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A B S T R A C T

Five years post-emergence of Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) the route of 
transmission through fomites is still discussed. Therefore, in the present study ten plant-based foods (apple, 
grape, fennel, carrot, lettuce, celery, tomato, radish, rocket, and cucumber). The matrices were artificially 
contaminated by spraying 50 μL of viral solution, and RNA persistence and viral viability were assessed via RT- 
qPCR, Vero E6 cell inoculum, and TCID50 assays, and analysed at seven time points (0.5–96 h post- 
contamination). The EG.5.1 variant demonstrated longer environmental stability, with viral RNA detectable 
on all matrices up to 96 h post-contamination except for celery (24 h), while lineage B.1 RNA was less persistent, 
particularly on carrot and rocket (24–48 h, respectively). Conversely, B.1 remained viable up to 4 h on most 
matrices, while EG.5.1 viability ceased by 30 min on grape, fennel, lettuce, and celery.

These results suggest that while food preparation practices such as washing and thermal processing effectively 
reduce the risk of viral presence, post-processing contamination may facilitate fomite-mediated transmission, 
particularly via raw products. These findings contribute to the ongoing evaluation of SARS-CoV-2 transmission 
routes and highlight the importance of stringent hygiene practices throughout the food supply chain.

1. Introduction

1.1. SARS-CoV-2 transmission

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is 
the aetiological agent responsible for Coronavirus Disease 2019 (COVID- 
19), which emerged in late December 2019 in China and rapidly spread 
worldwide, becoming a pandemic. Since May 2023, the World Health 
Organization (WHO) has declared that COVID-19 no longer represents 
an international public health emergency but requires attention, espe
cially aiming at long-term management, with a strategic response plan 
2023–2025 (WHO, 2023a).

Since the beginning of the pandemic, the study of SARS-CoV-2 
transmission has been one of the most addressed topics (Arienzo et al., 

2023; Meyerowitz et al., 2021). It was demonstrated that the primary 
route of infection is through direct transmission via respiratory droplets 
(Cevik et al., 2020), however, indirect transmission via fomites has been 
the subject of several studies. Although recent evidence suggests fomite 
transmission is less significant than respiratory droplets (Meyerowitz 
et al., 2021; Li et al., 2023, (CDC, 2021), the risk of fomite-mediated 
transmission is still unclear, and the extent of the risk associated with 
this route remains inconclusive. Therefore, understanding the persis
tence time of the virus on different surfaces of daily use and the possi
bility of infection via the surface remains of utmost importance (Chin 
et al., 2020; Fusco et al., 2023; Kwon et al., 2021; van Doremalen et al., 
2020; Xie et al., 2020). COVID-19 is mainly characterised by respiratory 
illness, albeit several studies have also reported gastrointestinal (GI) 
symptoms (Chen et al., 2022; Giobbe et al., 2021). Indeed, SARS-CoV-2 
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is able to attack host cells through the interaction between the virus 
Spike glycoprotein (S) and the host angiotensin-converting enzyme 2 
(ACE2) receptor, which is highly expressed in lung, heart, and gastro
intestinal cells (Shirbhate et al., 2021; Xiao et al., 2020), thus justifying 
the involvement of the GI tract and the infectivity of faecal SARS-CoV-2 
(Termansen & Frische, 2023). In particular, it has been evidenced that 
ACE2 receptor is abundantly expressed in the glandular cells of gastric, 
duodenal, and rectal epithelia, supporting the entry of SARS-CoV-2 into 
the host cells and, following viral entry, supported by host proteases 
such as TMPRSS2 or cathepsins, active replication within gastrointes
tinal epithelial cells has been demonstrated, suggesting a potential route 
for fecal-oral transmission (Minami et al., 2023; Xiao et al., 2020). 
Indeed, as soon as the virus is absorbed orally, it replicates in the glands 
and oral mucosa (Hoffmann, 2023). During this process, saliva protects 
the virus, allowing SARS-CoV-2 to enter the gut, remain alive, and 
replicate in intestinal epithelial cells (Minami et al., 2023). Altogether, 
these findings have raised the concern of oral infection and faecal-oral 
transmission, as well as the hypothesis that contaminated foods and 
drinks may play a role in SARS-CoV-2 transmission (Chen et al., 2022; 
(Esseili et al., 2022); Saulnier et al., 2023; Termansen & Frische, 2023).

1.2. Food as fomites

Food and food packaging may behave as fomites, allowing the virus 
to be transmitted between food workers and consumers (Günther et al., 
2020; Xie et al., 2020). Indeed, food can be exposed to pathogens during 
food production and preparation, such as washing with contaminated 
water or direct contamination by food operators (Ceylan et al., 2020; Le 
Guyader et al., 2008), as also demonstrated for other viruses, such as 
noroviruses, hepatitis A virus and rotaviruses, which can contaminate 
food and remain infectious even for 4 weeks (Stals et al., 2012). 
Regarding SARS-CoV-2, at the beginning of the pandemic, up to 55 % of 
COVID-19 cases in China were associated with Wuhan markets (Bai 
et al., 2021), while in the United States, many cases diagnosed between 
April and May 2020, came from food production facilities (Dyal et al., 
2020). Furthermore, some studies have shown the presence of 
SARS-CoV-2 RNA on the surfaces of different food and their packaging, 
which may indicate a possible transmission through imported frozen 
food products (Liu et al., 2020; Pang et al., 2020). During their prepa
ration, foods come into contact with several surfaces that may be 
contaminated with pathogens (Pressman et al., 2020; Warnes et al., 
2015).

