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Abstract: Ready-to-eat (RTE) salads have recently been associated with food-borne norovirus
outbreaks, although these infections are mainly related to shellfish and berry consumption in the EU.
A total of 135 bagged RTE vegetables were analyzed in order to investigate the occurrence of norovirus
(NoV) genotype I (GI) and II (GII) RNA and to differentiate between infectious and non-infectious
viruses by using propidium monoazide (PMAxx) coupled with the real time Reverse Transcription
(RT) PCR method. Initially, the PMAxx real time RT-PCR assay was optimized on NoV GI and GII
suspensions, and proved capable of detecting significant (p < 0.05) differences between infectious and
inactivated viruses. Our analysis conducted on RTE salads samples showed the presence of norovirus
GII in 74.8% of samples, of which 37.6% were infectious. The samples tested for viral contamination
came from only two RTE vegetable-processing plants. The findings in this study could also be due to
virally-contaminated water used in food production, processing, or preparation. This study stresses
the need for effective real-time RT-PCR tools capable of qualitative and quantitative detection of NoV
RNA, as well as being able to measure virus infectivity, for risk assessment, which is crucial in several
public health measures and food regulations.

Keywords: NoV GI and GII; RTE salads; molecular assay; food safety; PMAxx Real Time RT-PCR;
foodborne viruses; public health

1. Introduction

Food and water-borne outbreaks reported in Europe in 2018 were related to bacterial agents (57.0%
of all outbreaks), bacterial toxins (24.2%), and viruses (13.5% of all outbreaks). Among the causative
agents, viruses are recognized as important emerging pathogens of food-borne disease [1]. The main
food sources of enteric viruses were crustaceans, shellfish, mollusks, mixed food, buffet meals, water,
fish and fishery products, and food of non-animal origin [2].

During the last two decades, enteric viruses have frequently been detected in vegetables [3,4].
In particular, leafy green vegetables and ready-to-eat (RTE) salads, consumed raw and typically with
no further washing/decontamination procedures, are considered an important route of transmission
of human enteric viruses [3,5,6]. Vegetables may become contaminated by enteric viruses during
pre-harvest cultivation through the improper use of organic waste in agricultural land in the form of
fertilizer, fecal pollution in irrigation waters, or through direct contamination by livestock, wild animals,
and birds. In addition, improper food handling practices should be taken into consideration [4,6–8].

The current European legislation on microbiological criteria for foodstuffs, Commission Regulation
(EC) No 2073/2005 [9], lays down food-safety criteria for relevant foodborne bacteria in pre-cut
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(ready-to-eat) fruit and vegetables, such as Salmonella spp. and Listeria monocytogenes, and the process
hygiene criteria, e.g., addressing Escherichia coli, applicable, respectively, to products placed on the
market or to production processes [6,8,10]. Given the lack of any sufficiently-developed analytical
methods and prevalence studies and quantitative data on viral occurrence in leafy green vegetables
consumed raw, the legislation does not currently take into consideration the role of viruses as foodborne
pathogens in this matrix [10].

The current gold standard for detecting enteric viruses is reverse transcription real time PCR
(real time RT-PCR) [11,12]. Indeed, the horizontal method for determining the hepatitis A virus and
norovirus in food uses real time RT-PCR for detection and quantification [13].

Despite being a very sensitive technique, PCR has some limitations for food viral analysis in that
it has trouble differentiating between infectious and inactivated viruses [14], consequently preventing
an efficient risk assessment [15]. Viral infectivity is necessary to assess the cytopathic effects (CPE) in
susceptible cell lines [16]. However, not all viruses, such as noroviruses, are able to grow in a cell line
in vitro. Therefore, the use of nucleic acid intercalating dyes such as propidium monoazide (PMAxx),
is a powerful problem-solving tool [14,17]. Viability dyes are able to enter into damaged or destroyed
capsids. Once it has penetrated, the dye intercalates covalently into RNA after exposure to strong
visible light, thus interfering with DNA amplification. The rest of the genome, including that found in
undamaged capsids, is unaffected by PMAxx and can be amplified with PCR [18–20].

