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Abstract

:

In the latest One Health ECDC EFSA technical report, Norovirus in fish and fishery products have been listed as the agent/food pair causing the highest number of strong-evidence outbreaks in the EU in 2019. This review aims to identify data gaps that must be filled in order to increase knowledge on Norovirus in bivalve molluscs, perform a risk assessment and rank the key mitigation strategies for this biological hazard, which is relevant to public health. Virologic determinations are not included in any of the food safety and process hygiene microbiologic criteria reflected in the current European regulations. In addition, the Escherichia coli-based indices of acceptable faecal contamination for primary production, as well as the food safety criteria, do not appear sufficient to indicate the extent of Norovirus contamination. The qualitative risk assessment data collected in this review suggests that bivalve molluscs present a high risk to human health for Norovirus only when consumed raw or when insufficiently cooked. On the contrary, the risk can be considered negligible when they are cooked at a high temperature, while information is still scarce for non-thermal treatments.
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1. Introduction


In 2019 Norovirus (NoV) was associated (with other Caliciviruses) with 457 outbreaks and in 22.5% of total cases with related illnesses, accounting for one in five of all outbreak-related illnesses in the EU [1]. In the same year, outbreaks caused by NoV increased by 13.1% in respect to 2018. Indeed, it was identified as the second most frequently reported causative agent in food borne outbreaks in Europe after Salmonella spp. [1] NoV in fish and fishery products have been the agent/food pair causing the highest number of strong-evidence outbreaks in EU in 2019 [1]. Worldwide, Noroviruses are the most common etiologic agent of acute gastroenteritis, causing an estimated 685 million illnesses [2].



Virus transmission can occur either from person to person via the faecal–oral route, or via contaminated food, surfaces and water. Among the variety of foods at risk, usually due to contact with fecally contaminated water bivalve molluscs, ready-to-eat leaf vegetables, soft fruits and fresh produce are most commonly associated with foodborne outbreaks [3]. Indeed, not only in secondary-treated municipal wastewater of up to 4 log titer of human NoV GI and GII particles per mL have been described [4], but also treatments with UV or membrane filtration (the so-called tertiary treatment) have been shown not to reduce NoV surrogates to a non-infectious level [5]. Bivalve molluscs feed by filtering large amounts of water through their gills. This causes the accumulation of pathogens to levels considerably higher than those in the overlying waters [6].



In Europe, in relation to the sanitary control of shellfish produced and sold for human consumption, areas in which bivalve molluscs are cultivated in marine or brackish water are defined only on the basis of bacterial indicators, predominantly centering around the sanitary classification of harvesting areas into the three categories—A, B or C—based on increasing Escherichia coli concentration, that are routinely used to test for microbiological quality (Reg. EC 625/2017; 627/2019). For each classification category, different degrees of post-harvest action are required: from no additional treatment for shellfish harvested from class A waters, whereas class B and C shellfish require a process of depuration, relaying, as well as thermal or non-thermal treatment prior to sale.



In relation to food safety criteria concerning bivalve molluscs placed on the market, the non-detection in 25 g for Salmonella and the detection of E. coli between 230 and 700 MPN in 100 g flesh and intravalvular liquid are mandatory (Reg. EC 2073/2005 and 2285/2015). Nevertheless, E. coli levels may not be correlated with the presence of viruses [7,8,9,10,11,12,13]. For some authors, E. coli provides a useful indication of the likelihood of contamination with NoV [14], while others state that E. coli levels may not be correlated with their presence [10,15,16,17,18,19,20]. In any case, class A status is not a guarantee of the absence of NoV contamination.



Since 2010 the quantitative real-time PCR- ISO (15216-1:2017) method has been introduced to detect and quantify NoV (and HAV) from foodstuffs or food surfaces. This standard allows a fast detection of virus genomes with low false positive rates. Nevertheless, a lack of correlation between the presence of RNA and infectivity is reported [21], since RT-qPCR detection is focused on the viral genome and does not give information concerning the structural integrity and infectivity of the overall particle [22,23,24]. Furthermore, a quantitative PCR does not allow us to constantly identify the relationship between the number of infectious virus particles and the number of virus genome copies detected, and thus the infectious risk associated with low level positive oysters, as determined by real-time PCR, may be overestimated [25]. Currently, no threshold infectivity limit is established for NoV detected by PCR. Moreover, virologic determinations are not included in any of the food safety and process hygiene microbiologic criteria reflected in European regulations; thus, a profound concern on the subject has been expressed from EFSA in recent documents related to the occurrence and control strategies on foodborne viruses [13,26,27].