1.3. Study rationale

The contact between infected surfaces and foods, as well as operators 
handling them, may raise the risk of infection by self-inoculation via the 
mouth, nose, or eyes (De Rose et al., 2020; FSA, 2020; USDA, 2020). 
Although the European Food Safety Authority (EFSA) in 2020 high
lighted the absence of evidence of SARS-CoV-2 transmission through 
food consumption (EFSA, 2020), some studies have linked this event to 
food production and storage (Godoy et al., 2021; Han et al., 2021). 
Indeed, viral RNA has been detected in frozen food items such as fish, 
meat and seafood (Economou et al., 2021; Nakat & Bou-Mitri, 2021; 
Yekta et al., 2021; Zhan, 2020). However, literature data suggest that 
the ability of SARS-CoV-2 to survive in food matrices is still largely 
unknown. Fukuta et al. (2021) evaluated the viability of the virus in 
common beverages and body, and it was observed that the infectious 
virus could be recovered up to 77 days in liquids such as milk and water, 
while in other samples the persistence of viral RNA up to 28 days was 
demonstrated (Fukuta et al., 2021). Similarly, a study conducted on 
artificially contaminated berries stored under different conditions of 
SARS-CoV-2 showed that the virus remains infectious on frozen berries 
for at least 28 days without a significant reduction in infectivity (Essei Y. 
Li et al., 2022). These data highlight how SARS-CoV-2 can maintain 
remarkable stability under certain conditions, underscoring the 

importance of continuing to implement appropriate control measures 
and further research into aspects of indirect transmission in the context 
of food sales, production, and consumption, or in the cold chain in
dustry. Therefore, the present study aimed to analyze and compare the 
persistence and viability of SARS-CoV-2 lineages B.1 and EG.5.1 on ten 
not heat-treated different plant-based food such as fruit and vegetable 
matrices.

2. Materials and methods

2.1. Artificial contamination

In the present study, 10 plant-based food matrices, apple, grape, 
fennel, carrot, lettuce, celery, tomato, radish, rocket, and cucumber, 
were artificially contaminated according to a protocol already described 
by the same authors among surfaces (Fusco et al., 2023), with small 
changes. Fig. 1 reports a flowchart of the study.

Briefly, fresh, organic produce purchased from a retail supermarket 
was washed and cut into 4–5 cm sections using sterile scalpels into seven 
equal portions of approximately 4–5 cm, each corresponding to a spe
cific post-contamination sampling time, identified as 0.5 h (30 min), 4 h, 
8 h, 24 h, 48 h, 72 h, and 96 h. The sections were first tested for the 
absence of SARS-CoV-2 by RT-qPCR as already described (Cardillo et al., 
2021) and reported below. Sections were exposed to 253.7 nm UV-C 
light for 15 min at 31.2 mW/cm2 (Sankyo Denki co., ltd., Kanagawa, 
Japan).

Next, each section was placed in a different Petri dish, corresponding 
to the relative post-contamination (p.c.) sampling time.

The artificial contamination was carried out using SARS-CoV-2 
lineage B.1 (hCoV-19/Italy/CAM-INMI-32803-66/2020) and EG.5.1 
(hCoV-19/Italy/CAM-C-27-11-23-S7/2023) variant, which were previ
ously titrated using Endpoint Dilution Assay (TCID50/mL) according to 
the Spearman-Kärber method (Kärber, 1931) and quantified by 
RT-qPCR. Next, 50 μL-viral solutions were obtained containing a viral 
titre of 105 TCID50/mL SARS-CoV-2, corresponding to 4.68E+09 
copies/mL for SARS-CoV-2 lineage B.1, and 6.90E+09 copies/mL for 
EG.5.1 variant, respectively. Therefore, viral aliquots of 50 μL were 
sprayed onto each section through a commercially available atomizer 
(Farmalabor, Italy) to mimic the nebulization of sneeze/cough aerosol. 
The samples were then incubated at 22.5 ◦C and with relative humidity 
(RH) of 58.6 % to mimic median indoor conditions. In addition, separate 
petri dishes with sections contaminated with 50 μL of virus-free culture 
medium were set up for all tested matrices to normalize data with 
negative controls.

Next, sterile flocked swabs were used for sampling at the seven 
specific p.c. times, by rubbing the food surface for 10 s with horizontal, 
vertical, and transverse movements, for a total of 30 s, and placed in 
Universal Transport Medium (UTM) (Copan, Brescia, Italy), as per the 
indications of the Food Standard Authority (FDA, 2022).

2.2. Virological examinations

Certified Vero E6 cells (ATCC Vero C1008) (D’Argenio et al., 2019) 
were previously cultured using EMEM culture medium (Gibco, Life
Technologies, Europe B.V. Bleiswijk, Netherlands) integrated with 10 % 
foetal bovine serum (FBS) (Gibco, Life Technologies, Europe B.V. 
Bleiswijk, Netherlands), 1 % antibiotic-antimycotic (Gibco, Life
Technologies, Europe B.V. Bleiswijk, Netherlands) and 2 mM L-gluta
mine (Gibco, Life Technologies, EuropeB.V. Bleiswijk, Netherlands) 
according to the European Collection of Authenticated Cell Cultures 
(ECACC) protocol until they reached 80 % confluence and were used to 
evaluate the viability of the two viruses at each sampling time. All the 
experiments were performed in triplicate and normalised with positive 
and negative controls, represented by free virus-EMEM inoculum. Next, 
24-well plates were prepared by seeding approximatively 150,000 
cells/well until 80 % cell confluence was reached. Next, 1 mL of UTM 
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was filtered through 0.45 μm pore size syringe filter (Millipore, Thermo 
Fisher Scientific, Waltham, MA, USA) and 100 μL were used as cell 
inoculum, incubated for 30 min at 37 ◦C with 5 % CO2 and, finally, 1 mL 
complete EMEM with 2 % FBS, was added into each well. All the ex
periments were conducted in the presence of a negative control, using 
EMEM medium as inoculum, and a positive control. Next, inverted mi
croscope at 5X magnification (Axiovert 25 inverted microscope, Carl 
Zeiss, Oberkochen, Germany) using AxioVision 4.8 software, was used 
to inspect the monolayers after 24 h for the visualization of the cytotoxic 
effect and up to 7 days for the development of the cytopathic effect 
(CPE), defined as a set of morphological and metabolic variations that 
include fragmentation, cell rounding, cell fusion and loss of cell-cell 
adhesion (Céspedes-Tenorio & Arias-Arias, 2023).When at least 50 % 
CPE occurred or, after 7 days post cell infection, the supernatant was 
collected after three cycles of frosting and towing, and viral loads were 
evaluated. Finally, quantification of the infectious particles for the re
sidual infectivity of the virus on the food matrices was carried out using 
TCID50 assay on Vero E6 cells. In brief, 50 μL of UTM were collected 
from the swab and aliquots of 10 μL were used in duplicates to infect 80 
% confluent Vero E6 cells on 96-well plates with ten-fold serially diluted 
virus up to reach 10− 6 final dilution. Finally, in each plate, eight wells 
were used as no-virus control. The infected cells were incubated at 37 ◦C 
with 5 % CO2 and daily inspected from 2 up 7 days post infection to 
evaluate the development of CPE by cristal violet staining (Fusco et al., 
2023).