Given the considerable public health implications and very low infectious dose of human
noroviruses (10–100 viral particles) [21], the aim of this work is to investigate the occurrence of
genogroups GI and GII of norovirus (NoV) RNA in RTE salads following ISO 15216-2 (2017) and to
provide an assessment of PMAxx real time RT-PCR assay feasibility in order to discriminate between
native and inactivated noroviruses.

2. Materials and Methods

2.1. Virus Strains

Norovirus genogroup I, genotype 2 (GI.2) and genogroup II, genotype 4 (GII.4 variant Sidney 2012)
suspensions (kindly provided by Prof. Martella, Department of Veterinary Medicine, University of
Bari, Valenzano, Italy) diluted by 1/10 w/v of positive stool samples in DMEM (SIGMA) were used as
positive controls. Then, aliquots of the viruses were stored at −80 ◦C until use.

2.2. PMAxx Real Time RT-PCR Validation

2.2.1. PMAxx Pretreatment on Virus Suspensions

The validation of PMA real time RT-PCR was performed using differently-treated positive controls.
GI and GII viral positive control suspensions were subdivided as follows: (i) 250 µL untreated viral
suspensions; (ii) 250 µL viral suspensions treated with 50 µM PMAxx (Biotium) and 0.5% Triton 100-X
(Thermo Fisher Scientific, Roma, Italy) in DNA LoBind 1.5 mL tubes (Eppendorf) at room temperature
(RT) for 10 min in a shaker at 150 rpm; (iii) 250 µL viral suspensions thermally inactivated at 95 ◦C for
5 min; (iv) 250 µL viral suspensions thermally inactivated at 95 ◦C for five minutes and treated with
50 µM PMAxx (Biotium) and 0.5% Triton 100-X (Thermo Fisher Scientific) in DNA LoBind 1.5 mL tubes
(Eppendorf) at room temperature (RT) for 10 min at 150 rpm. In order to obtain a covalent bond with
PMA and RNA, the viral suspensions were immediately exposed to fifteen minutes photoactivation
using a photoactivation system (Led-ActiveBlue, GenIUL) [22]. Then RNA was extracted using the
NucliSens® miniMAG magnetic kit (BioMérieux), in compliance with ISO/TS 15216-2 (2017).

2.2.2. Real Time RT-PCR

The real time RT-PCR was conducted following ISO/TS 15216-2 (2017) in terms of primers used
and experimental conditions with the inclusion of an internal amplification control (IAC). The reaction
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was performed using the RNA UltraSense™ One-Step Quantitative RT-PCR System (Thermo Fisher
Scientific), a 250 nM probe (labelled with FAM), 500 nM forward primer, 900 nM reverse primer, 50 nM
IAC probe (labelled with VIC), and 300 copies of IAC [23]. The ORF 2 region was the target of the
utilized primers. For NoV GI, forward primer QNIF4, reverse primer NV1 LCR, and probe NV1LCpr
were employed; for NoV GII, forward primer QNIF2d, reverse primer COG2R, and probe QNIFS were
used [24]. Then, to reach a final reaction volume of 50 µL, we added 20 µL of RNA. The real time
RT-PCR conditions were 5 min at 95 ◦C, followed by 45 cycles of 15 s at 95 ◦C and 1 min at 60 ◦C and
1 min at 65 ◦C. Each experiment was carried out in duplicate and repeated twice. All amplification plots
were checked to determine false-positive results due to any high or unbalanced background signals.
In addition, true positive fluorescent plots were checked to ensure that the Ct value generated by the
analysis software corresponded to the exponential phase of amplification for the reaction, as indicated
by ISO 15216 (2017).