A major threat is posed by the hypothesis that the burden of NoV is likely to increase as a consequence of climate change and population growth, since not only pathogen load, but also its survival in the environment, is associated with increasing rainfall/runoff [28]. Indeed, outbreaks of waterborne infectious diseases do occur following extreme water-related weather events in both developed and developing countries [29], mainly due to an overloading of the sewer network: when rainwater drains into the sewers, it carries domestic sewage and industrial wastewater. Consequently, untreated sewage flows into rivers, lakes or coastal areas [30]. Several studies have demonstrated that untreated wastewater, flooding and runoff during high precipitation events are a source of faecal contamination and seriously impact the shellfish area [28,31,32,33,34,35,36,37]. Persistence of poor shellfish quality for several weeks, namely viral contamination, has been described as occurring after a winter rainfall event [38]. Different factors have been suggested to influence virus survival in the water column: hardness, solar radiation and phosphate levels are the major ones [39,40,41,42]. Above all, temperature and UV irradiation are the environmental parameters that most affect viral particle stability in seawater, while salinity is considered to be a secondary factor in viral inactivation [43,44].



NoV genome persistence shows a temperature dependency [45,46,47,48], with a general better persistence at cold temperatures (4 °C) in both drinking and wastewater [49], but also the nature of the matrix seems to play a significant role [49]. A faster decay in wastewater is attributable probably to the higher presence of organic matter and indigenous microorganisms than in drinking water [50,51]. NoVs survival has been documented to be up to 2 months in groundwater supplies [52] and is still infectious after this time [53]. Very little difference in survival has been demonstrated under sunlight or dark conditions at temperatures ranging from 9 °C to 11 °C, but a more rapid NoV inactivation under sunlight rather than in the dark has been evidenced, with temperatures reaching 16 °C to 18 °C [8]. Indeed, during the winter season, a typical NoV peak is registered in sewage [54]; this might be correlated with the higher incidence of human outbreaks [52], but also with the colder temperature of the water and a lower UV irradiation.



To date, human-to-animal transmission has been reported only in dogs [55,56], but a broad range of mammalian and bird species can be susceptible to human NoV [57]. On the contrary, no report of human infections of animal noroviruses is known, but some serological studies have reported sero-prevalence against bovine [58,59,60] and canine [61,62] NoV in humans. Hence, the zoonotic potential of NoV transmission, mainly from animals farmed for human consumption, but more in general from mammals to humans via the food chain, cannot be neglected [63]. Most importantly, bivalve molluscs are identified as “hotspots” for the accumulation of multiple NoV strains [64,65], presenting opportunities for human co-infection, with consequent recombination of viral strains, thus being high-risk reservoirs of novel recombinant strains into the human population [66,67]. As an example, GII.4 NoV strains continuously undergo genetic/antigenic diversification, periodically generating novel strains through accumulation of punctuate mutation or recombination [68].



The assessment question being addressed in this review was formulated as: “Do bivalve molluscs present on the market represent a NoV infection risk for the consumers?”. In line with the objective to identify the data gaps in performing a full risk assessment, the information has been collected following the key steps as outlined by the Codex Alimentarius Commission.




2. Hazard Identification


2.1. Etiologic Agent—The Food/Hazard Combination Addressed by This Review Is “Human Norovirus in Bivalve Molluscs”


The genus Norovirus (Fam. Caliciviridae) comprises genetically diverse viruses infecting a wide range of mammalian host species [69,70,71,72,73,74,75,76]. NoVs are grouped based on the major capsid protein VP1 into 10 genogroups (GI-GX), and are further divided into 48 genotypes [77]. Among them, only GI, GII and GIV are known to infect humans, with genogroups I and II having the greatest epidemiological impact [78,79,80]. The phylum Mollusca is regarded as the second most prevalent animal phylum, with eight classes comprising bivalves (oysters, scallops, mussels, and clams), cephalopods (octopus, squid, and cuttlefish), and gastropods (whelks, sea snail, abalone, and cockle) that represent the economically significant molluscs [81]. Within gastropods, raw sea snail consumption, compared with bivalves, have been considered to present little risk of NoV infection [82], while in squid, cuttlefish and octopus, the highest-risk parts are removed and tend to be cooked before being consumed, reducing or eliminating any Norovirus contamination that may be present [83].



Based on EU Reg 853/2004, live bivalve molluscs means filter-feeding lamellibranch molluscs. The species of molluscs considered were only those that act as bio accumulator, since they can concentrate different types of pathogens in their tissues due to their filtering capacity [84,85]. These include clams, mussels and oysters. Among them, specific binding to carbohydrate ligands have been demonstrated for oysters [33,86,87], which allows them to concentrate viruses up to 99 times compared with the surrounding water [6] within digestive and non-digestive tissue cells [88]. Specifically, NoV GI is concentrated in a more active and efficient way than GII strains. Higher loads of NoV GI are usually measured compared to NoV GII in both oyster and mussel samples [12,25], while in shellfish-borne outbreaks, a relatively higher frequency of GI strains is described [86]. This suggests that bivalve molluscs represent a more potent reservoir for the transmission of norovirus GI compared to GII [87] as the result of a different affinity to mussel tissues that may influence their ability to bioaccumulate [89,90]. A higher prevalence of GII than for GI has been described in the periods January to February and November to December, while the concentration was lower between July–August and September–October [25]. The higher apparent prevalence of GII described during winter may be a reflection of the fact that a higher prevalence of this genogroup is also described in the human population in the same period [91]. In addition, during summer, the apparent prevalence of GI may remain more constant due to a slower clearance of these viruses given their specific binding to oyster tissues [92].




