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Human noroviruses are the leading cause of foodborne illness globally. Numerous challenges in control of these viruses exist due to multiple viral characteristics: the ability to environmentally persist for over a month; relatively low infectious dose; lack of extremely effective, non-corrosive inactivation agents; and considerable inhibitory effects of food matrices and organic loads observed with common use of promising inactivation agents. Although a major breakthrough in the field, recent in vitro human norovirus cultivation systems have been limited in their ability to be widely utilized for identification of promising inactivation agents. Thus, cultivable human norovirus surrogates remain the most readily utilizable models for studying the effect of various inactivation agents on viral infectivity. The purpose of this review is to highlight recent developments and reports related to norovirus surrogate inactivation with a special focus on the various degrees of food matrix-associated inhibition for different inactivation agents.
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INTRODUCTION

Human norovirus is the leading cause of foodborne illness globally, accounting for 684 million foodborne illnesses and 212,000 foodborne deaths annually (Kirk et al., 2015). It is a single stranded positive sense RNA, non-enveloped virus of the Caliciviridae family. The viruses have an icosahedral capsid composed of 180 copies of a major capsid protein, VP1, with a few copies of a minor capsid protein, VP2 (Moore et al., 2015). One considerable challenge to their control is their general resistance to many commonly used inactivation agents (Hirneisen et al., 2010). Further, study and identification of norovirus inactivation has been complicated by the historical lack of an in vitro cultivation system for the virus. Two in vitro cultivation models have been reported (Jones et al., 2014; Ettayebi et al., 2016), however their availability and ability to be routinely utilized in the study of viral inactivation is presently limited. Because of this, a number of morphologically similar and cultivable virus surrogates have been used to evaluate the effectiveness of various chemical disinfectants and physical processes. Among them, feline calicivirus (FCV) (Hoover and Kahn, 1975) and murine norovirus (MNV) (Karst et al., 2003) have been most widely used as surrogates for norovirus for inactivation studies (Hirneisen et al., 2010). Feline calicivirus was first reported and chosen as a surrogate because it is in the same family as human norovirus, cultivable, and shared similarities with human norovirus in primary sequence (Jiang et al., 1993). However, FCV causes respiratory illness in cats, hence it may not be as easily translated to human noroviruses with the study of certain disinfectants (Cannon et al., 2006; Pesavento et al., 2008; Richards, 2012; Cromeans et al., 2014). MNV was subsequently reported, and is more genetically related to human norovirus than FCV, as it is in the Norovirus genus (Wobus et al., 2006). But some disadvantages of MNV include the fact it utilizes a different putative receptor than human norovirus and does not display intense diarrhea and vomiting in mice despite being shed fecally (Cannon et al., 2006; Taube et al., 2009; Karst et al., 2014). More recently, Tulane virus (Farkas et al., 2008) has been utilized and belongs to a newly proposed genus, Recovirus. Similar to human norovirus, TV binds to histo-blood group antigens and causes diarrhea in rhesus macaques (Farkas et al., 2008; Zhang et al., 2015). Additionally, other surrogates such as bacteriophage MS2 (Lacombe et al., 2017) and echovirus (Schiff et al., 1984) have also been used to study inactivation. In addition to viral surrogates, infectious human norovirus from human fecal specimens may also be used in combination with RT-qPCR. However, there are a number of challenges in relating reduction of RT-qPCR signal to reduction of infectious virus observed, which will be discussed below and has been reviewed elsewhere (Knight et al., 2013; Moore et al., 2015; Manuel et al., 2018).

Although surrogates provide valuable information related to reduction in viral infectivity, a number of issues related to the ability to extrapolate the results of surrogate studies to human norovirus exist (Richards, 2012). Specifically, notable differences in susceptibility of different surrogates to different types of inactivation treatments has been a setback, as one specific surrogate that is the most resistant to a wide variety of inactivation treatments has not been identified. Similarly, translation of inactivation observed using human norovirus in fecal specimens has been challenging, as RT-qPCR results tend to underestimate the degree of inactivation of virus because signal is still obtained from un-encapsidated RNA, RNA in damaged/non-functional capsids, and RNA with fatal mutations (Knight et al., 2013; Manuel et al., 2018).

Although effective against many vegetative bacteria, most commercially available, and commonly used disinfectants have not displayed ideal efficacy against noroviruses and their surrogates (Hirneisen et al., 2010). Although bleach has been demonstrated to be effective against noroviruses including human noroviruses (Cromeans et al., 2014; Costantini et al., 2018), its utilization is limited by its unwanted effects on fabrics and stainless steel. Another major challenge related to foodborne virus inactivation has been to identify disinfectants that are more resistant to the effects of organic load on inactivation than current agents. Although frequently discussed, to the authors' knowledge no review exists with a focus on summarizing and compiling the effects of organic load on inactivation. While still a recalcitrant issue, a number of studies reporting novel inactivation agents for norovirus have been reported since the last comprehensive reviews of foodborne viral inactivation (Hirneisen et al., 2010; Li et al., 2012; DiCaprio et al., 2013). The purpose of this review is to present recent reports of novel inactivation agents with a focus on the effects of organic load for studies that utilize norovirus surrogates.

GASEOUS AND VAPOR-BASED VIRAL INACTIVATION STRATEGIES

There are various forms of gaseous or vapor treatments employed against microbes in the food industry. Ozone treatment has been reported and evaluated as a novel alternative treatment to traditional methods like chlorine treatment. One advantage of ozone treatment is its limited effects on the environment, as ozone treatments rapidly dissociate into oxygen and do not produce the toxic byproducts that are generated from disinfectants like chlorine (Hirneisen et al., 2011). Ozone is a strong oxidizer that has been shown to inactivate a wide range of foodborne pathogens (Sharma and Demirci, 2002). It can act as a disinfectant both in the gaseous state as well as dispersed in water. Gaseous ozone is produced by corona discharge from compressed purified oxygen using an ozone generator. The ozone generated is then pumped to the desired location under controlled conditions (Wang et al., 2015). Although there have been a lot of studies conducted on assessing the effects of ozone on bacterially contaminated produce, there is a lack of research on the inactivation of viruses by ozone on fresh produce. Hirneisen et al. (2011) investigated the effects of aqueous ozone (not in gaseous form) applied against FCV and MNV on green onions and lettuce and in sterile water. Not surprisingly, the produce matrix was one of the largest variables in the efficacy of the treatment. For instance, to achieve 2-3 log inactivation of FCV with 6.25 ppm ozone, 5–10 min was required with produce samples while only 1 min was required in water. Overall, treatment with 6.25 ppm of ozone for viruses showed promise in buffer (>4 log reduction after 5 min treatment) and to some degree on produce (2–3.8 log reduction after 10 min of 6.25 ppm) (Table 1). MNV and FCV showed comparable susceptibility to the treatment on produce samples (Hirneisen et al., 2011). Further, Lim et al. (2010a) investigated the effects of pH and temperature on ozone inactivation of MNV. Interestingly, pH did not appear to have a significant effect on inactivation, but cooler temperatures tended to result in higher reduction of MNV (5 vs. 20°C), although the effect was not statistically significant (Lim et al., 2010a) (Table 1).