The photoactivable dye used cannot penetrate intact capsids but is capable of entering destroyed
or damaged capsids. Once inside, the photoactivable dye intercalates covalently into RNA after
exposure to strong visible light, impeding real time RT-PCR amplification. Viral inactivation was
evaluated by the Ct values of different kinds of positive controls, as described above (Section 2.2.1).

2.3. Detection of NoV GI and GII with PMAxx Real Time RT-PCR

2.3.1. Sampling

A total of 135 bagged ready-to-eat vegetables from two different Italian leafy green vegetable
enterprises were collected from October 2017 to March 2018. They included 21 mixed salads, 9 carrot
(Daucus carota subsp. sativus), 33 valerian (Valeriana officinalis), 9 rocket (Eruca vesicaria), 15 spinach
(Spinacia oleracea), 21 iceberg (Lactuca sativa), 6 romaine lettuce (Lactuca sativa L var. longifolia), 9 chicory
(Cichorium intybus var. foliosum), 9 curly leaf endive (Cichorium endivia var. crispum), and 3 trevisano
chicory (Cichorium intybus L. subsp. intybus). All samples were analyzed before the expiration date
labelling (up to 8 days). Samples were transported to the laboratory at temperatures < 8 ◦C and
immediately analyzed.

2.3.2. Virus Concentration and Nucleic Acid Extraction

Viruses concentration and viral RNA extraction were performed following the method specified
by ISO/TS 15216-2 (2017) for the qualitative detection of NoV genogroups I (GI) and II (GII) from
RTE salad samples. Briefly, 25 g of each sample were cut into little pieces and homogenized with
TGBE buffer pH 9.5 (100 mM Tris-HCl, 50 mM glycine, 1% beef extract) and 10 µL of process control
virus material (Mengo virus, kindly provided by IZS Foggia, Italy). The eluate was concentrated
with 5X PEG/NaCl solution (50% (w/v) PEG 8000, 1.5 M NaCl). The pellet obtained was resuspended
in 500 µL of PBS buffer pH 9.5 (0.15 M sodium phosphate) and divided into two aliquots (250 µL).
With the aim of discriminating between native and inactivated viruses, one aliquot (250 µL) was
treated with PMAxx-Triton x-100 as previously described [14,17,19,22]. In brief, 250 µL of each aliquot
obtained as described above were incubated with 50 µM PMAxx (Biotinum) and 5% Triton X-100 in
the dark at RT for 10 min [17]. Samples were then exposed to light for 15 min using a photoactivation
system (Led-ActiveBlue, GenIUL). Then, the viral nucleic acids were extracted and purified using a
commercial kit (NucliSENS miniMAG kit, bioMérieux, Firenze, Italy) following the manufacturer’s
standard protocols. All RNA obtained was subjected to real time RT-PCR in compliance with ISO/TS
15216-2 (2017), and each experiment was carried out in duplicate and repeated twice.

2.3.3. Mengovirus Real Time RT-PCR

In accordance with ISO/TS 15216-2 (2017), Mengo virus real time RT-PCR was conducted in
order to assess extraction efficiency. Briefly, the assay was performed using an RNA UltraSense™
One-Step Quantitative RT-PCR System (Thermo Fisher Scientific), 250 nM probe (labeled with
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FAM), 500 nM forward primer, and 900 nM reverse primer. The used primers amplify a
region between 110 and 209 nucleotides corresponding to the deletant mengo virus strain
MC0, giving a product of 100 bp; forward primer Mengo110 (5′-GCGGGTCCTGCCGAAAGT-3′),
reverse primer Mengo209 (5′-GAAGTAACATATAGACAGACGCACAC-3′), and probe Mengo147
(5′FAM-ATCACATTACTGGCCGAACG-BNFQ3′) were employed. Mengo virus RNA was extracted
by heating the virus at 95 ◦C for 5 ± 0.5 min, chilling, and centrifuging at ≥ 3.000 g for 1 min. Then,
the supernatant containing virus RNA was used as a template. The standard curve was performed
by adding 5 µL of undiluted, 10−1, 10−2, and 10−3 mengo virus RNA to 20 µL of RNA UltraSense™
One-Step Quantitative RT-PCR System (Thermo Fisher Scientific). The thermocycling conditions
included an RT step at 55 ◦C for 1 h, followed by 5 min at 95 ◦C and 45 cycles of 15 s at 95 ◦C, 1 min
at 60 ◦C, and 1 min at 65 ◦C. Curves with at least three points close to the line of the best fit and
Pearson’s coefficients of determination (R2) values > 0.98 were used for calculations. The percentage
extraction efficiency for each sample was determined by comparing the Ct values for the sample RNA
extract with those for the mengo virus dilution series. Any sample with an extraction efficiency of
<1% was re-analyzed, first by re-extracting the viral RNA from the stored homogenate, then by testing
the stored RTE salads. Results for any sample giving three extraction efficiency results of <1% were
considered invalid.