2.2. Prevalence—GI and GII, Circulating either Simultaneously or Separately, Are the Only Genogroups Detected in Bivalves


HuNoVs prevalence in bivalve molluscs worldwide has been reported to lie within the range of 0–95.6% [93,94]. Such a huge range might be also attributed to the application of different laboratory protocols that use different extraction methods or different primers [95]. Data obtained from ready-for-consumption bivalve molluscs (i.e., sold in markets) report very different levels of contamination that range from 2.3% [96], 3,4% [97] to 23.10% [98], but also 54% [99].



Usually, multiple different viruses can be found co-circulating, but large epidemics and spreads to different countries are mainly caused by a single virus [100]. In this regard, since the mid 90s, GII4 has become the predominant NoV genotype, and some of its variants have spread globally [91,101]. The pandemic variant GII.4 Sidney 2012 has been circulating since its emergence in 2012 [68,102,103], while during 2014 until winter 2015, a novel NoV GII.17 variant, after a sudden emergence, became prevalent not only in Eastern Asia [104], but also in other regions [105]. Indeed, the GII.17 variant (strain Kawasaki 2014) has subsequently been reported in several countries, including Australia, Hong Kong, Taiwan, North America, France, Italy, the Netherlands, Japan, New Zealand, and Russia [106,107,108,109,110,111].



It is important to underline that data concerning viral strains may be affected by their concentration, namely, if more than one type is present in a sample—as frequently outlined in food or environmental samples—the assay successfully amplifies the type that is either more concentrated or towards which the primers show a higher affinity [112]. In this regard, an important step would be to perform a targeted epidemiological investigation in order to anticipate the emergence of novel variants in preparedness for upcoming epidemics.



Available data concerning concentrations of ready-for-sale oysters and mussels demonstrate that the Log10 mean NoV genome copy numbers are comprised within the same order of magnitude in different European countries such as the Netherlands, UK and Italy [12,25,113]. A comprehensive analysis conducted in Italy on mussels, clams, oysters and other species, revealed that the average contamination level ranged from 3 × 100–3.0 × 103 copies/g in samples from class A areas, while from 3.3 × 101 to 1.5 × 104 copies/g samples from class B areas [113]. In Spain, Polo and collaborators performed quantification on different species: wild mussels showed the highest average values (6.5 × 103 RNAc/g) followed by cultured mussels (4.2 × 103 RNAc/g), clams (3.5 × 103 RNAc/g) and cockles (2.1 × 103 RNAc/g) [114]. The higher accumulation performance has also been described by Suffredini and collaborators [115]. In China, in shellfish at retail (species included Crassostrea gigas, Mytilus edulis, Azumapecten farreri, Sinonovacula constricta, Scapharca subcrenata, and Ruditapes philippinarum), the quantity range was between 1.9 copies/g shellfish meat to 7.94 × 105 copies/g shellfish meat [116]. Nevertheless, a study comparison is affected by the absence of standardization, namely, a geometric or a mathematic mean is arbitrarily applied, as well as the use of log transformation.




2.3. Pathogenesis


Given the highly contagious nature of hunovs, the identification of the virus and its source must be immediately identified once an outbreak starts, in order to control the damage [78].



Ingestion of food contaminated by NoV causes an infection, where a sero-response is mounted after colonization of intestinal tissues [117], but a subpopulation of individuals is resistant to infection and disease. Indeed, NoVs were the first viruses showing different infection risks depending on host genetics [118], being largely dependent on the presence or absence of human histo-blood group antigens (HBGAs) on gut epithelial surfaces. As a consequence, pathogenesis can be divided into two distinct conditions: secretor negative (Se−) individuals: infected without presenting any symptoms, with a small infection risk at high doses, especially for GI viruses. Asymptomatic shedders; secretor positive (Se+) individuals: after infection, (in secretor-positive subjects, GI viruses appear slightly more infectious than GII viruses) individuals typically become symptomatic after 24–48 h: acute vomiting, diarrhea, and abdominal cramps [119], while only 40% of NoV cases report fever [120,121]. Illness usually resolves after 48–72 h [117] but elimination of the virus can persist for weeks or months after recovering. Peak levels and duration of shedding have shown considerable individual variation with no difference between symptomatic and asymptomatic infections [122]. Median NoV GII viral loads in the range of 1.14 × 107 to 3.81 × 108 copies/g stool have been evidence in patients with acute gastroenteritis [123,124,125], but loads up to 109 genomic copies/g [126] in faeces of both infected symptomatic and asymptomatic patients might be excreted [127], thus contributing to the virus dispersion in the environment.