2.3. Molecular analyses

Aliquots of 200 μL were collected from UTM, cell culture and sub- 
culture cryolysates with the addition of 200 μL TRIzol (Ambion, Life 
Technologies, Carlsbad, CA, US) to perform nucleic acids extraction and 
purification with KingFisher Flex (Thermo Fisher Scientific, Waltham, 
MA, USA), using the MVP_2Wash_200_Flex program, following manu
facturer’s instructions. The elution was carried out in a 50-μL final 
volume and stored at − 80 ◦C until use. RT-qPCR analysis was conducted 

using TaqPath COVID-19 CE-IVD RT-PCR kit (Thermo Fisher Scientific) 
approved by the World Health Organization (WHO, 2020), that am
plifies three viral targets, ORF1ab gene (FAM), N protein (VIC), S protein 
(ABY) and MS2 phage (JUN) as internal control. All the reactions were 
performed on QuantStudio 7 Pro (Applied Biosystems, Foster City, USA) 
platform with same amplification settings and thermal profile reported 
by Cardillo et al. (2021). Viral loads were assessed by constructing a 
standard curve, by performing appropriate 10-fold serial dilutions in 
triplicate of the titrated positive control provided by the RT-PCR Kit. 
Next, linear regression analysis of the threshold cycle (Ct) value (y-axis) 
versus the log of the initial copy number present in each sample dilution 
(x-axis) was evaluated. Therefore, PCR efficiency (E) was calculated as E 
= 10 (1/slope)− 1.

Therefore, the variation in viral load from swabs to cell cultures as 
well as the presence of cytopathic effect (CPE), and the analysis of the 
viral titre by TCID50/mL, allowed us to estimate SARS-CoV-2 B.1 and 
EG.5.1 survival times among all the tested matrices. Furthermore, at 
each sampling time, food pH was evaluated with the FiveEasy Plus pH 
meter FP20-Std-Kit (Mettler-Toledo, Columbus, OH, US), calibrated 
with buffer solution at pH 4.0, pH 7.0 and pH 10.0, according to the 
manufacturer’s instructions.

2.4. Statistical analyses

All RT-qPCR (copies/mL) experiments were performed in triplicate 
to ensure reproducibility of results. Raw data were transformed to log
arithmic scale (log10), and for each experimental point, the standard 
error of the mean (SEM) was calculated to assess the variability of the 
data. Graphs were performed using GraphPad Prism version 8.0.2 
software.

Fig. 1. Experimental workflow for SARS-CoV-2 contamination and analysis on plant-based foods. 
Samples were dissected and sterilised using UV light; SARS-CoV-2 lineage B.1 and EG.5.1 were used to perform the artificial contamination of the 10 different food 
matrices. Directly on the matrices, after infection, pH was evaluated (1) and at each sampling time. From 0.5 h to 96 h post-contamination, swabs were rubbed from 
the matrices and deposited in 1 mL of UTM medium. Next, 50 μL of UTM were collected to perform viral titration by TCID50/mL (2), 200 μL for nucleic acids 
extraction and subsequent RT-qPCR analysis (3), and 100 μL were used as inoculum for Vero E6 cells (4). The cell cultures were daily inspected up to 7 days p.c. using 
an inverted microscope. The culture supernatant was collected after 5–7 days post-inoculum and analysed by RT-qPCR (5) and finally, when at least 50 % of 
cytopathic effect (CPE) occurred, it was assessed with microscopy analyses (6).
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3. Results

3.1. RT-qPCR analysis on UTM swab

After the artificial contamination of the 10 selected plant-based food 
matrices with SARS-CoV-2 lineage B.1 and SARS-CoV-2 EG5.1 variant, 
UTM swab was analysed by RT-qPCR to assess the presence of the 
nucleic acids on each tested food at the seven different sampling times 
(0.5 h, 4 h, 8 h, 24 h, 48 h, 72 h, 96 h). Results showed a different 
persistence of the two strains among the plant-based food matrices, also 
probably due to the porosity and evaluation of the foodstuff tested. 
Therefore, while the B.1 strain RNA was detectable up to 96 h post- 
contamination in six plant-based foods (apple, grape, fennel, lettuce, 
celery, and tomato), viral RNA was detected up to 72 h on radish and 
cucumber, and in carrots and rockets up to 24 and 48 h, respectively 
(Fig. 2A and B). Conversely, EG5.1 RNA was detectable in all the tested 
plant-based food matrices up to 96 h post contamination except for 
celery (Fig. 2C and D) (all quantitative data are reported in Table 1).

3.2. RT-qPCR on Vero E6 cell supernatant at 5–7 days post-infection

At each sampling time, a swab was administered onto the plant- 
based food matrices, placed into UTM and 100 μL were used to 
perform Vero E6 monolayer infections. When CPE developed or, in the 
absence of any CPE, five to seven days post-infection, the supernatant 
was collected from each culture deriving from a specific time, to eval
uate the presence of viral RNA, as well as any change in the viral loads 
between the swab and the cell passage. In cell passages, SARS-CoV-2 

lineage B.1 RNA was detectable up to 96 h post-infection only for 
apple, at 72 h p.i. for lettuce, 24 h for grape, celery, and radish, while 8 h 
for the other five food matrices (Fig. 3A–L). Furthermore, in the tran
sition between swab and cell culture, it was observed an increase in the 
viral loads in the supernatant of UTM-infected cells within 30 min p.i. in 
tomato and cucumber, while within 4 h in the other eight foods. Overall, 
SARS-CoV-2 lineage B.1 RNA increased by 0.58–2.75 log10 copies/mL 
in cell supernatant compared to swab samples. Different results were 
obtained with the lineage EG5.1. Viral RNA was detectable at 96 h p.i. 
on lettuce, at 48 h on apple, grape, and tomato, at 24 h on radish and at 
8 h p.i. on fennel, carrot, celery and rocket (Fig. 4A–L). Finally, a vari
ation in viral load was observed at 30 min p.i. on grape, fennel, lettuce, 
and celery, at 4 h p.i. on apple, tomato, radish, rocket, and cucumber, 
while no change was revealed on carrot (Table 1). Overall, SARS-CoV-2 
lineage EG5.1 RNA increased by 0.26–1.89 log10 copies/mL in cell su
pernatant compared to swab samples.