Table 1. Inactivation of human norovirus surrogates in multiple different applications with different inactivation agents.
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In an interesting study by Predmore et al. (2015b), the ability of gaseous ozone to inactivate MNV and TV both internalized and deposited on the surface of strawberries and lettuce was investigated. After 40 min of treatment, there was a significantly lower log reduction internally (~1.5 log and 1 log for MNV and TV) than externally (3.3 log and >6 log for MNV and TV). This suggests that although gaseous treatments have potential to inactivate virus internalized in produce, one or more unknown factors limit its efficacy. In another study of gaseous ozone on produce, Brié et al. (2018) report promising inactivation of MNV on raspberries (>3 log reduction in 1 min with 3 ppm gaseous ozone); however, hepatitis A virus was also investigated and little inactivation (maximum of <1 log reduction) was observed. Interestingly, higher inactivation of MNV was observed on raspberries (>3.3 log) than in PBS (1.1 log) for the same treatment; suggesting that the raspberry matrix may enhance inactivation of MNV (Brié et al., 2018) (Table 2). It is possible other components of the raspberries (organic acids, discussed below) could have enhanced inactivation; however, it could be possible that raspberry inactivation results may have been confounded by reduced elution efficiency from the berry as MNV may have bound carbohydrates on the raspberry surface. Given the interesting results observed, further investigation into the mechanisms of enhanced inactivation on raspberries observed would be of value. Overall, the results observed for ozone suggest that ozone inactivation of viruses is variable and depends largely on factors such as the nature of the matrix and virus being studied (Brié et al., 2018).


Table 2. Effect of organic load and food matrices on inactivation of human norovirus surrogates subjected to various treatments.
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Another gaseous treatment for viral inactivation is atmospheric cold plasma. It is an emerging non-thermal technology that is chemical- and water-free. Typically, the cold plasma can be generated at atmospheric pressure using corona discharge, dielectric barrier discharge, radio frequency plasma or gliding arc discharge (Aboubakr et al., 2015). Atmospheric plasma had shown promise in inactivation of bacteria, yeasts, molds, and biofilms that are generally very difficult to inactivate (Niemira, 2012). Alshraiedeh et al. (2013) studied the effect of atmospheric pressure non-thermal plasma on bacteriophage MS2 with different percentages of oxygen gas added in the generation of the plasma (0–1% oxygen with the rest being helium carrier gas). Overall, the most reduction was observed for treatments with 0.75% oxygen, as nearly a 4 log (3.90) reduction was observed after 5 min, and ~7 log reduction was observed after 9 min. The higher reduction with less oxygen (0.75% > 1% oxygen) was suspected to be due to the increasing oxygen concentration influencing the plasma production itself (Alshraiedeh et al., 2013). Another study by Aboubakr et al. (2015) reported >6 log reduction of FCV when plasma generated with 1% oxygen was applied for 90 s, a reduction that is considerably larger than many other norovirus inactivation methods. Lacombe et al. (2017) further investigated the ability of cold plasma to non-thermally inactivate TV and MNV on the surface of blueberries (keeping temperature-time treatments below that required to kill enteric viruses), which achieved a maximum reduction of about 3.5 log and >5 log PFU/g reduction of TV and MNV on blueberries with a maximum treatment time of 2 min when ambient air was introduced (Lacombe et al., 2017) (Table 1). Although it has demonstrated considerable promise as a norovirus control agent, further study of atmospheric cold plasma is warranted to further characterize and elucidate any discrepancy in results between different surrogates and on different matrices.

RADIATION-BASED TREATMENTS

Irradiation has become a standard process used to sterilize many consumer and medical products, including some application in the food industry (Tauxe, 2001; Predmore et al., 2015a). Radiation-based techniques for treatment of foods have numerous advantages such as the generally high efficacy against bacteria and maintenance of the treated food quality. The safety of consuming irradiated foods has been evaluated in large scale trials in animals with no ill effects observed, and, in particular, no teratogenic effects (Samuel, 2007). The most extensively investigated radiation-based treatments include gamma radiation, electron beam and X-rays. High energy X-rays are produced when an electron beam is applied to metal foil. Like gamma rays, a beam of X-rays can penetrate foods to a much greater depth than electron beams (Tauxe, 2001). Gamma radiation is commonly produced using cobalt 60 and cesium 137, with rays that are generated during the isotopic negative beta decay of radioactive isotopes. Gamma radiation also has the powerful advantage of being completely able penetrate through the food, thereby killing both microbes on the surface as well as those internalized without substantially affecting the quality of the treated food (De Roda Husman et al., 2004). Electron beams are produced by passing electrons through high voltage electrostatic fields prior to application to the target food or surface. Unlike gamma radiation, electron beam radiation has shown more promise to be utilized for inactivation of surfaces, as it is not capable of completely penetrating foods. The efficacy of both electron beam and gamma radiation in both buffer and on whole strawberries was evaluated for TV by DiCaprio et al. (2016). Overall, electron beam treatment did not appear as effective as gamma irradiation. For electron beam inactivation, a fairly high dose of exposure (about 11 kGy) was required to obtain a 4 log reduction in buffer (PBS/DMEM), with an even higher amount required on strawberries (~15 kGy) (Table 2). A lower dose of gamma radiation was required to achieve the same level of inactivation in buffer (~9 kGy) (DiCaprio et al., 2016). Park et al. (2016b) studied the effect of gamma irradiation on reduction of MNV inoculated onto edible green and brown algae, fulvescens (Capsosiphon fulvescens), and fusiforme (Hizikia fusiforme). Generally, minor reductions of viral titer were observed, as there was 1.2–2.5 log reduction in fulvescens and 0.4–2.2 log reduction in fusiforme after electron beam treatments of 3 to 10 kGy. Additionally, the sensory characteristics such as the color and appearance of the seaweed were analyzed, with no significant difference noted. Similar results were observed for electron bean reduction of FCV on lettuce, with only a maximum of 2 log reduction observed (Zhou et al., 2011). The FDA has approved a maximum dose of 4 kGy of gamma irradiation for treatment of fresh produce, which has been effective for bacteria but appears not to be as effective for norovirus surrogates, including novel surrogates like vesicular stomatitis virus (Feng et al., 2011) (Table 1).