2.4. Exposure Pathways—Bivalve Shellfish Are Harvested within Estuaries and Coastal Zones


The only known reservoir for human norovirus is human faeces that can contaminate coastal environment through discharges from municipal sewage treatment plants, on-site sewage systems or urban runoff. HuNoV concentrations in raw wastewater as high as 3.4 × 109 genome copies/L have been measured [128]. Currently, sewage treatment such as chlorination or ultraviolet irradiation (UV) may not be designed for effectively removing viruses such as NoV [5]. Indeed, UV treatment can lead to a ~2 log10 reduction [129], but removal efficiency is dependent on viral load [28,130]. The most important factor affecting the reliability of this disinfection method is the efficiency of upstream processes, the application of a suitable wavelength and dose for a sufficient period of time [37]. Regarding chlorination, discrepancies exist in the literature [131], and this might be due to the protective action of water turbidity [132,133] or water quality [134], but preparation of the virus in benchmark studies may have also interfered with the obtained results [135]. In addition, after treatment, even though the viruses are inactivated, particles can remain in sewage effluent and can be detected by genetic analysis.



Importantly, dissimilar virus dispersion and presence in the environment are described, and this may be due to the unequal distribution of NoV gastroenteritis in Europe [136,137], but geographical factors such as distance from the coast, from rivers [138], seawater temperature, salinity, and land runoff may also play a role in different contamination levels of the harvesting [139].



NoV illnesses related to shellfish consumption generally show a peak incidence during the wintertime, presenting a seasonal pattern [140,141]. During non-epidemic periods, less than 103–104 genomic copies/liter of NoV are present in treated wastewaters, while during winter the concentration is probably 100- to 1000-fold higher [142,143,144]. In an analogy with the seasonal trend, NoV levels typically peak in winter in sewage [54,145], freshwater [146,147], and seawater [54,148]. Indeed, colder water temperatures, increasing stability of viruses, and reducing exposure to solar irradiation [52] facilitate NoV persistence in waters.



The risk of the presence of infectious Norovirus in marketed bivalve molluscs has been assessed considering pathways that might interfere both with virus concentration and viability.



Molluscs collected from B and C areas might be thermally processed or subjected to relaying to meet microbiological criteria consistent with food safety criteria before being placed on the market as live animals. The relaying and depuration processes are commercially important given the habits of the consumers, who prefer to eat oysters live/raw and clams and mussels lightly cooked [149,150,151]. In any case, based on chapter V of Reg. 853/2004 on health standards for live bivalve molluscs, food business operators must ensure that live bivalve molluscs placed on the market for human consumption meet the standards of organoleptic characteristics associated with freshness and viability, including shells free of dirt, and an adequate response to percussion and normal amounts of intravalvular liquid.



Considered exposure pathways are described below:



2.4.1. Pathway 1—Live Bivalve Molluscs That Did Not Undergo Any Treatment after Being Harvested (Only for Class a Harvesting Area)


Placing on the market as live bivalve molluscs may only occur without post-harvest treatment, for those harvested from a class A area. Norovirus is normally present in shellfish harvested in a class A area. Studies report analysis performed among oysters, mussels and clams with a 10.5% of positivity [138]. For oysters, the apparent prevalence was lower in samples collected from class A production areas than in samples collected from other classes in all sampling periods; however, class A areas are not a guarantee of the absence of NoV contamination [25].




2.4.2. Pathway 2—Live Bivalve Molluscs after the Depuration Process


Depuration is performed only for bivalves collected from class B areas. The process entails exposing the shellfish to clean seawater, commonly treated with chlorine, ultraviolet light or ozone, performing a rapid and effective reduction of the levels of E. coli. However, despite the achievement of bacterial end-product standards, depuration may not be effective in safeguarding against viral contamination [13,152,153,154]. In the European Union, depuration requirements vary according to the classification of harvesting areas but minimum time and water temperature are not stipulated for commercial depuration [155], which lasts generally 24–48 h [156]. Viral depuration is usually considered to be be ‘two phase’, where elimination in the first few days is more rapid than in subsequent days [157,158,159,160]. The first rapid phase is likely related to physiological traits related, including the filtration and clearance rate of the species, the digestion rate, and the enzymatic activity to the shellfish species involved, which are common to both bacterial and viral depuration [156]. Importantly, different parameters for each shellfish species influence—mainly the “first”—filtration efficiency such as temperature, salinity, dissolved oxygen content and turbidity [161]. In this regard, not only different optimal temperatures are specific for each shellfish species [162], but also the genetic makeup and geographical location will determine the range of temperature in which pumping will occur. More in general, the seawater temperature for depuration should not vary by more than 20 °C from that of the seawater harvesting area. Parallel to this, salinity of the seawater used for depuration should not vary by more than 20% from that of the water where the shellfish were harvested [161], but different genotypes of mussels may affect filtration rates [163]. Different behavioral responses to hypoxia have been documented between different species [164,165,166]; even though the oxygen concentration range for depuration is wide, oxygen levels should not fall below 2 mg/L [161].