3.3. Viral titration analysis (TCID50/mL) on swab samples, CPE on 
VeroE6 cells and pH evaluation

In order to evaluate the viability of the virus among the different 
plant-based food matrices, viral titration (TCID50/mL) was carried out 
on UTM derived from each swab collected at different timepoints (from 
0.5 to 96 h p.c.). Data obtained from SARS-CoV-2 lineage B.1 were 
consistent with the variation in viral loads from swabs to cultures, as 
well as the observation of CPE, which was detectable for all infections at 
4 h except for cucumber and tomato, which was detected up to 30 min. 
In contrast, TCID50/mL analysis of SARS-CoV-2 variant EG.5.1 

Fig. 2. Graphical representation of results obtained by RT-qPCR 
For the 10 foods contaminated with SARS-CoV-2 lineage B.1 (A–B) and with EG5.1 variant (C–D). In the figure, the 10 foods are divided into two groups of five. The 
same five foods are present in A, C and B, D panel. The 10 foods were contaminated with the same starting amount of virus based on the strain used (A, B) and (C, D) 
represented by T0 in the two graphs. the evaluation was performed on UTM swabs collected at seven different times and the presence of viral RNA was evaluated. The 
experiment was carried out in triplicate, so the average of the three detections was then expressed in Log10. Error bars represent Standard Error Mean (SEM) from 
triplicate experiments. Accordingly, the RNA levels detected in the 10 foods ranged from 3.33 log10 copies/mL in fennel at 96 h (A) to 8.12 log10 copies/mL in 
cucumber at 30 min (B) for variant B.1, and from 3.51 log10 copies/mL in the carrot at 96 h (C) to 8.72 log10 copies/mL in celery at 30 min (D) for variant EG.5.1, 
showing greater persistence of the latter.
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Table 1 
Data of viral loads (copies/mL) and viability (TCID50/mL) of SARS-CoV-2 lineage B.1 and EG.5.1 from 0.5 h to 96 h post artificial contamination.

SARS-CoV-2 B.1 (copies/mL) SARS-CoV-2 EG.5.1 (copies/mL)

Apple

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.97 3.75 4.62E+03 1.08E+03 8.87 4.67 7.07 3.63 5.25E+03 1.08E+03 8.84 4.89
4h 6.83 2.69 2.44E+03 5.01E+02 8.67 4.81 6.93 3.60 4.62E+03 1.08E+03 8.49 4.19
8h 6.78 3.64 – - 5.85 3.27 6.92 3.36 - - 5.87 3.26
24h 6.75 3.47 – – 6.09 3.26 6.89 3.64 - - 4.37 2.19
48h 6.47 3.19 – – 5.04 2.70 5.69 2.95 - - 3.84 1.93
72h 6.34 3.09 – – 4.23 2.34 5.42 2.62 - - – –
96h 4.62 2.36 – – 4.03 2.16 4.70 2.48 - - – –

Grape

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.21 3.45 3.15E+03 7.36E+02 8.96 5.09 7.08 3.28 4.62E+03 1.08E+03 8.68 4.62
4h 6.18 3.11 1.66E+03 3.42E+02 8.92 5.05 6.80 3.41 - - 5.71 3.05
8h 6.17 3.27 - - 5.94 3.32 6.63 3.04 - - 4.67 2.41
24h 6.16 3.09 - - 4.05 2.11 4.07 2.16 - - 4.17 2.25
48h 4.33 2.40 - - – – 4.06 2.19 - - 3.32 1.66
72h 4.25 2.28 - - – – 3.94 2.20 - - – –
96h 3.83 2.06 - - – – 3.78 1.99 - - – –

SARS-CoV-2 B.1 (copies/mL) SARS-CoV-2 EG.5.1 (copies/mL)

Fennel

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.65 3.51 7.70E+03 1.59E+03 9.01 5.09 6.76 3.05 2.24E+03 8.43E+02 8.30 4.95
4h 6.23 2.89 5.25E+03 1.08E+03 8.72 4.79 6.68 3.49 - - 6.15 3.52
8h 5.55 3.00 - - 5.49 2.83 6.17 3.04 - - 5.90 3.45
24h 5.37 2.78 - - – – 5.82 3.20 - - – –
48h 4.26 2.29 - - – – 4.25 2.10 - - – –
72h 4.12 2.10 - - – – 4.19 2.08 - - – –
96h 3.33 1.80 - - – – 3.55 1.71 - - – –

Carrot

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.68 3.46 2.24E+03 8.43E+02 9.05 4.98 6.37 2.86 - - 6.36 3.73
4h 6.28 3.72 1.81E+03 9.32E+02 8.77 4.86 6.34 2.73 - - 6.15 3.45
8h 4.58 2.29 - - 3.54 2.00 4.65 2.31 - - 5.69 3.07
24h 4.08 2.17 - - – – 4.18 2.27 - - – –
48h – – - - – – 4.03 2.22 - - – –
72h – – - - – – 3.55 1.86 - - – –
96h – – - - – – 3.51 1.95 - - – –

SARS-CoV-2 B.1 (copies/mL) SARS-CoV-2 EG.5.1 (copies/mL)

Lettuce

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.91 3.38 4.62E+03 1.08E+03 8.99 5.05 7.05 3.38 3.58E+03 7.36E+02 8.66 4.58
4h 6.78 3.40 2.24E+03 8.43E+02 8.66 4.52 6.99 3.53 - - 4.72 2.75
8h 6.73 3.30 - - 6.72 3.67 6.77 3.00 - - 4.24 2.35
24h 6.68 3.68 - - 4.73 2.48 6.00 3.32 - - 3.95 2.19
48h 5.96 3.48 - - 3.71 1.89 5.66 2.82 - - 3.96 2.22
72h 5.73 3.03 - - 3.15 1.73 5.29 2.58 - - 4.12 2.25
96h 4.31 2.39 - - – – 5.08 2.64 - - 4.16 2.24

Celery

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 7.76 3.97 7.70E+04 1.59E+04 8.34 4.61 8.72 4.59 7.70E+04 1.59E+04 9.56 5.07
4h 7.30 3.92 4.62E+04 1.08E+04 8.59 4.70 8.59 3.39 - - 4.93 2.56
8h 6.66 3.15 - - 5.65 2.99 5.65 3.34 - - 4.81 2.77

(continued on next page)
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infections revealed the presence of grape, fennel, lettuce, and celery at 
30 min, whereas all the others were detectable up to 4 h and it was not 
detectable on carrot. Same results were obtained for the development of 
the CPE. Results obtained by the assessment of the cell passage and 
TCID50/mL were consistent with the presence of CPE among the tested 
foods, as shown in Fig. 5. Therefore, whenever an increase in viral loads 
was revealed between swab and cell passage, a viable virus was 

observed by TCID50 and by the observation of the CPE on cell mono
layers. By contrast, when no increase in the viral loads was observed, no 
results were obtained by TCID50/mL and no CPE was observed on cell 
monolayers.