UV light treatment has historically been widely utilized by water treatment plants, has also been used for seawater disinfection in depuration tanks (Garcia et al., 2014). Depuration is a process where specific organisms (in this case bivalve mollusks) are placed into a large area or tank of clean water to allow for expulsion and diffusion/removal of any contaminants that may have been present on the organism (in this case viruses) to be removed. This is particularly relevant, as molluscan shellfish are a leading food implicated in human norovirus illness. Garcia et al. (2014) investigated the ability of UV to reduce MNV and recombinant human adenovirus artificially seeded into depuration water. Water samples were taken after the treatment and prior to further chemical disinfection (without residual free chlorine). More reduction of MNV was observed than adenovirus after 24 and 48 h of treatment, however the treatment was quite effective overall. There was a 4 log reduction of adenovirus and MNV had reached undetectable limits (>6 log reduction) after 24 h, with adenovirus being reduced to the same levels after 48 h (Garcia et al., 2014). Park et al. (2016a) investigated the effects of different variables of UV wavelength and photocatalysis on inactivation of MNV. The experiment was conducted on a solidified agar matrix (SAM) used to replicate the matrix of a blueberry. There are multiple types of UV treatment based on the wavelength of the radiation chosen (UV-A, UV-B, UV-C). Additionally, differences in efficacy of UV lamps had been reported for lamps coated and not coated with TiO2. Both of these variables and their effects on reduction of MNV were investigated. UV-C treatment caused a significantly higher reduction of virus than UV-A and UV-B. Additionally, application of TiO2 further enhanced viral inactivation. The mechanism of inactivation was also investigated, and the UV treatment was found to inactivate virus by causing damage to both the capsid protein and genomic RNA (Park et al., 2016a). Similar observations are reported by Lee and Ko (2013) when applying different UV wavelengths to inactivate MS2 with and without TiO2, with UV-A showing no significant reduction without enhancement of inactivation by including TiO2. In the case of UV-B, a 4 log reduction was obtained even without the presence of TiO2. UV-C was not investigated (Lee and Ko, 2013). As with other inactivation methods, differences in the susceptibility of different surrogates has also been observed for UV treatment. Park et al. (2011) compared the UV inactivation of FCV, echovirus 12, and bacteriophage MS2 in suspension. The order of UV resistance from highest to lowest was MS2>echovirus 12>MNV>FCV. The UV dose required to obtain 4 log reduction was 70, 30, 29, and 25 mJ cm−2 for MS2, echovirus 12, MNV, and FCV, respectively. Interestingly, viral association with host cells was found to have a protective effect against UV, as cell-associated echovirus 12 was three times more resistant than free virus (Park et al., 2011). Rönnqvist et al. (2014) also obtained promising results for reduction of MNV on dry glass, observing over a 4 log reduction at 60 mJ/cm2. (Rönnqvist et al., 2014) (Table 1). Because UV treatment alone in some cases has not traditionally achieved the desired levels of viral reduction, Li et al. (2011) investigated the potential use of vapor and liquid hydrogen peroxide in addition to UV treatment for reduction of MNV and bacteriophages X174 and B40-8. The results obtained suggested that liquid hydrogen peroxide was more effective than the vapor when used without UV treatment, as a 4 log reduction of virus on stainless steel disks was observed at 2% liquid hydrogen peroxide and <1 log reduction was observed for vapor hydrogen peroxide treatments for MNV and bacteriophage, respectively. However, when used in conjunction with UV there was faster inactivation, as a 4 log reduction of X174 and B40-8 and 3 log reduction for MNV in the case of vapor hydrogen peroxide with UV treatment in about half the time. Additionally, the ability of the combined hydrogen peroxide-UV treatments to reduce virus in shredded iceberg lettuce was also investigated, with similar trends related to liquid vs. vapor hydrogen peroxide and with added efficacy for UV-hydrogen peroxide used in combination (Table 1). However, the overall degree of inactivation of MNV and bacteriophages reduced, with 2 log and 1 log maximum reductions observed, respectively (Li et al., 2011) (Table 2).

Another radiation-based method is pulsed light treatment, which has been shown to be effective against a broad spectrum of bacteria, viruses, and spores, and is approved by the U.S. Food and Drug Administration for use on food and food contact surfaces (Rowan et al., 1999). Pulsed light inactivation of TV and MNV was recently assessed in PBS and on blueberries and strawberries by Huang et al. (2017). TV displayed higher resistance to treatment than MNV, with maximum reductions of 4.9 log and 5.8 log reduction achieved after 8 pulses for TV and MNV, respectively in PBS. As with other studies, higher inactivation of MNV was seen in PBS than on the surface of the berries when treated with 6 pulses of pulsed light, with 1.5 less log reduction in blueberries and 4 log less reduction in strawberries (Huang et al., 2017) (Table 2). Steam ultrasound is another alternative technology for disinfection of microorganisms on food and food contact surfaces. This technology combines pressurized steam and high-power ultrasound to efficiently remove the boundary air present on the surface of the treated sample by intensifying the air into oscillation. This allows the steam to penetrate into the microstructures and cavities on the surfaces of the treated sample more easily, resulting in a reduction of microorganisms within seconds. Schultz et al. (2012) tested this method against MS2, FCV, and MNV on the surface of raspberries as well as plastic. The highest reduction of >8 log was observed for MS2 on plastic surface after 3 s of treatment. Similarly promising reductions on plastic surfaces were observed for FCV and MNV: 4.5 log and 4 log reductions, respectively. However, a reduction of about 1 log of the MS2 was observed on the surface of the raspberries. Although displaying a promising degree of inactivation on the plastic surface, the treatment was not effective on the surface of the raspberries while also damaging the appearance of the berry (Schultz et al., 2012).

SOLUTION-BASED TREATMENTS

Chlorine Inactivation

Chlorine is a commonly used solution-based disinfectant in the food industry as it is affordable, and generally broadly effective as a biocide. Chlorine in water is used in many forms amongst which hypochlorous acid has been found to be effective against numerous microorganisms (Robson et al., 2007; Wang et al., 2007; Rahman et al., 2010). The main disadvantage in using chlorine-based disinfectants is their ability to form potentially toxic byproducts upon reacting with various matrix-based substances. As it does not react with matrix-based substances to form halogenated byproducts, chlorine dioxide has been widely investigated as a solution-based disinfectant. Lim et al. (2010b) investigated the ability of chlorine and chlorine dioxide to inactivate MNV and MS2 at two different temperatures (5 and 20°C) in oxygen demand free buffer. In the case of chlorine, it took 2 min to obtain a maximum 2 log reduction in MNV at 5°C, and 1 min to obtain a maximum 2.5 log reduction at 20°C. For MS2 it took 4 min at 5°C and 1.5 min at 20°C to attain a maximum 4 log reduction. For chlorine dioxide, a 3.5 log reduction was observed for MNV after 1 min at 5°C and 0.5 min at 20°C. For MS2, it took 2 min at 5°C and 0.7 min at 20°C to observe the same reduction (Lim et al., 2010b) (Table 1). In addition to MNV and MS2, poliovirus has been used as a cultivable non-enveloped enteric virus used in the study of inactivation. In a study investigating the ability of chlorine to inactivate non-enveloped viruses in water, Kitajima et al. (2010) inoculated water with poliovirus and MNV prior to chlorination and studied the resulting viral reduction using plaque assay. Two free chlorine concentrations of 0.5 mg l−1 and 0.1 mg l−1 were used. At 0.1 mg l−1, there was more inactivation with MNV (4 log reduction) than poliovirus (3.8 log reduction) after 120 min. Whereas, in the case of 0.5 mg l−1 there was 0.5 more log reduction of poliovirus than MNV after 30 min. In an interesting study by de Abreu Corrêa et al. (2012) chlorine inactivation of MNV in relatively clean artificial seawater and natural seawater was investigated. More reduction in viral titer in the artificial seawater was observed, suggesting that the presence of various other matrix-associated components in natural seawater reduced the ability of chlorine to inactivate MNV (de Abreu Corrêa et al., 2012) (Table 2). Sodium hypochlorite (bleach) is another form of chlorine that is a recommended disinfectant for human norovirus. In an interesting study by Takahashi et al. (2011), the degree to which food residue aids MNV persistence and reduces the efficacy of sodium hypochlorite on stainless steel surfaces was investigated. The food samples used were lettuce, cabbage and ground pork which were applied to stainless steel coupons. In positive control stainless steel coupons without any food residue, complete inactivation with 1,000 ppm (6.2 log MPN/ml) was observed after 30 days whereas in the steel surfaces with food residues, a maximum 1.4 log MPN/ml reduction was observed with a higher concentration of bleach (2,000 ppm). These drastic differences in viral reduction underscore the importance of proper cleaning protocols prior to disinfection in food processing and preparation settings.