In mussels, contrasting results have been obtained from studies conducted with similar depuration and concentration parameters. Indeed, the successful removal of a NoV GII surrogate was evidenced after 7 days [167], while human-derived Norovirus GII concentrations remained similar to the ones at the start of depuration after 4 days [11], in M. galloprovincialis and M. edulis respectively. Again, in another study, no significant differences were observed between depurated and non-depurated samples of M. galloprovincialis harvested in Italy [97]. Furthermore, an analysis at different points in the food chain demonstrated the stable presence of NoV GII in ready-for-sale bivalve molluscs over time (from 2013 to 2017) in samples of M. edulis taken in the Netherlands [12].



In the case of clams, different analyses have been performed on different species, but depuration has never eliminated viral contamination. Experimentally designed depuration after contamination of Chamelae gallina with Murine Norovirus (MNV) demonstrated the inability of the circuit to reduce the viral level after 72 h [168]. Similar results were obtained with samples of T. decussatus, which showed no statistically significant differences between depurated and non-depurated ones [97]. A trial conducted on Manila clam (Venerupis philippinarum) samples showed a percentage of significant removal between 24 and 72 h, but the remaining virus was still infectious at the end of the process [167]. In addition, NoV contamination was detected in all samples of C. gallina and T. philippinarum from class B, without significant differences between the seasons [169]. Studies on in-tank depuration of NoV (GI and GII) in oysters report very different results: from the reductions to negligible values within periods of 23 h, 10 and 14 days, to the persistence after 24 h [170] up to 29 days of continuing depuration [171,172]. A meta-analysis of published depuration experiments also suggests that the process requires more than nine days to achieve a tenfold reduction in NoV and HAV load [10]. Moreover, salinity, temperature and viral genogroup can highly influence depuration times in oysters [173].




2.4.3. Pathway 3—Presence of Norovirus Particles in Live Bivalve Molluscs after a Relaying Process


Relaying involves moving live shellfish from their growing area to an area with cleaner waters, namely any sea, estuarine or lagoon area with boundaries clearly marked and indicated by buoys or any fixed means and used exclusively for the natural purification of live bivalve molluscs. Reg. EU No 853/2004 states that “food business operators must immerse live bivalve molluscs in seawater at the relaying area for an appropriate period, fixed depending on the water temperature, which period must be of at least two months’ duration unless the competent authority agrees to a shorter period on the basis of the food business operator’s risk analysis”. The WHO [174] suggests a relaying period of two months. The literature reports that a successful reduction in NoV contamination levels is achieved over a 17 days period in areas with clean seawater, but longer periods of 3 to 4 weeks have also been suggested [10]. Indeed, the time required depends not only on water temperature, but also on the extent of contamination and the shellfish species [154].




2.4.4. Pathway 4—Presence of Norovirus Particles in Bivalve Molluscs after Thermal Treatment


Heat treatments ensuring that pathogenic microorganisms are eliminated can be industrially applied by shellfish producers to fulfill current EU regulations for samples collected from class B and C production areas. It has been suggested that thermal treatment are associated with changes in the virus capsid [175].



Since cell-culture systems to propagate HNoV in laboratories are not easily available, most of research on NoV stability after thermal treatment relays on viral surrogates, such as Tulane virus (TV), Feline Calicivirus (FCV) and Murine Norovirus (MNV). Contrasting results have been obtained regarding D-values [176,177,178], suggesting that not only do the different viruses act differently in the same food matrix, but also that the latter might have a protective role in some cases [175], as was speculated for oysters [177]. Even though they are scarce, available data on Z-value calculated among bivalve molluscs are mostly in accordance [177,179,180].



Criteria for bivalve molluscs require raising internal meat temperatures to a minimum temperature of 90 °C, to be maintained for a minimum of 90 s. Among commercial processes, even though they are compliant with the above requirement, the rates of temperature increase during heating and decreases during cooling (i.e., before and after the period of 90 °C for 90 s) can vary, leading to significantly different virus inactivation, which does not assure a common specified level of consumer protection [181]. Although the criteria may deliver variable degrees of virus inactivation, there are no reported human outbreaks of infectious illness associated with bivalve molluscs commercially processed accordingly to the legislative requirements [27].




2.4.5. Pathway 5—Presence of Norovirus Particles in Bivalve Molluscs after Non-Thermal Treatment


The main aim of non-thermal processing is to assure food safety. The popularity of these methods in the food industry has increased following consumer demands for minimally processed foods and to circumvent the negative effect of heat on the nutritional properties of foods [182].



High pressure processing (HPP) is a non-thermal intervention for prominent food-borne pathogens associated with raw bivalve shellfish [183,184]. Currently, the pressure used to treat commercial shellfish is 275–300-MPa applied for several minutes, but oysters still taste good when treated up to 400 MPa [182,183]. Indeed, in general, a lower pressure extends shelf life, while high pressure conditions can change the appearance and texture of a product by pumping water in and making the meat appear bigger and softening its texture [184].