Altogether, these results appear to show that the SARS-CoV-2 lineage 
B.1 has longer persistence and viability than the EG.5.1 variant 
(Table 1).

Table 1 (continued )

Celery

Time 
(h) 

Swab mean 
(log10 
copies/mL) 

SEM TCID50/mL 
mean (infectious 
particles) 

TCID50/ 
mLSD 

Cell passage 
mean 
(Log10) 

SEM Swab mean 
(log10 
copies/mL) 

SEM TCID50/mL 
mean (infectious 
particles) 

TCID50/ 
mLSD 

Cell passage 
mean 
(Log10) 

SEM

24h 6.10 3.34 - - 4.74 2.44 4.74 2.93 - - – –
48h 6.05 3.22 - - – – – – - - – –
72h 4.64 2.37 - - – – – – - - – –
96h 4.13 2.22 - - – – – – - - – –

SARS-CoV-2 B.1 (copies/mL) SARS-CoV-2 EG.5.1 (copies/mL)

Tomato

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 7.44 3.98 7.70E+04 1.59E+04 9.15 5.26 8.45 4.65 4.62E+04 1.08E+04 8.79 4.99
4h 7.16 3.54 - - 5.59 3.23 8.05 4.21 5.25E+03 1.08E+03 8.96 5.02
8h 6.60 3.52 - - 4.90 2.67 7.94 4.21 - - 7.12 4.00
24h 5.95 2.79 - - – – 7.08 3.46 - - 6.01 3.29
48h 5.94 3.01 - - – – 6.88 3.74 - - 4.84 2.61
72h 5.37 2.42 - - – – 6.12 3.51 - - – –
96h 4.86 2.87 - - – – 5.58 2.87 - - – –

Radish

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 8.08 4.55 7.70E+04 1.59E+04 9.18 5.19 8.55 4.39 5.25E+04 1.08E+04 8.81 4.73
4h 7.98 4.09 7.08E+03 2.67E+03 8.86 4.79 8.66 4.59 5.25E+03 1.08E+03 9.06 4.90
8h 6.80 3.63 - - 6.53 3.47 8.29 4.41 - - 7.15 3.82
24h 6.57 3.85 - - 4.73 2.28 7.11 3.74 - - 5.76 2.95
48h 5.78 2.71 - - – – 6.97 3.66 - - – –
72h 5.41 2.45 - - – – 6.21 3.19 - - – –
96h – – - - – – 5.85 3.20 - - – –

SARS-CoV-2 B.1 (copies/mL) SARS-CoV-2 EG.5.1 (copies/mL)

Rocket

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 6.83 3.95 5.25E+04 1.08E+04 8.58 4.99 8.66 5.29 5.25E+03 1.08E+03 9.52 4.90
4h 7.16 4.02 5.25E+03 1.08E+03 8.63 4.62 7.20 3.78 3.91E+02 2.01E+02 9.09 4.77
8h 6.57 3.44 - - 4.40 2.15 6.89 3.45 – – 4.24 2.18
24h 5.68 2.92 - - – – 6.73 3.54 - - – –
48h 5.58 3.03 - - – – 6.60 3.60 - - – –
72h – – - - – – 6.51 3.20 - - – –
96h – – - - – – 4.83 2.39 - - – –

Cucumber

Time 
(h)

Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM Swab mean 
(log10 
copies/mL)

SEM TCID50/mL 
mean (infectious 
particles)

TCID50/ 
mLSD

Cell passage 
mean 
(Log10)

SEM

0.5h 8.12 4.59 4.62E+05 1.08E+05 8.77 4.67 8.52 4.36 7.70E+03 1.59E+03 9.02 4.92
4h 7.18 3.35 - - 5.58 2.82 7.10 3.53 1.46E+02 3.42E+01 8.88 4.87
8h 6.11 3.44 - - 4.35 2.47 6.30 2.90 - - 4.49 2.11
24h 5.34 2.94 - - – – 5.82 2.91 - - – –
48h 4.23 2.20 - - – – 5.77 3.14 - - – –
72h 4.15 2.18 - - – – 5.59 2.58 - - – –
96h – – - - – – 5.02 2.60 - - – –

Swab: viral load analysed directly on food. at 30 min post contamination (0.5 h). 4 h. 8 h and every 24 h post contamination up to 96 h. Cell passage: viral load 
detected in the cell supernatant after 3 freezing/thawing cycles. All the procedures were performed in triplicates. Therefore. the results obtained from RT-qPCR were 
converted to Log10 and then SEM was calculated for each point. The association between the increase in viral load between swab UTM and cell passages. as well as the 
presence of cytopathic effect (CPE) on cells were used to demonstrate virus viability, followed by TCID50/mL detection to assess viable virus titre on the tested 
matrices, which is reported as a mean value and SD (standard deviation) was calculated for each timepoint.
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Fig. 3. Evaluation of viral RNA in the supernatant of Vero E6 cells 
To assess the infectivity of SARS-CoV-2 lineage B.1, Vero E6 cells were infected with 100 μL of UTM. Viral titer was determined at 7 different sampling times and for 
10 food types: apple (A), grape (B), fennel (C), carrot (D), lettuce (E), celery (F), tomato (G), radish (H), rocket (I), and cucumber (L), using the RT-qPCR technique. 
Viral titre reported in log10 on Y axis related to the hours of infection on X axis. After analyzing the raw data, which were log10 transformed, and calculating the 
standard error of the mean (SEM) for each point, we used GraphPad Prism to generate the corresponding graphs.
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Fig. 4. Evaluation of viral RNA in the supernatant of Vero E6 cells 
To assess the infectivity of SARS-CoV-2 lineage EG5.1, Vero E6 cells were infected with 100 μL of UTM. Viral titer was determined at 7 different sampling times and 
for 10 food types: apple (A), grape (B), fennel (C), carrot (D), lettuce (E), celery (F), tomato (G), radish (H), rocket (I), and cucumber (L), using the RT-qPCR 
technique. Viral titre reported in log10 on Y axis related to the hours of infection on X axis. After analyzing the raw data, which were log10 transformed, and 
calculating the standard error of the mean (SEM) for each point, we used GraphPad Prism to generate the corresponding graphs. Vero E6 infected with 100 μL of UTM 
collected at seven different sampling times in the contaminated plant-based food matrices with SARS-CoV-2 EG5.1 variant. The detections were performed in 
triplicate, so the average of the three detections was then expressed in Log10.
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Finally, the evaluation of the pH of the tested food matrices at 
different timepoints, starting at 0.5h to 96 h showed no significant pH 
changes over time, and no evident difference was observed between the 
food pH and the viability of the viruses (Table 2).