Calcium Hydroxide

In addition to chlorine-based treatments, calcium hydroxide is another alkaline microbial inactivation agent, and is available in powder, solution and suspension forms. It has also been demonstrated to inactivate bacteria even in the presence of organic compounds. Sangsriratanakul et al. (2018) investigated the degree to which the food grade calcium hydroxide obtained in powder, solution, and suspension forms could inactivate MNV in solution and in the presence of organic material using TCID50. Calcium hydroxide in a solution form (0.17%) was highly effective with and without organic load, obtaining over a 4 log reduction in 30 s, including the inclusion of 5% fetal bovine serum. Similarly, the 0.17% solution was effective on rayon sheets with 5% fetal bovine serum, achieving over a 4 log reduction in 5 min. For suspension assay, 1, 2.5, and 5% suspensions of calcium hydroxide were applied to MNV spiked into mouse feces, and there were less dramatic reductions of 1.3, 2.3, and 1.5 log reductions within 15 min, respectively. Calcium hydroxide applied directly in powdered form 10 or 20% (weight/weight) to feces and litter resulted in >3 log reduction in 30 min. These results are promising given the ability of calcium hydroxide to reduce virus in high organic load samples; however, the extremely alkaline nature of calcium hydroxide (pH 13 at 0.17% solution) may limit its practical application (Sangsriratanakul et al., 2018).

Common Household Sanitizers

Investigation of the effectiveness of common sanitizers added to products that are used on an everyday basis on norovirus surrogates has also been conducted. In an interesting study by Whitehead and McCue (2010), common household disinfectants including alcohol, acid, quaternary ammonium compounds, and phenols both alone and in various combinations as formulated in common disinfectants were tested on FCV with an initial titer of 4 log dried on polystyrene surfaces for 1 min. The dried virus was treated with the active test substance in both aerosol and trigger spray forms and virus enumerated using TCID50. Sodium hypochlorite at a concentration of 1,000 ppm demonstrated >3 log reduction, similarly organic and inorganic acid at a pH of 2 and alkali at pH of 12 demonstrated a >3 log reduction. However, the results for organic acids should be taken with caution given FCV's higher susceptibility to low pH. Alternatively, purified alcohol and quaternary compound solutions and phenol and pine oil at common disinfectant use concentrations were not as effective. Both ethanol and isopropanol at 60% concentration and alkyl dimethyl benzyl ammonium chloride at 0.3% active at pH 8.0 provided a 1 log reduction, while a phenol-based disinfectant at 500 ppm active ingredient demonstrated a 2 log reduction. pH was found to be an important factor in the efficacy of some treatments. An alkali, monoethaloamine, was not considerably effective at a pH of 10.8, but was at pH 12 (Whitehead and McCue, 2010). In a similar survey study by Zonta et al. (2016), the antiviral efficacy of seven different disinfectant formulations (alcohol, halogens, peracetic acid/hydrogen peroxide, quaternary ammonium compounds/alcohol/aldehyde, and alcohol/biguanide) when applied to MNV and FCV in suspension and on stainless steel and gloves was investigated. A number of treatments showed promising reductions for both surrogates, with nearly all treatments exceeding a 3 log reduction. These generally higher numbers of complete formulations of disinfectants observed by Zonta et al. (2016) compared to those reductions observed with the active ingredient by Whitehead and McCue (2010) could be due to the longer contact times studied by Zonta et al. (2016) (5–15 min vs. 1 min) or could also suggest that disinfectant formulation/combination can enhance viral inactivation. In an interesting study by Predmore and Li (2011), the addition of surfactants to a chlorine solution (200 ppm chlorine) demonstrated significantly higher removal and reduction of MNV from different produce samples. Interestingly, the most inactivation tended to be observed on either gloves or in suspension while the least inactivation was observed on stainless steel surfaces for MNV and FCV; however, determination of the potential mechanism for this was beyond the scope of the study and could be an avenue of future investigation. Additionally, the mechanisms and effects of disinfectant combination and formulation on enhancing inactivation could also be of future study.

Levulinic acid with sodium dodecyl sulfate (SDS) has been demonstrated to be effective against bacterial foodborne pathogens, including in the presence of samples with high organic load. Cannon et al. (2012) investigated the effectiveness of levulinic acid and SDS both alone and in combination against MNV and FCV in suspension and on stainless steel surfaces at pH 2-5. Generally, lower reduction for both MNV and FCV was observed when levulinic acid and SDS were used individually (<0.5 log reduction). However, the combination of 0.5% levulinic acid with 0.5% SDS inactivated both surrogates by 3 to 4.21 log PFU/ml after 1 min of exposure in suspension for MNV and FCV, respectively, suggesting a synergistic effect. There was significantly more inactivation at lower pH for the combination for both MNV and FCV. Overall this study suggested that addition of detergents to organic acids can produce a synergistic effect and enhance viral inactivation (Cannon et al., 2012). In another study investigating the antiviral ability of organic acids and alcohols, Rabenau et al. (2014) tested the efficacy of five disinfectants against a number of non-enveloped model viruses on stainless steel surfaces and in suspension, specifically a model adenovirus (Adenovirus 5) and different animal parvoviruses (bovine, murine, canine, and porcine). Five compounds were investigated: glutaraldehyde (125–2,500 ppm), peracetic acid (50–1,500 ppm), ethanol (40–60%), 1-propanol (10–60%) and 2-propanol (20–60%). Interestingly, the general stability of porcine parvovirus to these disinfectants was similar to previous reports for MNV. Specifically, the concentrations of 1,500 ppm for PAA and 2,500 ppm for GDA to achieve a 4 log inactivation within 5 min previously observed for MNV (Magulski et al., 2009) were similar to the 4.27-5.61 log reduction for 1,500 ppm peracetic acid and 3.65–3.8 log reduction for 2,500 ppm glutaraldehyde observed. Further, the alcohols tested had generally limited activity against porcine parvovirus, suggesting it should be investigated further as a potential cultivable surrogate for human noroviruses (Rabenau et al., 2014).