2.4. Statistical Analysis

Total validation tests were performed in duplicate and repeated twice. Comparisons between
means were carried out using student t-test (unpaired) in Microsoft Excel 2016.

3. Results

3.1. PMA Real Time RT-PCR Assay Validation

The optimization of PMAxx real time RT-PCR assay shows that NoV GI and GII suspensions
were inactivated by incubation at 95 ◦C for 5 min followed by incubation with 50 µM PMAxx and
0.5% Triton 100-X (Thermo Fisher Scientific) and irradiation using continuous light. Results, shown in
Table 1, indicate that the use of PMAxx-Triton highlighted significant (p < 0.05) differences between
native viral particles and inactivated viruses, indicating a reduction rate of −7.69 and −8.06 for NoV GI
and NoV GII, respectively (Table 1). The reduction rate was computed as the differences between the
Ct values obtained.

3.2. Detection of NoV GI and GII by Real Time RT-PCR

The results obtained from virological analysis of 135 RTE vegetable samples are summarized in
Table 2.

The presence of NoV GII was detected in 101/135 (74.8%) of the analyzed samples, and 38/101
samples with NoV GII (37.6%) were infectious. NoV GI was not detected in the samples analyzed.
The detailed results were as follows: 17 mixed salad samples were NoV GII RNA-positive (80.9%),
of which 6 were infectious (28.6%); 8 carrot samples (88.8%), of which 2 were infectious (22.2%);
27 valerian samples (81.8%), of which 9 were infectious (27.3%); 5 rocket samples (55.6%), of which no
sample contained infectious viral particles; 15 spinach samples (100%), of which 6 were infectious (40%);
15 iceberg lettuce samples (71.4%), of which 9 were infectious (42.9%); 8 curly leaf endive samples
(88.9%), of which 3 were infectious (33.3%); and 6 chicory samples (66.7%), of which 3 were infectious
(33.3%) (Table 2). The mean viral extraction efficiency of the process was >1% for each sample.
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Table 1. Results of real time RT-PCR for norovirus (NoV) genotypes I and II (GI and GII) detection
after different treatment. Table explanation: The significant values for method validation are as follows:
The first value of reduction rate (−5.12) refers to the NoV GI treated only with PMAxx compared with
the non-treated NoV GI; the third value of reduction rate (−7.69) refers to the NoV GI treated with
PMAxx and high temperature compared with the non-treated NoV GI. In the same way, it is possible
observe a reduction rate of −4.10 between NoV GII treated with only PMAxx and the non-treated NoV
GII and a reduction rate of −8.06 between NoV GII treated with PMAxx and high temperature and the
non-treated NoV GII.

Viruses Treatment Ct Value Reduction

NoV GI

NT 28.66 ± 0.23 -
PMAxx [50 µM] 33.79 ± 0.19 −5.12 ± 0.37 *

95 ◦C 32.79 ± 0.19 −3.92 ± 0.18
95 ◦C + PMAxx [50 µM] 36.35 ± 0.78 −7.69 ± 0.96 *

NoV GII

NT 28.59 ± 0.31 -
PMAxx [50 µM] 32.70 ± 0.18 −4.10 ± 0.27 *

95 ◦C 33.41 ± 0.32 −4.82 ± 0.52
95 ◦C + PMAxx [50 µM] 36.70 ± 0.25 −8.06 ± 0.27 *

Legend: NT = not treated; PMAxx = propidium monoazide. * p value < 0.05.

