74 

~4 

TCID50/g 

PFU/g 

(29) 

MNV-1 Manila clams (Ruditapes philippinarum) 500 MPa, 1 min, 20 ℃ ND from initial value of 4.56 PFU/g (7) 

FCV 

FCV 

FCV 

FCV 

FCV 

FCV 

FCV 

FCV 

FCV 

MNV-1 

Tuna 

Cod 

Shrimp 

Clam 

Tuna+mayonnaise 

Cod+mayonnaise 

Shrimp+mayonnaise 

Clam+mayonnaise 

Mayonnaise 

Mayonnaise 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

200 MPa, 5 min, 5 ℃ 

4.54±0.001 

1.15±0.38 

4.46±0.001 

3.15±1.15 

3.84±2.00 

2.22±0.23 

4.71±0.001 

5.08±0.001 

1.09±0.60 

1.39±0.60 

TCID50/g (30) 

MNV-1 Oysters (Crassostrea gigas) 400 MPa, 5 min, 0 ℃ ND from initial value of 4.13 PFU/oyster (52) 

MNV-1 Oysters (Crassostrea gigas) 275 MPa, 5 min, 0 ℃ 

300 MPa, 5 min, 0 ℃ 

350 MPa, 5 min, 0 ℃ 

2.0±1.6 

>3.0±1.2 

>3.0±0.0 

PFU/sample (91) 

MNV-1 Sea squirt (Halocynthia roretzi) 400 MPa, 5 min, 25 ℃ ND from initial value of ~5.6 PFU/ml (73) 

FCV 

MS2 

Pork sausage 

Pork sausage 

500 MPa, 5 min, 4 ℃ 

500 MPa, 5 min, 4 ℃ 

2.89 

1.47 

TCID50/ml 

PFU/g 

(88) 

 
aFCV, feline calicivirus; MNV-1, murine norovirus; MPa, megapascal; MS2, bacteriophage MS2; ND, not detected; TCID50, median tissue 1129 

culture infectious dose; TV, Tulane virus. 1130 
bContamination by root uptake where inoculums are in internal tissues. 1131 
cContamination by spot inoculation uptake where inoculums are in external surface. 1132 
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Table 3. HuNoV or TV reductions based on RT-PCR assays following high-pressure processing, electron-beam or atmospheric cold plasma 1134 

treatments in different food matrixes. a 1135 

Technology Model virus Food matrix Treatment Log reduction Method Reference 

HPP GII.4 

 

TV 

Strawberries, pureed 500 MPa, 2 min, 4 ℃ 

600 MPa, 2 min, 4 ℃ 

500 MPa, 2 min, 4 ℃ 

600 MPa, 2 min, 4 ℃ 

<1 

ND from initial value of 5.46±0.28 

1.67 

ND from initial value of 6.10±0.39 

PGM-MB/RT-qPCR 

 

(20) 

HPP GI.1 

GII.4 

GI.1 

GII.4 

GI.1 

GII.4 

GI.1 

GII.4 

GI.1 

GII.4 

GI.1 

GII.4 

Strawberries, pureed 

Strawberries, pureed 

Strawberries, quarter 

Strawberries, quarter 

Blueberries, pureed 

Blueberries, pureed 

Blueberries, whole 

Blueberries, whole 

Raspberries, pureed 

Raspberries, pureed 

Raspberries, whole 

Raspberries, whole 

550 MPa, 2 min, 0 ℃ 

400 MPa, 2 min, 0 ℃ 

650 MPa, 2 min, 0 ℃ 

650 MPa, 2 min, 0 ℃ 

550 MPa, 2 min, 0 ℃ 

550 MPa, 2 min, 0 ℃ 

500 MPa, 2 min, 0 ℃ 

300 MPa, 2 min, 0 ℃ 

550 MPa, 2 min, 0 ℃ 

350 MPa, 2 min, 0 ℃ 

650 MPa, 2 min, 0 ℃ 

550 MPa, 2 min, 0 ℃ 

>3.0±0.1 

>4.2±0.2 

1.7±0.4 

3.1±0.3 

>2.9±0.2 

>4.4±0.1 

>3.2±0.1 

>4.1±0.2 

>2.9±0.4 

>4.2±0.3 

2.5±0.2 

>4.1±0.3 

RNAse + PGM-

MB/RT-qPCR 

 