HIGH PRESSURE PROCESSING

High pressure processing (HPP) has been an alternative non-thermal inactivation method growing in popularity commercially for specific foods and has been well-studied for viruses in foods (Kingsley, 2013; Lou et al., 2015a). In a study by Sánchez et al. (2011), the effectiveness of HPP against MNV and norovirus GII.4 in solution at different temperatures were investigated. Specifically, the effect of HPP at 200–500 MPa after 15 min treatment at two temperatures (25 and 45°C) was tested. For MNV, HPP was able to inactivate at least 6.5 log of infectious viruses at a pressure of 450 MPa independently of the temperature applied when analyzed by TCID50. However, when 10 mM CaCl2 was added, <1 log reduction was observed, suggesting that certain matrix-based components or foods treated with HPP may require more intense treatment. MNV genomes were detected even after 15 min treatment at 500 MPa, with <2.5 log10 reduction—demonstrating that RT-qPCR underestimates the extent of viral inactivation as mentioned above (Sánchez et al., 2011; Manuel et al., 2018). Thus, the observation by the authors that HPP did not reduce GII.4 genomes by more than 1 log10 for any treatment may be potentially misleading. On the other hand, a subsequent study by Lou et al. (2012) did support the observation that GII.4 norovirus may be more resistant than MNV, as the effectiveness of HPP against GII.4 VLPs as a surrogate was analyzed. Interestingly, the study found that treatment that was reported to completely inactivate MNV and FCV (500–600 MPa for 2 min) did not have a considerable effect on the reduction of VLP HBGA (receptor) binding ability. However, when the pressure was increased above 800 MPa complete reduction of VLP integrity was observed in 15 min or less (Lou et al., 2012). Interestingly, further human norovirus work for which infectivity was determined using a gnotobiotic pig model demonstrated the efficacy of HPP with treatments as low as 350 MPa for 2 min so long as treatments were at 0°C (Lou et al., 2015b).

Further HPP work on noroviruses evaluated the effectiveness of HPP on virus in different food matrices beyond those investigated previously (Hirneisen et al., 2010; Kingsley, 2013; Lou et al., 2015a). Huang et al. (2014) investigated the degree to which the effectiveness of HPP on MNV in strawberries could be enhanced using different additional treatment factors. Reducing the treatment temperature generally ended up enhancing MNV inactivation, as reducing the temperature from 20 to 0°C increased viral reduction by nearly 4 log10 when a 350 MPa 2 min treatment was applied (Huang et al., 2014), similar to the observations for human norovirus strains (Lou et al., 2015b, 2016). Additionally, introducing water to the samples prior to treatment also significantly enhanced reduction, achieving additional 1-2 log reduction over the “dry” sample. Cycling pressure treatments did not appear to contribute considerable additional reduction (Huang et al., 2014). Sido et al. (2017) further investigated the effect including water in HPP treatment has on inactivation of MNV in green onions at different temperatures. As observed by Huang et al. (2014), inclusion of water significantly enhanced MNV inactivation after treatment at 350 MPa for 2 min at 4°C (>4 log reduction compared to 1.5 log reduction). However, no effect was observed at 20°C (both about 1.5 log reduction). As has been observed in other reports, decreasing temperature resulted in higher reductions of MNV, as 30 MPa treatment for 2 min at 1°C resulted in a higher reduction than similar treatments at 4°C and 10°C (Sido et al., 2017) (Table 1).

HPP was tested in addition to other treatment strategies to reduce MNV, hepatitis A, and adenovirus 41 in an interesting study by Hirneisen and Kniel (2013). In it, the ability of UV (240 mJ/s cm2), ozone (6.25 ppm, 10 min), calcium hypochlorite (150 ppm, 4°C), and HPP (500 MPa, 5 min, 20°C) to inactivate viruses both internalized and on the surface of green onions was evaluated. Not surprisingly, lower reductions were observed for internalized viruses compared to surface-associated viruses. Of the treatments, the HPP treatment achieved the highest reductions relative to the other three treatments. For instance, for MNV, reductions of >4.7 log and >6.4 log virus were observed for internalized and surface viruses, respectively. The next most effective treatment was ozone, with 1.5 and 2.5 log reductions for internalized and surface viruses, respectively (Hirneisen and Kniel, 2013). This could suggest that the physical nature of the inactivation caused by HPP also makes it less effected by organic load than many chemical-based treatments and allows for comparably better efficacy for internalized pathogens. Another study by Hirneisen et al. (2014) compared the ability of HPP to inactivate different picornaviruses (hepatitis A virus and Aichi virus) and caliciviruses (MNV and FCV) in salsa. Samples were treated at 9°C with 250–500 MPa for 1-10 min in salsa. FCV and hepatitis A were both rapidly inactivated, as >5 log reduction was observed in <1 min at 400 MPa; whereas MNV and Aichi virus were more resilient. For MNV, 5 min of 400 MPa treatment was needed to achieve a 4 log reduction, while <1 log reduction was observed after 10 min with Aichi virus (Table 1). As seen above for MNV, a similar generally similar results between buffer and salsa for Aichi virus reduction were observed (Hirneisen et al., 2014) (Table 2).

HPP has also been used in conjunction with the development of alternative molecular infectivity estimation methods for noroviruses due to the inability of RT-qPCR to reflect the infectious virus as discussed above. Li and Chen (2015) investigated the ability of a porcine gastric mucin binding assay followed by RT-qPCR to estimate the inactivation of MNV and TV in buffer by HPP compared to inactivation observed using plaque assay. MNV and TV were treated for 2 min at 250–550 MPa in both neutral and acidic buffer (pH 4) at refrigeration and room temperatures. Generally, the PGM-RT-qPCR method displayed similar reduction to plaque assays for the first 2 log of viral inactivation but then began to underestimate the degree of inactivation at higher inactivation levels. Overall, TV was more susceptible to HPP treatment than MNV, generally displaying 2 log more reduction than MNV for a given treatment under all temperature conditions. Further, reduction of pH at room temperature (21°C) decreased the efficacy of HPP treatment for both viruses (Li and Chen, 2015), making consideration of the food being treated important in application of HPP despite the technology's previously demonstrated general resistance to organic load-related effects. Similar trends were observed for HPP treatment of TV in buffer in a follow-up study by Li et al. (2017), which additionally evaluated the ability of direct RT-qPCR and propidium monoazide (PMA) pretreatment followed by RT-qPCR to estimate infectivity. Both RT-qPCR and PMA/RT-qPCR methods tended to further underestimate TV reductions relative to PGM-RT-qPCR and plaque assay methods for HPP treatment at refrigeration and room temperatures. A similar trend for the methods was observed with heat treatment in another study (Li et al., 2017). Interested readers are referred to a recent review on in vitro molecular infectivity methods (Manuel et al., 2018).

THERMAL INACTIVATION

Numerous studies have been conducted evaluating the thermal susceptibility and inactivation kinetics of human norovirus surrogates in foods, as understanding the degree to which cooking can reduce the risk of foodborne norovirus transmission is of importance. As thermal inactivation of human norovirus surrogates has been excellently reviewed relatively recently (Bertrand et al., 2012; Bozkurt et al., 2015; Knight et al., 2016; Messens et al., 2017; Peng et al., 2017), only a few more recent selected studies will be discussed.