Table 2. Results of NoVs GII RNA detection in ready-to-eat (RTE) salad pre- and post-treatment with
PMAxx [50 µM].

Samples NoV GII Positive

Pre-Treatment Post-Treatment

Mixed salad 17/21 (80.9%) 6/21 (28.6%)
Carrot 8/9 (88.8%) 2/9 (22.2%)

Valerian 27/33 (81.8%) 9/33 (27.3%)
Rocket 5/9 (55.6%) 0/9

Spinach 15/15 (100%) 6/15 (40%)
Iceberg Lettuce 15/21 (71.4%) 9/21 (42.9%)

Romaine Lettuce 0/6 0/6
Curly Leaf Endive 8/9 (88.9%) 3/9 (33.3%)

Chicory 6/9 (66.7%) 3/9 (33.3%)
Trevisano Chicory 0/3 0/3

Total Samples 101/135 (74.8%) 38/135 (28.1%)

4. Discussion

Noroviruses are frequently being identified as common causes of acute gastroenteritis (AGE),
and their true burden is largely underestimated [25].

Noroviruses may contaminate food at any stage in the food supply chain, and transmission to
humans can take place by ingestion of food contaminated either during the production process (during
either primary production or further processing), or else by infected food handlers. Food can act as
a vehicle for transmitting viruses to people. Enteric viruses will not propagate outside a host nor in
foods, but may remain for a long time as infectious particles in food, and can live on in an infectious
state until the foods are consumed [26].

Although food-borne NoV outbreaks have largely been linked to shellfish consumption in
Europe [27,28], other matrices such as frozen red fruits have recently been associated with such
infections [29,30].

Moreover, viruses have been implicated in cases of food-borne illness linked with contaminated
leafy green vegetables and related ready-to-eat products [6,31,32].
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In this study, the high prevalence of NoV in RTE salads, observed using the standard method for
NoV in foodstuffs developed by the European Committee of Standardization (ISO/TS 15216-2:2017),
may explain the data from the European Food Safety Authority reporting a rise in the number of
NoV outbreaks due to consumption of vegetables in Europe [2]. However, the data on the occurrence
of NoV in the present study are higher than those reported by other authors. Specifically, Serracca
et al. (2012) [33] found all ready-to-eat vegetable (100%) samples to be negative for Hepatitis A virus
(HAV) while observing percentages of between 11.9% and 15.5% in RTE vegetables and red soft fruit,
respectively, for NoV. In addition, Loutreul et al. (2014) detected NoV in 13.6% of vegetable samples,
lower than the results from our study. Therefore, the high occurrence of NoV observed in this study
may have been biased by the limited sampling plan. Indeed, the samples tested for viral contamination
came from only two RTE vegetable-processing plants. Therefore, the high presence of NoV makes it
appropriate to investigate the water used on the two farms that supplied the samples of RTE salad
subjected to analysis. Indeed, the high prevalence of viruses detected could potentially be an indicator
of ineffective washing during the production process [34,35]. Furthermore, it should be noted that
these two vegetable-processing plants were chosen because they are the best-known brands on the
Italian market and in order to sample different types of ready-to-eat salads.

The findings in this study could also be due to virally-contaminated water, e.g., from an adjacent
wastewater outflow, that was used in food production, processing, or preparation. Virus-contaminated
water used for irrigation can be shifted from water to the surfaces of leafy green vegetables [36],
causing the contamination of the vegetables. A further possible contamination factor for leafy green
production enterprises, especially organic farms, is the use of manure, which can contain a variety
of pathogens. Therefore, it is essential to successfully implement a Hazard Analisys and Critical
Control Point (HACCP) plan, an effective way to ensure food safety from harvest to consumption.
The identification of critical control points (CCPs), i.e., steps during which control can be applied,
is crucial to avoiding or eliminating a food-safety hazard or decreasing it to an acceptable level.