4. Discussion

To date, the role of food in the transmission of SARS-CoV-2 has not 
yet been fully elucidated. The determination of the different trans
mission routes of SARS-CoV-2, including indirect transmission, repre
sents a key role in expanding the knowledge of the epidemiology of this 
virus, as this aspect is still debated and not yet fully understood. 
Furthermore, the implications of the continuous emergence of new 
variants, some of which show greater stability, virulence and pathoge
nicity ((ECDC, 2024)), should be assessed for the implementation of 
control measures in at-risk settings. Some authors have hypothesized 
that contaminated food and beverages may play a role in oral infection 
and fecal-oral transmission of SARS-CoV-2 (Chen et al., 2022; (Esseili 
et al., 2022); Saulnier et al., 2023; Termansen & Frische, 2023), however 
EFSA highlighted the absence of evidence of transmission of 
SARS-CoV-2 through food consumption (EFSA, 2020). On the other 
hand, food and food packaging can be contaminated through different 
routes, such as coughing/sneezing on the product, or by contact with 
contaminated surfaces, so if the virus remains stable on these matrices, 
they may act as fomites (Günther et al., 2020; Xie et al., 2020). There
fore, it is of utmost relevance to understand the viral ability to survive on 
food samples, especially among unprocessed foods that are consumed 
raw, in particular fresh fruits and vegetables. Thus, an artificial 
contamination of ten different fresh fruits and vegetables was performed 
using the SARS-CoV-2 lineage B.1 and the SARS-CoV-2 variant EG.5.1, 
in order to analyze whether a difference in persistence and viability 
could be observed both between the tested matrices and between the 
two lineages. Indeed, our study shows that SARS-CoV-2 EG.5.1 exhibits 
increased RNA stability (detectable up to 96 h) but lower viability 
compared to B.1 variant on plant-based foods. The hypothesis under
lying the present study was the possible transmission of SARS-CoV-2 
through contact with contaminated food from infected workers in the 
commercial, logistics or food sector involved in the transport, 

production, sale and consumption of plant-based foods (Günther et al., 
2020; Xie et al., 2020). Other studies have evaluated the viability of 
SARS-CoV-2 on several food matrices ((FSA, 2022); (Esseili et al., 2022) ; 
Jia et al., 2022; Li et al., 2023; Tessaro et al., 2022; Jung et al., 2023; 
Mlinar et al., 2023; Fukuta et al., 2021), nevertheless, in the absence of a 
specific standard operating procedure one of the main difficulties to 
standardize the recovery of SARS-CoV-2 among foodstuffs, is the choice 
of the sampling method. Indeed, several sampling approaches have been 
used study recovered the virus by eluting each piece of food by inocu
lating viral transport media applying repeated pipetting (Li et al., 2023), 
other authors recovered the contaminated droplet by washing the food 
surface (Tessaro et al., 2022), other included pieces of food into tubes 
and vortexed them to recover viruses (Jung et al., 2023) or performed 
swabbing (Mlinar et al., 2023). Nevertheless, the Food Standard Agency 
(FSA) evaluated three different sampling methods, pulsification, vor
texing with beads, and swabbing, to determine the best technique for 
recovering SARS-CoV-2 among several foodstuffs. The study concluded 
that, while some foods, such as cheese, sliced ham, croissants, the best 
recovery method was revealed to be vortexing with beads, pulsification 
for pepper, the swabbing method, using flocked swab, was demonstrated 
the best sampling method among fresh fruits (olive, apple, raspberry) 
and vegetables (broccoli) ((FSA, 2022)), so that, in the present study 
swabbing sampling was preferred to improve virus recovery.

Our findings revealed a difference in the persistence and viability of 
the lineages under investigation. Indeed, higher persistence was 
observed for the EG.5.1 variant, which was detectable in all the 10 tested 
food matrices for the whole experiment (up to 96 h), except for celery 
(up to 24 h), compared to the lineage B.1 which RNA was detectable up 
to 96 h post-contamination only in six foods, while lower persistence 
was observed in the other matrices, in particular in carrots and rockets, 
where it was detectable only up to 24 and 48 h, respectively. Never
theless, PCR-based assays for detection of pathogens on foods, does not 
correlate well with the presence or quantity of viable virus as the virus is 
inactivated over time but the amount of virus RNA does not decrease in a 
linear manner, indicating that this method shall not be intended to 
evaluate the risk of persistence of residual infectious in these matrices 
(Jia et al., 2022). Indeed, when evaluating the viability of SARS-CoV-2, a 
reduced timespan was observed for the residual infectivity, with a 