(35) 

HPP GI.1 Blueberries (wet state) 

Blueberries (wet state) 

Blueberries (dry state) 

Blueberries (dry state) 

500 MPa, 2 min 1℃ 

600 MPa, 2 min, 21 ℃ 

600 MPa, 2 min, 1 ℃ 

600 MPa, 2 min, 21 ℃ 

2.7±0.3 

>3.0±0.0 

0.5±0.2 

0.9±0.2 

RNAse + PGM-

MB/RT-qPCR 

 

(54) 

HPP GI.1 

GII.4 

GI.1 

GII.4 

Green onions 

Green onions 

Salsa 

Salsa 

500 MPa, 2 min, 1 ℃ 

500 MPa, 2 min, 1 ℃ 

600 MPa, 2 min, 1 ℃ 

300 MPa, 2 min, 1 ℃ 

>3 

>3 

>3 

>3 

RNAse + PGM-

MB/RT-qPCR 

 

(89) 

HPP GII.4 and GII.17 Oysters (Crassostrea gigas) 400 MPa, 5 min, 25 ℃ 1.87b 

1.99b 

RNAse + RT-PCR (38) 

 

HPP GI and GII Oysters (Crassostrea gigas) 400 MPa, 5 min, 10 ℃ >0.6 RNAse + RT-PCR (39) 

HPP GI.1 

GI.1 

GII.4 

GII.4 

Oysters (Crassostrea virginica) 450 MPa, 2 min, 0 ℃ 

500 MPa, 2 min, 0 ℃ 

350 MPa, 2 min, 25 ℃ 

350 MPa, 2 min, 0 ℃ 

3.2±0.2 

>4.3 

3.6±0.1 

>4.2 

RNAse + PGM-

MB/RT-PCR 

(107) 
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HPP GII.4 strain 765 Oyster (Crassostrea virginica)  

homogenates 

350 MPa, 2 min, 0 ℃ 

400 MPa, 2 min, 0 ℃ 

450 MPa, 2 min, 0 ℃ 

350 MPa, 2 min, 25 ℃ 

400 MPa, 2 min, 25 ℃ 

450 MPa, 2 min, 25 ℃ 

350 MPa, 2 min, 35 ℃ 

3.7±0.3 

4.0±0.3 

4.2±0.2 

3.0±0.1 

3.8±0.2 

4.0±0.1 

1.0±0.3 

RNAse + PGM-

MB/RT-PCR 

(60) 

 

HPP GI.1 

GI.1 

GII.4 

Oyster (Crassostrea virginica) and 

clam (Mercenaria mercenaria) 

homogenates 

450 MPa, 5 min, 1 ℃ 

500 MPa, 5 min, 1/6 ℃ 

400 MPa, 5 min, 6 ℃ 

4.3±0.5 

4.0±0.5 

3.6±0.4 

RNAse + PGM-

MB/RT-PCR 

(106) 

Electron beam GII.4 

 

 

TV 

Strawberries 

 

 

 

 

12.2 

16.3 

28.7 

12.2 

16.3 

28.7 

~1.0 

2.46 

ND from initial value of 5.53±0.39 

~2 

~2 

ND from initial value of 5.57±0.09 

PGM-MB/RT-qPCR 

 

(21) 

Two-dimensional 

array of integrated 

coaxial-

microhollow DBD 

CAP 

GII.4 Romaine lettuce 1 min 

2 min 

3 min 

4 min 

5 min 

~0.4 

~1.4 

~2.0 

~2.2 

~2.6 

EMA + RT-qPCR 

 

(1) 

a CAP, cold atmospheric plasma; DBD, dielectric barrier discharge; EMA, ethidium monoazide; HPP, high-pressure processing; MPa, 1136 

megapascal; ND, not detected; PGM-MB, porcine gastric mucin-conjugated magnetic beads; TV, Tulane virus. 1137 
bOutcomes from two independent batches of 30 oysters. 1138 