Further, the PMAxx real time RT-PCR results obtained in this study raise an important public
health issue for the viral contamination of food in the vegetable-producing sector that should routinely
adopt effective control tools for detecting viruses in foodstuffs. Specifically, in Commission Regulation
(EC) 2073/05, the only microbiological criteria for establishing the acceptability of vegetables are
conventional fecal indicators, whereas Salmonella and E. coli are untrustworthy for demonstrating the
presence or absence of viruses at the end of the production chain (at retail) [28,37]. This regulation
does not take into consideration the risks derived from food contamination by enteric or emerging
viral pathogens. Until recently, a major factor limiting the uptake of virus testing into regulatory food
controls worldwide was the absence of any standardized and validated methods.

As high sensitivity is needed, virus detection in foods is in general based on molecular methods
such as reverse transcription polymerase chain reaction (RT-PCR) [28,38].

Reverse transcription (RT)-PCR and, more recently, real time RT-PCR methods, reveal only the
presence of viral nucleic acid in the samples investigated and cannot be used to discriminate the
presence of infectious viral particles in the food matrices analyzed [6,20].

From a sanitary point of view, the development of effective real time RT-PCR tools, useful not
only for qualitative and quantitative detection but also for measuring virus infectivity, is an analytical
priority. Therefore, the PMAxx real time RT-PCR assay described in this study, successfully applied to
identify native and inactivated virus particles in RTE vegetables, assumes great analytical significance
considering that, to the best our knowledge, this is the first study to detect the infectivity of NoV in
naturally contaminated RTE salads.

The combination of PMAxx linked to real time PCR, in contrast with more labor-intensive and
expensive techniques, such as animal or tissue-culture infectivity methods, is a promising alternative
analytical strategy for assessing virus infectivity and can identify viruses for which there are no current
standardized cell culture techniques, which opens up the possibility of effective risk assessment.
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In addition, we have demonstrated that PMAxx real time RT-PCR assay is suitable for the analysis
of naturally contaminated RTE salad samples, giving a better evaluation of the infectious viral particles
compared with NoV RNA detected by the molecular methods. In fact, based on our results, it easy to
see that the amount of positive samples for NoV RNA at 74.8% was an overestimate, given that the
quantity of salad samples containing native viral particles that are dangerous for public health was
just 37.6%.

5. Conclusions

Given that leafy green vegetables and related ready-to-eat (RTE) salads are main elements of
current diets [5,39] and that NoV has been listed as a priority concern [2,40], future investigation is
needed in this area focusing on the development of methods for assessing the presence/absence and
infectivity of viruses in food products placed on the market, by performing an innovative virological
fit-for-purpose risk assessment in a leaf vegetable production enterprise, although these findings could
also be significant for effective risk assessments in composite and ethnic foods.

Furthermore, this study underlines the need to focus the legislator’s attention on the presence
of enteric viruses in vegetables in order to plan appropriate food-safety management systems,
including good agricultural practices (GAP), good hygiene practices (GHP), and good manufacturing
practices (GMP), assessing specific virus risks in vegetables.

Future Perspective

Despite being an innovative and rapid method, the PMAxx real time RT-PCR assay has limitations
due to the possible inability of the intercalating dye to remove all RNA from the amplification not
enclosed in the viral capsid. For this reason, further study is needed.

Cell cultures, although they represent an excellent and even more specific method, cannot give
quick answers but need a few days and are not currently standardized. Therefore, since the safeguarding
of public health requires immediate and preventive interventions, the PMAxx real time RT-PCR assay,
could become the gold standard method to discriminate between native and inactivated viral particles,
ensuring effective risk analysis and public health protection.
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