Regarding the human NoV surrogates MNV-1, FCV and TV an HPP treatment at 400 MPa, 4 °C for 2 min, can be effective in inactivating them in aqueous medium and/or oysters [185,186,187]. In addition, the exposure of clams to 500 MPa for 1 min at 20 °C did not alter the visual impact of the clam and the consistency of the flesh but led to obtaining a MNV free product [188]. On the contrary, a study performed with laboratory contaminated oysters on human volunteers demonstrated that HNoV has s higher stability since prevention of the infection could only be obtained in high pressure conditions (600 MPa, 6 °C, 5 min), in contrast with the lowest (400 MPa, 6 or 25 °C, 5 min) where, even though it was in a reduced number, volunteers became sick [189]. These results are in line with the finding that human NoV may be more pressure stable than its surrogates [190]. In general, the effectiveness of HPP for the inactivation of foodborne viruses depends on factors related to virus type; HPP parameters (pressure, temperature, or holding time); and food characteristics (food composition, pH and water activity of foods). Enveloped viruses are less resistant than non-enveloped viruses [190], and the differences are reported among NoV genogroups, with GI.1 strain presenting a higher resistance to pressure than GII.4 [191,192]. Regarding HPP parameters, increasing either the pressure or temperature of the process can enhance the inactivation of viruses. Temperature can act either synergistically or antagonistically with pressure for the inactivation of specific target viruses [186,191,193]. Refrigeration temperatures can enhance inactivation also by several logs [186]. Specifically, the pressures usually applied in commercial plants (300 MPa or below) in oysters experimentally inoculated did not result in substantial inactivation of GI.1 and GII.4 HuNoV if applied at room temperature but if lower (refrigeration) resulted in being effective [194]. On the contrary, a 400 MPa pressure applied for 5 min at 25 °C caused a 1.87 log10 and 1.99 log10 reduction of NoV GII.17 loads. An increase in HPP pressure levels can result in a higher inactivation of viruses as compared to those of an increase in time [195]. Different pressure values [193,194] have been applied for delivering a virus-free product in similar works, generating different results. Nevertheless, differences among the studies, such as the species of shellfish/the material tested, the equipment used for the hyperbaric treatment and the procedure used for the identification of the infecting virus may have contributed to the generation of different discrepancies.



For Human Norovirus, low pH levels appear to reduce HPP inactivation [196] but contrasting results have been obtained at different pH values for NoV and surrogates [191,197]. Indeed, the mechanism of the pH effect on the HPP pressure inactivation of various non-enveloped viruses is unknown and may be dependent on the capsid protein structure of the viruses [187]. Importantly for bivalve molluscs, survival of viruses is generally higher in foods with high activity water (aw) [198] and salt may play a protective role [199], maybe due to the stabilizing effect of NaCl on the capsid proteins of viruses during the HPP treatment [200]. Importantly, since inactivation is mainly achieved thorough changes in the function of capsid binding proteins, RNA integrity is not affected [185,197], posing a diagnostic challenge regarding the viability of the detected virus.



Reduction of NoV in fresh oysters has also been achieved following non-thermal dielectric barrier discharge plasma treatment for 30 and 60 min without a change in quality, as assessed by pH and Hunter colors [201].






3. Exposure Assessment


The final estimation of the numbers and prevalence of pathogens in foods to be consumed is generally based on an accumulation of data throughout the food chain. In this regard, Noroviruses are detected at all production levels in all types of bivalve molluscs, but transport and storage have little influence on contamination levels [202].



In order to estimate the exposure to Norovirus through the consumption of a portion of shellfish, various factors must be known. Indeed, the overall exposure assessment relates the amount of contaminant in a designated amount of food with the amount of food typically consumed in a single serving. The EU fish market reports that 1.28 kg/per capita of mussels have been consumed in Europe in 2017 [203]. Older data are available: in Portugal 11.51 g/per capita/day in 2009 are reported, while in Spain a declining trend has been described from 2010 to 2014 when 1.21 kg of mussels pro/capita/year were consumed [204]. Similarly, in France in 2017, the average consumption was of 1.8 kg/capita/year (data comprise cephalopod). For oysters, information is more precise regarding the meal size distribution, which has been described to be 13.8 oysters per oyster meal [205], but also a half or a whole dozen [206]. While 6–12 mussels are usually set aside, no information is yet available about clams.




4. Hazard Characterization


Both temporal and geographical fluctuation of the concentration of the virus within molluscs have been described in the literature [207,208]. Seasonality is indeed a known characteristic of NoV illnesses because of shellfish consumption that shows a peak incidence during the wintertime. Importantly, bioaccumulation and elimination kinetics of bacteria or viruses by bivalve molluscs vary with the shellfish species, type of micro-organism and environmental conditions [6].



To date, there is no single consensus model for recommended use in risk assessment [209]. Indeed, the infective dose, or the point at which 50% of the population would become ill when exposed to the virus, is difficult to determine. Variability associated with host factors (secretor +/−) and pathogen factors (aggregated, aggregation size and non-aggregated) are important parameters.