Fig. 5. Cytopathic effect on Vero E6 cells monolayers 
Microscopy images by crystal violet staining at 5X magnification using Axiovert 25 inverted microscope (Carl Zeiss, Oberkochen, Germany) with the AxioVision 4.8 
software. The cell monolayers were daily inspected every 24 h up to 7 days post inoculum to evaluate the development of any cytotoxic and cytopathic effect (CPE), 
induced by SARS-CoV-2 lineage B.1 and EG 5.1 on Vero E6 monolayers. A–B: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 4 h post 
artificial contamination (p.c.) on apple; C–D: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 4 h p.c. (C) and 30 min (D) p.c. on grape. 
E–F: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 4 h p.c. (E) and 30 min p.c. (F) on fennel. G–H: CPEs induced by the inoculum of 
UTM obtained on the cells, corresponding to 4 h p.c. for SARS-CoV-2 lineage B1 (G) and no CPE observed for the EG 5.1 variant (H) even at 30 min post 
contamination on carrots. I–J: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 4 h p.c. (I) and 30 min p.c. (J) on lettuce. L–M: CPEs 
induced by the inoculum of UTM obtained on the cells, corresponding to 4 h p.c. (L) and 30 min p.c. (M) on celery; N–O: CPEs induced by the inoculum of UTM 
obtained on the cells, corresponding to 30 min p.c. (N) and 4 h p.c. (O) on tomato; P–Q: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 
4 h p.c. for both the lineages on radish; R–S: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 30 min p.c. for both the lineages on rocket; 
T–U: CPEs induced by the inoculum of UTM obtained on the cells, corresponding to 30 min p.c. for (T) and 4 h p.c. (U) on cucumber. The development of the CPEs 
was characterized by the visualization of cellular rounding, detachment, and degeneration on Vero E6 cell monolayers. K: negative control at 96 h showing an intact 
cell monolayer. Images obtained by inverted microscope at 5X magnification of the cytopathic effect induced by SARS-CoV-2 lineage B1 and EG 5.1 on Vero 
E6 monolayers.

Table 2 
Food pH evaluation at the specific sampling times for all the examined food matrices.

pH value

Time (h) Apple Grape Fennel Carrot Lettuce Celery Tomato Radish Rocket Cucumber

0.5 3.9 3.8 5.8 5.6 5.8 5.8 4.2 2.8 6 5.5
4 4.2 3.8 6 5.8 6 6 4.5 3.2 6 5.5
8 4.2 4 6 5.6 6 6.2 4.6 3 6.2 5.5
24 4.5 4 6 5.6 6 6 4.5 3 6.2 5
48 4.5 4 6 5.8 6 6 4.5 3 6 5
72 4.5 4 6.2 5.8 6 6 4.5 3 6.3 5
96 4.2 4.5 6.2 5.8 6.2 6.3 4.8 3 6.4 5
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maximum survival time of 4 h. In the present study the viability of the 
virus was demonstrated through three main steps, i) a slight rise in viral 
loads between the swab and the cell passage by RT-qPCR, indicating that 
the virus was still viable and able to replicate, ii) the development of the 
CPE as well as iii) virus titration by TCID50. As demonstrated for virus 
RNA persistence, also in this case a difference was revealed between the 
two lineages and between the different matrices. Indeed, longer viability 
was observed for SARS-CoV-2 lineage B.1, which was still viable at 4 h 
post inoculum onto the cell monolayers among eight foods, while among 
tomato and cucumber it was viable only for 30 min. Conversely, 
SARS-CoV-2 EG.5.1 variant showed in most cases a viability for 30 min, 
4 h only for apple, tomato, radish, rocket, and cucumber, while on carrot 
as soon as time 0 it was not demonstrated either CPE or residual infec
tivity. This complex scenario also reflects what has been done so far in 
the literature, where various explanations have been proposed for the 
persistence of the virus on different types of food. Tomato, as well as 
grapes and lettuce have already been studied, even though with 
different strains from those used in our research. For instance, some 
studies have suggested that phenolic compounds in grape skins may 
inactivate the virus by binding to it, thus exhibiting antiviral properties 
(Hudson, 2018). However, more recent studies have shown that the viral 
concentration on the surface of intact grapes did not significantly 
decrease within seven days (Jia et al., 2022). Similarly, on tomato sur
face the virus was still detectable for up to 24 h or up to 21 days at 4 ◦C 
(Jia et al., 2022). In contrast, different results were revealed among 
lettuce, which was already analysed by Jung and colleagues (Jung et al., 
2023). The authors observed a maximum survival time of three days, 
whereas our findings showed a viability time of 4 h and 30 min p.c. for 
the B.1 and EG.5.1 lineages, respectively, and RNA persistence observed 
up to 96 h p.c. for both lineages. The differences found on the vitality of 
the virus between our results and those already reported in the literature 
on the same matrices may be ascribed to various aspects. Certainly, a 
preponderant aspect that influences the viability on a food matrix is the 
temperature effect in preserving the infectivity of the virus, as many 
authors have used a refrigeration temperature of 4 ◦C compared to the 
present study in which room temperature at 22.5 ◦C was used. In this 
context, longer viability has been observed also in several other studies 
involving aerosol, common surfaces, and food matrices, where an 
increasing survival is observed with decreasing temperature and relative 
humidity ((Esseili et al., 2022) ; Jung et al., 2023; Lelieveld et al., 2020; 
Riddell, Goldie, Hill, Eagles, & Drew, 2020). Esseili et al. (2022)
observed a wide difference in the infectivity over time between 
SARS-CoV-2-inoculated berries stored at 4 ◦C and at freeze temperature. 
Indeed, while at refrigerated temperature the viability of the virus was 
assessed up to 7 days, and a significant reduction in the infectivity was 
observed over time, at freezing temperature infectious SARS-CoV-2 was 
recovered for 28 days without significant reductions. Moreover, another 
critical factor in virus viability is the pH of the food matrix. SARS-CoV-2 
is stable at pH levels between 3 and 10 at room temperature, with more 
extreme acidic or alkaline conditions leading to viral inactivation (Chin 
et al., 2020). For instance, foods with a lower pH (like strawberries, 
tomatoes, and apples) tend to inactivate the virus faster compared to less 
acidic foods (such as cucumbers and lettuce) (Anelich et al., 2020; 
Blondin-Brosseau et al., 2021; Vitucci et al., 2021). However, the spe
cific viral lineage may also influence survival more than intrinsic food 
characteristics. Despite it, in our study the pH evaluation, on each food 
on the 10 plant-based food test, no significant changes were observed 
between 30 min p.c. and the end of the experiment, as well as no evident 
difference was observed between the food pH and the viability of the 
viruses. Therefore, it is possible that the factor mostly affecting the 
persistence and viability of SARS-CoV-2 was the different lineage or to 
other environmental characteristics than intrinsic food pH. Indeed, it 
has been observed that the ability of a virus to remain infectious ex vivo 
depends largely on environmental conditions. Indeed several intrinsic 
and extrinsic factors, both of the virus and of the surface, have been 
identified to be able to impact on virus persistence and survival, such as 

droplet size, environmental conditions, as humidity, temperature and 
UV exposure, as well as virus species and strain, in particular by intrinsic 
chemical-physical properties, such as the absorption capacity of the 
matrices as well as the presence of antiviral molecules, which could 
partially explain the differences in persistence and vitality observed in 
our study on different matrices. Indeed, the reabsorption of the medium 
of the droplets may lead to a rapid deterioration of the microenviron
ment, impairing the ability to persist and survive on a matrix (Aboubakr 
et al., 2021; Biryukov et al., 2020; Chin et al., 2020; Fusco et al., 2023; 
Guo et al., 2020; Kwon et al., 2021). Furthermore, it has been proven 
that longer survival is determined by the presence of antiviral properties 
of such types of foods, in particular meats and seafood compared to fruit 
and vegetables, as proteins and fats may stabilize the virus and maintain 
the infectivity (Dhakal et al., 2021).