One interesting study by Takahashi et al. (2016b) examined the persistence and thermal stability of MNV in breads and dough in response to a large outbreak associated with bread in Japan in 2014. Not surprisingly, MNV was able to persist for at least 5 days with little reduction on both the crust and inside all three types of breads investigated: butter-rich rolls, French bread, and white bread. Further, the ability of MNV to survive on the surface of toasted white bread was investigated, with results suggesting that mere warming/slight toasting may not be sufficient to reduce >4 log of virus—though it should be noted that generally contamination at that high of a level of virus is uncommon. The ability of MNV to survive in dough when baked (130–190°C, 0–12 min) was tested, with some virus persisting in lightly baked/under-baked breads. Once the internal temperature of the bread reached around 70°C (~2–9 min of baking) generally >5.0 log of MNV was reduced (Takahashi et al., 2016b). The thermal inactivation kinetics of MNV and TV in strawberries (specifically strawberry puree), a food more commonly associated with norovirus outbreaks, was investigated by Bartsch et al. (2019). Generally, MNV was slightly more resistant to heat than TV, usually with 0.5–1 log less reduction at more intense heat treatments; though the difference was not statistically significant. Overall, treatment of the puree at 80°C for 8 s was sufficient to remove all virus tested for both viruses (>7 log); with over a 4 log reduction achieved after 4 s. Higher TV inactivation (~1 log more reduction at 60 vs. 63°C) in buffer was observed in another study primarily focused on evaluating molecular assays for estimating infectivity of heat and HPP treated viruses (Li et al., 2017), suggesting that some potential degree of strawberry matrix-associated protection of virus against heat treatment could occur. However, considerably more study of different treatments and additional controls on the internal temperature and its distribution in the food matrix would need to be conducted to confirm this. In another study in oysters, a similar phenomenon of a protective effect of oyster matrices against heat treatment of MNV and TV was observed (Araud et al., 2016), but as with the strawberry puree, the mechanism of the protective effect was beyond the scope of the study. One potential mechanism of a protective effect could be viral binding to carbohydrates present in the strawberry and oyster matrices, as such binding has been shown to protect the virus in the case of binding to bacterial cell surface carbohydrates (Li et al., 2015). Future study into the mechanisms of the potential protective effects of different food matrices—especially those associated with norovirus outbreaks—would likely be of value.

INACTIVATION DURING NATURAL PROCESSES

There are many natural processes in the production of food products that have the potential to protect the food from spoilage while producing sensory and nutritional benefits. Traditionally, these foods have been produced without consideration of their antiviral effect. For example, fermentation is one such process in which favorable bacteria are grown that suppresses the growth of unfavorable microbes though competitive exclusion and the production of antimicrobial compounds. This has led to investigation of the effects of fermentation on viral inactivation. Lee et al. (2012) evaluated the antiviral effect of fermentation of Dongchimi, a type of kimchi, on MNV and FCV. The Dongchimi was initially fermented in a traditional manner at room temperature overnight, stored at 4°C, and spiked with MNV and FCV. Along with viral titer, the levels of lactic acid bacteria, pH, and acidity were also tested over the course of 20 days. In the case of FCV, there was about a 1.5 log reduction after 10 days, followed by a more intense decrease to get over a 4 log reduction by the end of the 20th day. Comparatively, there was less inactivation in the case of MNV, with a maximum reduction of 1.5 log after 20 days. Increases in lactic acid bacteria and acidity in both samples proceeded as would be expected for the fermentation. Overall, FCV was much more susceptible than MNV, which is consistent with previous reports demonstrating the high acid sensitivity of FCV (Lee et al., 2012). In another interesting study involving kimchi, Bae et al. (2018) tested the potential of black raspberry extract to enhance reduction of MNV and FCV in the development of kimchi over the period of 50 days. FCV titers were completely removed (>5 log) after 30 days, likely due to both the acidity and extract; while MNV titers were reduced by a maximum of 2.1 log after 50 days. Interestingly, the black raspberry extract seemed to have a more pronounced effect on enhancing FCV inactivation beyond the reduction observed with the kimchi fermentation alone than was observed for MNV, where inclusion of the extract had little additional effect (Bae et al., 2018).

Molluscan shellfish are among one of the most common foods associated with human norovirus outbreaks (Hall et al., 2014). There have been many cases of human norovirus outbreaks due to the consumption of raw oysters; however, they have not been as associated with fermented oysters, a popular Korean dish. Thus, Seo et al. (2014) conducted a study to determine if the fermentation process potentially has an antiviral effect on FCV and MNV. Oysters spiked with virus and two spontaneous fermentations based upon the addition of 5 and 10% NaCl were conducted at 18°C. The viral levels, pH, enzymatic activity, acidity, and levels of lactic acid bacteria were measured until the 15th day post fermentation. In both the fermentations, there was more reduction for FCV than MNV after 15 days. There was a 3 log reduction for FCV and a 1.6 log reduction for MNV in the 5% NaCl fermentation, and a 1.1 log reduction of FCV and 0.9 log reduction for MNV in the 10% NaCl fermentation. The higher reduction observed in the 5% fermentation compared to the 10% also corresponded to higher levels of lactic acid bacteria, acidity, enzymatic activity, and lower pH for the 5% fermentation compared to the 10%. The specific composition of the lactic acid bacteria communities in the two fermentations was not measured nor the degree of bacteriocin production (Seo et al., 2014), some of which have shown effectiveness against viruses (Al Kassaa et al., 2014)

Potential differences in the effect of temperature on viral reduction during fermentation were investigated by Baert et al. (2010), who investigated the inactivation of MNV and Bacteroides fragilis phage B40-8 in mesophilic (37°C) and thermophilic (52°C) anaerobic digestion of pig slurry, which is commonly used as a fertilizer in agricultural and livestock production and thus a potential source of viral contamination of produce. B. fragilis phage B40-8 had been reported to be more prevalent in sewage and is more resistant than other surrogate phages and has been used as an alternative model for viral persistence in sewage. At the mesophilic conditions, 4 and 3 log reductions of MNV and phage B40-8 were observed after 13 min, respectively. Overall, more reduction under thermophilic conditions was observed, with 4 and 2.5 log reductions for MNV and B40-8 after 7 min, respectively. In order to study the effect of live bacteria on inactivation, the experiment was also conducted with autoclaved slurry. In both thermophilic and mesophilic digestion, in MNV the level of inactivation was similar to the previous experiments, suggesting live bacteria do not play a significant role in MNV reduction. However, there was more reduction observed for B40-8, suggesting that phage replication in the slurry that was not autoclaved may have occurred, confounding those results (Baert et al., 2010). These applications demonstrate a potential protective, antiviral effect of fermentations in some conditions to reduce levels of norovirus surrogates. Future work to potentially identify the specific components and/or mechanisms involved in these reductions may be useful in the development of novel disinfectant formulations.

SELF-SANITIZING SURFACES

The use of antimicrobial surfaces in high-risk environments may help to prevent the spread of many infectious agents, including noroviruses, that are capable of retaining infectivity on surfaces for prolonged periods of time. Copper and copper alloys have been shown to be effective at rapidly killing a range of bacterial, fungal, and viral pathogens in laboratory studies under various temperatures and humidity conditions. This led to investigation of their effectiveness against human norovirus and its surrogates. An initial study by Warnes and Keevil (2013) found a range of copper alloy surfaces (60–100% copper) were effective at inactivating MNV in both wet and dry contamination conditions. Specifically, a larger volume of MNV that would take longer to dry was applied to the surface to represent wet contamination conditions, whereas a very small volume (1 μl) that would very rapidly dry was applied to simulate dry touch contamination. Dry touch conditions resulted in the most rapid reduction, with a 4 log reduction of virus in <5 min for pure copper compared to a similar reduction on the wet contamination surface taking a little over 20 min. Further, Warnes and Keevil (2013) also investigated the relative role of different ionic forms of copper on inactivation of MNV; finding that Cu+1 was extremely effective while Cu+2 had some but less dramatic effect. Additionally, inclusion of molecules capable of quenching reactive oxygen species generated with Fenton chemistry did not prevent viral reduction, suggesting that copper inactivation of MNV did not involve Fenton generation of reactive oxygen species (Warnes and Keevil, 2013). A follow-up study by Warnes et al. (2015) investigated the ability of a larger range of copper alloys to inactivate MNV. MNV reduction was measured with plaque assay and the morphology of the virus studied by using TEM. MNV-1 was significantly inactivated on alloys containing 79 to 89% copper (~4 log reduction in 80 min), but a considerable amount of antiviral efficacy was lost at 70% copper and below (<2 log reduction over 120 min), suggesting that a small difference in copper content, 70 to 79% can have a large effect on antiviral efficacy. Further, alloys containing zinc (copper brasses) were generally more effective than copper-nickel alloys, suggesting the inclusion of zinc in a copper-based alloy may have a synergistic effect for viral reduction. In both studies, stainless steel did not have any antiviral activity (Warnes and Keevil, 2013; Warnes et al., 2015).