  1139 
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Table 4. Overview of utilized model viruses, food matrixes, fluence levels and inactivation outcomes in the studies applying UVC, blue or pulsed 1140 

light on NoV surrogates.a 1141 

Light technology (nm)  Model virus Food matrix Fluence (mJ/cm2) Log reduction Unit Reference 

UVC (254)  MNV S99 Blueberries (fresh) 

Blueberries (frozen) 

Raspberries (fresh) 

Raspberries (frozen) 

Strawberries (fresh) 

Strawberries (frozen) 

212 – 1331 3.12 

2.07 

1.52 

0.62 

1.27 

0.78 

TCID50/g (16) 

UVC (254)  MNV-1 Blueberries (dry) 

 

 

Blueberries (wet) 

 

600 

1200 

3000 

600 

1200 

3000  

2.43±0.32  

2.48±0.56 

3.04±0.23 

3.23±0.61 

>4.32 

>4.36 

PFU/sample (56) 

UVC (253.7)  FCV Strawberries 

Strawberries 

Strawberries 

Green onions 

Green onions 

Green onions 

Lettuce 

Lettuce 

Lettuce 

40 

120 

240 

40 

120  

240 

40 

120 

240 

1.13±0.27 

1.57±0.24 

2.28±0.53 

2.46±0.38 

3.92±0.64 

3.88±0.77 

3.48±0.03 

3.82±0.01 

4.62±0.00 

TCID50/ml (26) 

UVC (254)  MNV-1 Lettuce - 0.6–0.8  PFU (53) 

UVC (253.7)  MNV-1 Green onions  

(Allium fistulosum x cepa) 

240 0.2±0.2b 

1.2±0.6c  

PFU/plant (31) 

UVC (254)  MNV-1 Oysters (Crassostrea gigas) 44d 1.2 PFU/g of digestive tissue (75) 

UVC (260)  MNV-1 Chicken breast 60  

300 

600 

1200 

1800 

2400 

3600 

0.14±0.03 

0.27±0.03 

0.42±0.05 

0.58±0.01 

0.69±0.01 

0.90±0.04 

1.23±0.07 

PFU/ml (70) 

Pulsed light (200–1100)  MNV-1 Raspberries 

Strawberries 

53900 

63200 

3.6±1.1 

1.8±0.3 

PFU/g (36) 
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Pulsed light (200–1100)   MNV-1 Blueberries 

 

 

Strawberries 

 

 

5900 

11400 

22500 

5900 

11400 

22500 

3.1±0.3 

3.2±0.3 

3.8±0.6 

0.7±0.0 

0.9±0.2 

0.9±0.2 

PFU/sample (37) 

Blue light (405)  TV Blueberries 7560 0.06 PFU (43) 
aFCV, feline calicivirus; MNV-1, murine norovirus; TCID50, median tissue culture infectious dose; TV, Tulane virus. 1142 
bContamination by root uptake where inoculums are in internal tissues. 1143 
cContamination by spot inoculation uptake where inoculums are in external surface. 1144 
dApplied on circulating depuration water for up to 120 h.  1145 
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Table 5. Summary of model viruses, food matrixes, radiation dosages and inactivation outcomes in the studies employing gamma radiation or 1146 

electron beams on NoV surrogates. a 1147 

Radiation technology Model virus Food matrix Dose (kGy) Log reduction Unit Reference 

Gamma rays MNV-1 Raspberries 

 

Strawberries 

3.4 

7.0 

3.7 

7.0 

2.2 

~3.0 

2.2 

~3.0 

PFU/g (76) 

Gamma rays MNV-1 Strawberries 

 

 

 

Romaine lettuce 

 

 

 

Spinach 

 

 

 

2.8 

5.6 

11.2 

22.4 

2.8 

5.6 

11.2 

22.4 

2.8 

5.6 

11.2 

22.4 

1.31 

2.4 

4.1 

~8.0 

1.40 

1.7 

3.6 

~8.0 

1.77 

2.1 

3.7 

5.6 

PFU/ml (24) 