Our findings, as well as those discussed in several studies in literature 
(Glasbrenner et al., 2023; Li et al., 2022, 2023) highlight the importance 
of considering the risk of contact with potentially infected foods, espe
cially if consumed raw and unprocessed. Although there is no certainty 
about the possible absorption of the virus via the enteric route, the main 
risk could arise from contact with a contaminated foodstuff, which can 
act a fomite, thus favoring the transmission of SARS-CoV-2 via the 
contact to the hands and subsequently to mucous membranes of the 
mouth, nose, or eyes (Geng & Wang, 2023).

A major limitation of this study lies in the ongoing uncertainty sur
rounding the minimum infectious dose of SARS-CoV-2 required to cause 
human infection, as existing data are predominantly derived from 
observational human studies. SeyedAlinaghi et al. (2022) conducted a 
systematic review reporting that the infectious dose responsible for 
disease in humans can be as low as 1.26 plaque-forming units (PFU) and 
may reach up to 7 × 106.25 PFU. However, accurately identifying the 
true infectious dose, or quantifying the real risk of transmission via fo
mites, remains challenging (Geng & Wang, 2023). Together with several 
other investigations (FSA, 2022), our results indicate that the risk of 
SARS-CoV-2 transmission through contaminated plant-based foods 
cannot be considered negligible, particularly within the first few hours 
after contamination. This concern is amplified in food retail environ
ments or open markets, where unpackaged fruits and vegetables are sold 
and typically consumed raw. However, although the persistence of viral 
RNA indicates a possible risk of fomite transmission, the limited viability 
period (≤4 h) reduces the chances of transmission through contami
nated food.

Although we endeavored to reproduce realistic conditions in the 
laboratory by using a 50 μL inoculum at 105 TCID50/mL, a concentra
tion approximating viral loads observed in the upper respiratory tract of 
infected individuals (Karimzadeh et al., 2021; Xue et al., 2020), as well 
as maintaining standard indoor temperature and relative humidity, our 
experimental setup does not constitute a direct measure of fomite-based 
exposure risk. Indeed, artificial contamination may not perfectly 
reproduce real-life exposure scenarios, such as differences in droplet size 
or environmental conditions. However, these findings should be viewed 
as a reference point for managing risk in closed or densely populated 
settings (Fusco et al., 2023). and for everyday touched foodstuff that 
might become contaminated.

Another limit of the study may be identified in the evaluation of only 
two lineages. Nevertheless, the primary aim of this study was to trace the 
evolutionary shift in SARS-CoV-2 environmental stability by comparing 
the wild-type strain with one of widely circulating omicron-subvariant 
in late 2023 (WHO, 2023b; ISS, 2023), to directly measure how 
intrinsic viral changes may affect virus ability to remain infectious on 
plant-based food surfaces. Therefore, the main goal was not to catalogue 
the latest circulating lineages; rather, to demonstrate that viral evolution 
can meaningfully alter the risk posed by contaminated food matrices. 
Specifically, we used the wild-type virus as a baseline and compared it 
with one of the representatives of the omicron-sub lineages, so that any 
observed differences in survival or decay rates could be attributed to 
intrinsic evolutionary adaptations. Our data shows that, despite 
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exhibiting higher transmissibility or clinical severity, some variants may 
possess greater environmental stability than the original strain, bus 
showing lower viability than their predecessor. Such findings elucidate 
general trends in coronavirus evolution, which may prove invaluable for 
future studies. Indeed, when SARS-CoV-2 first emerged, knowledge 
gained from SARS and MERS was used to obtain early risk assessments 
(Zhang et al., 2020; Zhou et al., 2021; Zhu et al., 2020).

It is also important to acknowledge that, since the World Health 
Organization downgraded COVID-19 from a “public health emergency 
of international concern” over two years ago (WHO, 2023a), official 
surveillance of SARS-CoV-2 has been scaled back in many regions. 
Laboratories no longer routinely isolate or archive the newest variants, 
as the global emphasis has shifted toward endemic management rather 
than emergency response. These practical constraints made it difficult to 
obtain sufficient viral titers of currently circulating lineages for rigorous 
stability experiments. Nevertheless, our results clearly demonstrate the 
impact of viral evolution on environmental stability without con
founding influences from minor or rapidly shifting sub-lineages. In light 
of these considerations, we believe our findings remain highly relevant 
for ongoing risk assessments of plant-based foods as potential fomites, 
even as new variants continue to emerge.

5. Conclusions

Several factors influence SARS-CoV-2 viability, in particular tem
perature and relative humidity. Low temperatures, in fact, play a key 
role in increasing the persistence of the virus. In the food industry, 
clarifying the correlation between the intrinsic characteristics of food 
and the viability of the different SARS-CoV-2 variants is of major 
importance in order to have a good level of awareness for food-workers 
that, through accidental self-inoculation, can be exposed to the infec
tion. Moreover, infected operators in the food retail, catering, or cold- 
chain industry, may spread the virus through contamination of foods, 
which is then exposed to consumers, or other operators. Our results have 
underlined that both SARS-CoV-2 lineage B.1 and SARS-CoV-2 EG.5.1 
variant are able to persist and survive on certain plant foods, thus they 
may represent a possible source of virus transmission. Therefore, this 
work highlights the importance of plant-based food fomites in demon
strating the varying infectious capacities of the different strains. Future 
studies may elucidate on the probable link between environmental and/ 
or chemical parameters of other type of foods and the survivability of the 
different SARS-CoV-2 variants, also considering their structural and 
functional mutations. Furthermore, our findings highlight the impact of 
virus strains in the virus stability between and importance of the 
emergence of novel circulating variants, as already demonstrated on 
inanimate surfaces (Fusco et al., 2023).
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