OTHER INACTIVATION AGENTS

Some components found in foods like plant antimicrobials have been investigated as potential food-grade inactivation agents for noroviruses. These natural disinfectants have been reviewed relatively recently (Ryu et al., 2015), but there have been some subsequent reports of the use of essential oils for inactivation of human norovirus surrogates. One such plant antimicrobial compound is curcumin. Curcumin is identified as an excellent natural photosensitizer, as the exposure of curcumin to light causes the generation of reactive oxygen species that can damage organic molecules. Randazzo et al. (2016) tested the antiviral efficacy of different concentrations (5–50 μg/ml) of curcumin subjected to photoactivation by intense LED blue light against FCV and MNV in suspension with media. Additionally, the experiment was conducted at two different temperatures, room temperature and 37°C. A promising degree of reduction was observed for FCV at 37°C (>4 log reduction), with less reduction observed at room temperature (1.7–3.3 log reduction). Although promising results were observed for FCV, there was little inactivation against MNV (0.6–0.9 log reduction), suggesting that additional treatment or more optimization of this method for viral inactivation may be warranted (Randazzo et al., 2016). In another study, Gilling et al. (2014a) investigated the antiviral properties of oregano oil and its active ingredient, carvacrol, against MNV in buffer and on surfaces. Overall, carvacrol was much more effective at inactivating MNV, as the tested concentration of oregano oil (4%) produced about a 1 log reduction, while 0.5% carvacrol produced up to a 3.87 log reduction after 1 h of treatment and over 4.5 log reduction after 24 h at room temperature. This is interesting, as carvacrol is the major component of oregano oil, sometimes comprising as much as 85% of oregano oil—thus the disproportionally higher inactivation observed with carvacrol suggests other components in oregano oil could act in a way to reduce carvacrol's antiviral efficacy. Additional use of cell binding, RNase protection, and electron microscopy suggested that carvacrol acts to disrupt/destroy the viral capsid, with capsids expanding in size substantially after treatment prior to degradation (Gilling et al., 2014a).

Another study by Gilling et al. (2014b) investigated the efficacy of multiple other essential oils and one active ingredient (allspice oil, lemongrass oil, and citral) in buffer, all with modest reductions observed (<1 log-2 log) after 6 h of treatment, and more substantial reductions (2–3 log) after 24 h. Interestingly, the oils seemed to have different inactivation mechanisms. Allspice oil appeared to directly damage the capsid and genome of the virus with capsids enlarging to over twice their size, while lemongrass oil and its active component citral appeared to indirectly inactivate MNV by coating the viral capsid and preventing effective binding and uncoating of the virus in host cells (Gilling et al., 2014b). In a subsequent study on antiviral efficacy of lemongrass oil, Kim et al. (2017) investigated the ability of lemongrass essential oil to inactivate MNV both in suspension and therapeutically in vivo in a mouse model. Using plaque assay, a maximum reduction in plaque formation of <1 log (75%) was observed. Next, GC-MS was further used to identify individual components responsible for viral reduction. Of them, 32 were selected for screening and citral was still found to be the most effective, achieving a similar maximum reduction (75.5%) as the oil. For the in vivo studies, pretreatment of MNV with lemongrass oil for 72 h at 4°C prior to oral administration resulted in significant reduction in viral RNA shedding over seven days, and a somewhat similar reduction in viral shedding of lemongrass oil-treated virus to that observed in vitro (~1 log) (Kim et al., 2017) (Table 1).

Another biological component with previously reported antimicrobial activity is heat denatured lysozyme. Lysozyme is an enzyme that hydrolyses the cell walls of gram-positive bacteria, specifically targeting peptidoglycans. Although it had been tested and used for control of bacteria, its effectiveness for noroviruses had not been tested, likely because of the lack of a viral lipid envelope. Takahashi et al. (2016a) tested the ability of heat denatured lysozyme to inactivate MNV in 4 types of salads (coleslaw, thousand island salad, vinaigrette salad, and egg salad) stored for 5 days at 4°C. The addition of the lysozyme reduced persistence of MNV >4 log for vinaigrette and thousand island salads, by a little <3 log for coleslaw, and by 0.3 log in egg salad. Interestingly, this trend was related to the acidity of the salads, as egg salad (pH 6.27) and coleslaw (pH 4.33) were the two least acidic of the salads tested (Takahashi et al., 2016a). In a recent, subsequent study, the application of heat denatured lysozyme to reduce levels of HAV and MNV on the surface of fresh berries was investigated (Takahashi et al., 2018). Specifically, Takahashi et al. (2018) demonstrated the ability of heat denatured lysozyme to inactivate HAV in addition to MNV in solution, and then tested its ability to reduce infectious virus on the surface of blueberries and mixed berries (strawberry and raspberry). Exposure of a 1% solution of heat denatured lysozyme to the berry surface for 1 min resulted in reductions comparable to those observed for 100 ppm sodium hypochlorite for HAV (~2–3 log) and MNV (~2–2.5 log) relative to a distilled water control (Takahashi et al., 2018) (Table 1). These findings are interesting, as heat denatured lysozyme lacks enzymatic activity. Further work identifying the antinoroviral mechanism of heat denatured lysozyme and its higher efficacy at lower pH would be valuable for this promising edible inactivation agent.

CONCLUSION

As has been reported in the past, this review highlights the variable success of different disinfectants against human norovirus surrogates, especially with a focus on the degree of food matrix inhibition on their efficacy. As has been reported, sodium hypochlorite remains one of the most effective inactivation agents, despite the numerous other advances reviewed here. Additionally, pulsed light irradiation, HPP, non-thermal atmospheric cold plasma, calcium hydroxide, and heat denatured lysozyme all showed promising degrees of viral inactivation; however, all have limitations in their application and gaps in knowledge that warrant further study. There were also promising results obtained with inactivation by utilizing gaseous/vapor treatments such as ozone if the appropriate dose is utilized under the appropriate conditions; especially regarding efficacy in potentially internalized viral contamination of foods. Amongst all the surrogates used, Aichi virus, hepatitis A, MNV, and TV generally showed higher resistance to most inactivation treatments studied compared to other surrogates like FCV and phages; however the former two were studied for one or two inactivation agents. Regardless of surrogate used, the suspected mechanism of inactivation of the method studied should be taken into consideration and multiple surrogates used when inactivation study is conducted. Despite the advances in inactivation reported here, future work is still needed to further identify promising non-corrosive inactivation agents for noroviruses that are still effective in the presence of organic loads. Quantification and compilation in the degree to which different disinfectants are resistant to organic loads is important for identifying agents that may be of more practical value in an applied setting. In sum, numerous advances in disinfectant development have been reported using norovirus surrogates for which infectivity assays are available, while future work identifying and developing promising agents more tolerant of organic load is still needed.
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Garcia et al., 2014.