NoV is among the most infectious agents, with low infectious odds [117,210,211,212,213], posing a substantial economic burden since it is highly transmittable and contagious [214]. However, current estimates suggest that the infective dose lies in a range between 15 and 1.300 genome copies or 1–10 virus particles [117,202]. Nevertheless, oysters with lower concentrations have been implicated in outbreaks [210]. A correlation has been found between the number of viral genome copies in bivalve shellfish and the amount of reported illness for NoV, suggesting that detection of high levels of virus RNA in shellfish is indicative of a high health risk [14,215].




5. Discussion


The data collected in this review allows us to identify the key data gaps to perform a full quantitative microbial risk assessment for Norovirus in bivalve molluscs. An overall summary is reported in Table 1



5.1. Exposure Pathways


A comprehensive discussion can be made referring to pathways # 1, #2 and #3.



Indeed, the bivalve molluscs considered within the three pathways originate from different production chains, but in all the scenarios the product is sold with a High likelihood of the presence of the virus. This assessment should be connected with the evidence that the consumer behaviour resulted in the major risk assessment variable and one of the most important operational reference points was useful to determine appropriate risk reductions. In other words, the consumer behaviour has a greater impact than NoV prevalence, and the food safety approach depends on the variability surrounding the risk profile of the food. Indeed, the reduction of the viral load to a level corresponding to a Negligible risk is obtained only by thermal treatment, which is demanded to the consumer. Recent data obtained from experimental infection of Manila clams (R. philippinarum), demonstrate that when cooking by a traditional domestic method, the time needed for the majority of valves to open up can efficiently eliminate the risk [216]; this corresponds to a temperature close to 100 °C for at least 2 min. Another consideration for the consumers must be taken in relation to the storage of foods. In contrast to many microorganisms, foodborne viruses cannot grow in foods, but can survive during storage. Specifically, NoV can survive for up to 10 days in food in a refrigerator [217] and storing mussels at 4 °C revealed no reduction in NoV titers after 4 weeks [218]. Since the viral load is neither diminished nor augmented, the product after domestic storage has to be considered to present a High likelihood of the presence of the virus, and a High uncertainty.



Regarding pathway #4, we consider that the likelihood of the virus surviving to an industrial heat treatment can be considered Negligible, with a Low uncertainty.



Analysis of the fifth pathway led to the conclusion that the estimated likelihood for the presence of infectious viral particles after non-thermal treatment cannot be determined, since no data regarding outbreaks associated with non-thermal treated mussels are available to date.




5.2. Hazard Identification


Mollusc-mediated NoV outbreaks should be approached in terms of an important zoonotic pathology where the introduction of novel NoV strains into the human population facilitating viral recombination is possible within each outbreak. Outbreaks could be prevented by performing shellfish analysis at the times of the year at which Norovirus risk is elevated and by following microbial alert events, such as sewage overflows and heavy rainfall, as already suggested [151]. To do so, a comparison of epidemic strains and those circulating at low levels in the population, not only aiming at symptomatic cases, should be performed. In this regard, monitoring of NoV in raw sewage or treated effluents has been demonstrated to provide an early warning of an elevated risk for NoV and potentially help prevent outbreaks through environmental exposure. In case of production areas that host different shellfish types, the use of the one with the highest contamination level as an indicator for viral analysis in monitoring programs or in surveillance might be adopted [115]. Last but not least, vigilant molecular surveillance would help in developing vaccines.



To date, Norovirus detection methods have been based on a quantitative real-time PCR- ISO (15216-1:2017), which lacks standard methods for accurate quantification of infective and non-infective (damaged) NoV particles, hampering the identification of an appropriate lower NoV contamination limit for shellfish. As a consequence, proof of NoV infectivity in bivalves remains challenging, also taking into account the scarcity of data available to reliably predict illness from measured NoV levels. Optimization of diagnostic techniques should improve the understanding and the management of risk to consumers associated with the detection of NoV RNA in foodstuffs in order to better address the correlation between the presence of RNA and infectivity.




5.3. Exposure Assessment


Data regarding consumption of bivalve molluscs are scarce and fragmented but in general, oysters are known to be more frequently eaten raw than clams and mussels. Member states and the European Commission should perform a more detailed collection of information on annual consumption and per capita consumption, as well as on serving sizes, taking into account the different categories of consumers, especially the ones most at risk. Data should comprise information also regarding bivalve preparation in the household, particularly focusing on the preparation method in regard to cooking/non cooking methods. Indeed, scarce data are available on how consumers prepare their food, and also regarding the percentage of consumers that prefer to eat raw or undercooked bivalve molluscs. In addition, no precise information is available regarding the different species preferences between different populations. Data concerning infrequently consumed foods are more difficult to be captured with national surveys and should be obtained through targeted surveys that are thought to provide more precise information also about such characteristics as shellfish meal sizes [206].




5.4. Hazard Characterization


To support improved risk assessment for environmentally relevant exposures, a consensus dose-response model should be either developed or improved. Meanwhile, multiple models should be used to provide a range of predicted outcomes for the probability of infection in order to take into account the aggregated/non aggregated state of the virus, as well as its genogroup, the exposed population and the fraction of infectious to total viral particles.