Gamma rays MNV-1 Cabbage kimchi 1 

3 

5 

7 

10 

0.34 

0.71 

0.98 

1.45 

1.76 

PFU/ml (69) 

Gamma rays MNV-1 Green algae (Capsosiphon fulvescens) 

 

 

 

Brown algae (Hizikia fusiforme) 

3 

5 

7 

10 

3 

5 

7 

10 

1.16 

1.41 

1.94 

2.46 

0.37 

1.26 

1.60 

2.21 

PFU/ml (71) 
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Gamma rays MNV-1 Gwamegi (half-dried Pacific herring or saury) 

 

 

 

Semi-dried squid  

3 

5 

7 

10 

3 

5 

7 

10 

0.66 

0.88 

1.31 

1.66 

0.59 

0.88 

1.36 

1.81 

PFU/ml (41) 

Electron beams MNV-1 Strawberries, diced 

 

 

 

 

 

Cabbage, shredded 

 

 

 

 

 

2 

4 

6 

8 

10 

12 

2 

4 

6 

8 

10 

12 

0.12 

0.37 

0.94 

1.56 

1.87 

2.21 

0.40 

0.70 

1.17 

1.65 

2.18 

2.82 

PFU/ml (85) 

Electron beams TV Strawberries 

 

 

Romaine lettuce 

4.1 

8.2 

16.3 

3.9 

8.7 

1.4±0.5 

2.6±0.3 

ND from initial value of 4.4±0.6 

1.3±0.6 

ND from initial value of 3.7±0.5 

PFU/ml (80) 

Electron beams FCV Lettuce 1 0.33 TCID50/g (108) 

Electron beams MNV-1 Oyster (Crassostrea virginica) homogenate 4.90 

9.38 

23.64 

31.90 

1.33 

2.54 

4.54 

ND from initial value of 4.90 

PFU/ml (79) 

Electron beams MNV-1 Abalone (Haliotis discus hannai) meat 

 

 

 

 

Abalone (Haliotis discus hannai) viscera 

 

1 

3 

5 

7 

10 

1 

3 

5 

7 

10 

0.31  

0.64 

0.93 

1.19 

1.45 

0.41 

0.66 

1.06 

1.30 

1.56 

PFU/ml (42) 

aFCV, feline calicivirus; MNV-1, murine norovirus; ND, not detected; TCID50, median tissue culture infectious dose; TV, Tulane virus.  1148 
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Table 6. Summary of technologies, model viruses, food matrixes, treatment durations and inactivation outcomes in studies applying cold 1149 

atmospheric plasma treatment on surrogate inoculated food products. a 1150 

CAP technology Model virus Food matrix Duration (min) Log reduction Unit Reference 

Plasma jet TV 

 

MNV-1 

Blueberries 0.75 

2 

0.25 

1.5 

1.5 

3.5 

0.5 

>5.0 

PFU/g (49) 

DBD TV Romaine lettuce 5 1.3 ±0.2 

0.7 ±0.3b 

0.2 ±0.2c 

PFU/g (63) 

Two-dimensional array 

of integrated coaxial-

microhollow DBD 

FCV Romaine lettuce 1 

2 

3 

~2.7 

~3.9 

>5.0 

TCID50/sample (1) 

Plasma jet MNV-1 Beef loin 

 

Pork shoulder 

 

Chicken breast 

5 

20 

5 

20 

5 

20 

2.05 

2.09 

2.11 

2.15 

2.01 

2.07 

PFU/ml (11) 

aCAP, cold atmospheric plasma; DBD, dielectric barrier discharge; FCV, feline calicivirus; MNV-1, murine norovirus; TCID50, median tissue 1151 
culture infectious dose; TV, Tulane virus. 1152 
bLettuce prepacked in a modified atmosphere packaging containing 5 % O2 (balance N2). 1153 
cLettuce prepacked in a modified atmosphere packaging containing 10 % O2 (balance N2). 1154 