Alshraiedeh et al., 2013

Parkeet al., 2011

Lee and Ko, 2013

Rénnqvist et al., 2014

In PBS-
MNV-

>5.8log reduction

v

>6 log reduction

In berry surface-

MNV-

Strawberry- 0.7-0.9

Blueberry- 3.1-3.8

TV -3.5after 120s

MNV- >5 after 90s

MNV in PBS- 6.69 log reductions at
3.43 J/om? for 30 sec.

MNV in untreated ground water (pilot
scale)- 3.35 log reduction at 4.30
J/em? for 89 sec

2.1% Liquid hycrogen peroxide - 4
log reduction in MNV and X174

15% liquid hydrogen peroxide 4 log
reduction

Huang et al, 2017

Lacombe et al., 2017

Yietal, 2016

Lietal, 2011

Plastic surface-

FOV-4.8log

MNV- 3.7 log

MS2- >6log

Raspberries- <1 log redution for al
the viruses

MNV-1- >86 log reduction in
strawberries and lettuce and 5 log
reduction in spinach after 22.4 kGy

A maximum of 1-2 log reduction

Schultz et al., 2012

Feng etal., 2011

Zhou et al., 2011

FCV-
Water- 6.79 log

Lettuce-3.08 log

Green onions- 2.02 log

MNV-

Water- 5.31 log

Lettuce- 3.09 log

Green onions- 3.78 log

MNV after 10 min-4.1 log reductions
TV atter 10 min-0.5 log reductions
Internalized in strawberry- 1.5 log
reduction

TV-8.5 log reduction after 120 sec
MNV- 5 log reduction after 90 sec
MNV- 8.3 log reduction in 1 min
>2.5log reduction after 30min

MNV- 6 log reduction
V- >4 log reduction

Hirneisen et al., 2011

Predmore et al., 2015b

Lacombe et al., 2017

Brié et al., 2018
Park et al., 2016a
Wang et al., 2015

FCV- 4.1 log reduction after 20 days Lee et al., 2012
MNV- 1.5 log reduction

after 20 days

Mesophilic- MNV- more than 4 log
reduction

Bacteriophage- 3 log reduction
Thermophic- more than 4 log
reductions in both MNV and
bacteriophage

FCV- 3 log reduction in 5%

MNV- 1.56 log reduction in 5%
FCV- 1.14 log reduction in 10%
MNV- 0.9 log reduction in 10%

Baert etal., 2010

Seoetal,, 2014

PV1-4.95 log at 0.5%

MNV- 4.04 log at 0.1%

Chiorine-

MNV- 3 log

MS2- 4 log

Chiorine dioxide-

MNV and MS2- 3.5 and 4 log,
respectively

Solution- >4 log reduction in 30 sec
Powder- 005 - 2.3 log reduction in
15min 0.1 g- 4.17 log reduction in
15min

suspension- 1.3,2.3 and 1.5 log
reduction in 15min

Kitajima et al,, 2010

Lim et al., 2010b

Sangsriratanakul et al.,
2018

Whitehead and McCue,
2010

0.41 to >5 log inactivation; generally
sodium hypochlorite, acid, and
monoethanolamine most effective;
alcohols generally least effective

Generally 2-5 log reduction with
different resuts being
surface-dependent.
Alcohol-containing formulations
among most effective for MNV;
halogen and acid-based formulations
most effective for FCV

About 2-3 log removal of virus when
chiorine and detergent used together,
1 log for detergent alone

Zontaet al., 2016

Predmore and Li, 2011

Maximum log reductions: Cannon etal, 2012
MNV- 4.21

FCV-3.04

For 0.5% levulinic acid and 0.05%

SDs

Rapid inactivation (>4 log reduction)
on alloys containing 79 to 89%
copper, but intensity of reduction was
lost at 70%, suggesting that a small
difference in copper content, 70-79%
can have a large effect on antiviral
efficacy. Stainless steel and nickel did
not have any antiviral activity.

At 1,000 ppm there was complete
inactivation (>5 log reduction) on
surface without food whereas on
surface with food there was 1.4 log
reduction on day 9 and it remained
the same until the 30 day even with
the highest concentration tested
(2,000 ppm)

Warnes et al., 2015

Takahashi et al., 2011

Maximum redluctions of
MNV: 1.5 log

FCV: 3log

With 2 mg/mL for 2h

FOV: 87°C-4.6 log, room-3.2 log
MNV: 37°C- 0.8 log, room- 0.23 log

Ryuet al, 2015

Randazzo et al., 2016

Coleslaw the infectivity decreased by Takahashi et al., 2016a
3 logs immediately; >4 log reduction

in vinaigrette and thousand island

salads after 5 days. No significant

decrease in egg salad.
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Virus surrogate Inactivation agent Organic matrix Reduction difference References
tested

Tulane virus (TV) Gamma irradiation PBS buffer and whole v DiCaprio et al., 2016
and electron beam strawberies 2 log reduction difference between simple media
and whole strawberries
Murine norovirus-1  Pulsed light PBS buffer, blueberry MNV in PBS- >5.8 log reduction; strawberry: Huang et al., 2017
(MNV-1) and strawberry 4.9-5.1 log less reduction; blueberry: 2-2.7 log less
surfaces reduction
MNV Continuous flow Untreated ground 3.3 log less reduction in ground water than PBS Yietal, 2016
intense pulsed light water sample and PBS
system
MNY, TV High pressure Media, blusberries and  Compared to reduction in media: Lietal, 2013
treatment oysters Blueberry-

TV- 2.8 log less reduction
MNV- 1 log less reduction

Oyster-
TV-1.8log less
MNV- 1.5 log less reduction
Feline calicivirus Chlorine exposure In hard water and >4 log reduction in both cases—no difference Nowak et al., 2011
(Fov) normal water
MNV High hydrostatic Water and strawberry 300 MPa for 10 min- Kovac et al, 2012
pressure puree mineral water- 1.33
strawberry puree- 2.75
400 MPa-
mineral water- >5 log reduction (undetectable
levels)
strawberry puree- 3.3 log reduction (undetectable
levels)
MNV Chlorine treatment Clean artificial seawater Natural seawater 1 log less reduction after 30 min de Abreu Corréa et al., 2012
and natural seawater
Ms2 Steam ultrasound Plastic surface and ~2 log less reduction on fresh and frozen raspberry  Schultz et al., 2012
treatment surface of raspberries surfaces compared to plastic surface
MNV, FCV/ Aqueous ozone Green onions and After 10min treatment, compared to buffer: Hirneisen et al., 2011
lettuce and wash water  FCV: 8.7 log less (ettuce); 4.7 log less (onion)

MNV: 2.2 log less (lettuce); 1.5 log less (onion)

Studies comparing inactivation of human norovirus surrogates in food or organic matrices side-by-side with buffer are presented. The degree of difference in efficacy of each agent
between organic matrix and buffer is presented.
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