6. Conclusions


All in all, surveillance measures should be implemented in the primary production and effort should be applied in order to identify the elements posing a major risk.



In this regard, pollution quantification, pollution prevention and/or sewage treatment processes might help reducing viral contamination in harvesting areas. Regulations regarding wastewater quality and disposal are crucial, but seem to have been insufficient thus far. Particular attention should be applied to the selection strategies of the harvesting areas, for example, with the institution of a minimum distance from fecal contamination sources, as well as the creation of buffer areas. In areas where bivalve molluscs intended for raw consumption are harvested, data collection can be mitigation-oriented, thus foreseeing the likelihood of events that can impact bivalve mollusc contamination (e.g., rainfalls, human epidemic events). Importantly, risk-based monitoring should be applied to the production of foods that constitute a major health risk, such as oysters.



Since water quality parameters are difficult to manage, post-harvest interventions are crucial in order to obtain a safe product. In this regard, more studies considering depuration and relaying parameters affecting viral elimination (time, water temperature, salinity, dissolved oxygen, and bivalve mollusc condition) should be undertaken. In addition, it should be considered that the measurement and recording of parameters in depuration plants may help to improve epidemiological studies, as well as to better understand cases of viral outbreaks associated with consumption of depurated products. Indeed, depuration is known to be insufficient for viral elimination; in addition, data on related outbreaks are missing. In general, a better understanding of the binding—or rather, of the unbinding—process of the virus to mollusc ligands represent a key point for future studies.



Following consumer demand for minimally processed food, non-thermal treatments represent an important sector where valuable alternatives for commercial development can be investigated. In particular, regarding HPP, studies should be undertaken considering not only the type of examined viral particle (HNoV or surrogates) and different strains, but also taking into account the single processing parameters (time, temperature and pressure) as well as matrix and composition (salinity and pH) and species-specific differences, always in the light of consumer acceptability.



In view of a potential NoV burden increase, as well as in order to eventually anticipate the emergence of novel variants, the implementation of epidemiological data collection (comprising standardized genotyping, collection of data concerning viral strains and comparison of sequences from outbreaks) should be performed, both at a local and on a global scale. In addition, a more detailed and systematic data collection should be performed at production areas and despatch centre levels, where no standardized reporting model is set.



Awareness and education campaigns should involve consumers, also considering the health benefits associated with bivalve consumption. Regarding bivalve consumption, the data are still poor, while detailed information is needed to perform a quantitative risk assessment.



From a laboratory perspective, studies into HNoV would benefit from the development of qPCR methods for the selective detection of infectious viruses, as well as the establishment of a threshold infectivity limit. In addition, effort for the application of NoV cell culture assays, avoiding the use of surrogates, should be put into studies on food matrices in order to further investigate infectivity, as well as inactivation kinetics. Importantly, the development of testing procedures is crucial in order to establish an acceptable limit for NoV and to develop a regulatory context. Waiting for a more comprehensive European surveillance plan, a starting point can be the implementation of national surveillance plans. In addition, awareness can be raised among veterinary competent authorities, about recording the production area in the RASFF database, in order to implement epidemiological information in the case of outbreaks.
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Table 1. Relationship between production area, processing, and health risk. MBM = marine bivalve molluscs.
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Processing

	
Production

Area

	
Health Risk

	
Missing/

Insufficient Data

	
Available

Data

	
Instructions

for Consumer

	
References






	
No processing requested

	
A

	
High if consumed raw

Negligible

if consumed cooked

	

	
Epidemiological data on the presence and quantification of NoV in MBM



	
Epidemiological data on MBM consumption and consumers’ behaviour



	
Consumer education on MBM consumption






	

	
Not structured data on the presence of NoV in class A MBM






	
To be cooked

	
[12,25,113,139]




	
Depuration

	
B

	
High

	

	
Guidelines on specific depuration parameters, if effective






	

	
Not structure data on the presence of NoV in depurated MBM






	
[11,12,13,25,97,113,115,152,153,154,155,156,157,158,159,160,161,162,163,164,165,166,167,168,169,170,171,172,173]




	
Long Relaying (≥2 months)

	
BC

	
High

	

	
Guidelines on specific relaying parameters, if effective






	

	
Not structured data on the presence of NoV in relayed MBM






	
[10,25,115,154,174]




	
Transformation

	
Thermal treatment

	
BC

	
Negligible

	
Not applicable

	

	
Data on minimum time/temperature combination for NoV inactivation






	
None

	
[175,176,177,178,179,180,181]




	
Non thermal treatment

	
Not determined

	

	
Comprehensive dataset on HPP parameters, considering food characteristics



	
Data on novel non thermal methods



	
Data on outbreaks associated with HPP treatment






	

	
Not structured data regarding different HPP parameters, different MBM species, different starting NoV concentration






	
None

	
[182,183,184,185,186,187,188,189,190,191,192,193,194,195,196,197,198,199,200,201]
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