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Abstract
Berries have repeatedly been associated with outbreaks of hepatitis A virus (HAV) infection. The fruits are usually mini-
mally processed in the food industry due to their delicate nature. While washing treatments partially remove enteric viruses, 
the commonly used chemical additives produce toxic by-products. A valid alternative to preserve the food safety of these 
products could be the use of essential oils (EOs). EOs exert antimicrobial activity and do not interfere with the nutritional 
characteristics of food products. We investigated the efficacy of four essential oils, lemon (Citrus limon), sweet orange (Citrus 
sinensis), grapefruit (Citrus paradisi), and rosemary cineole (Rosmarinus officinalis chemotype 1.8 cineole) in reducing 
viral loads of HAV in soft fruits. Mixed fruit berries were inoculated with 106.74 TCID50/ml of HAV, and treated with four 
different EOs (0.5% lemon, 0.1% sweet orange and grapefruit, and 0.05% rosemary) for 1 h at room temperature. Virus 
infectivity was then assessed by titration assays for its ability to grow on cell cultures. A statistically significant reduction in 
HAV titer on the fruit surface was observed after treating the berries with EOs of lemon (2.84 log TCID50/ml), grapefruit 
(2.89 log TCID50/ml), and rosemary cineole (2.94 log TCID50/ml). Rosemary cineole was the most effective EO in reducing 
viral titer on berries, followed by grapefruit EO. These results improve our knowledge about the antiviral activity of these 
EOs and highlight their potential use in fresh produce sanitation.
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Introduction

Repeated hepatitis A virus (HAV) outbreaks due to the 
consumption of frozen berries have occurred in Europe and 
elsewhere in the world (Chatziprodromidou et al. 2018). 
Between 2012 and 2014, two multistate outbreaks were asso-
ciated with the consumption of frozen mixed berries. The 
first outbreak occurred in four Nordic countries (European 
Food Safety Authority 2013; Lassen et al. 2013), the second 
involved Italy, where 1803 cases were reported (Scavia et al. 
2017) and 12 European Union (EU) countries (Fitzgerald 
et al. 2014; Tavoschi et al. 2015). Berry fruits can be con-
taminated during cultivation or processing by contact with 

infected workers or by fecal contaminated water (Maunula 
et al. 2013). HAV, a member of the Picornaviridae family, is 
the causative agent of infectious hepatitis. Genetically, HAV 
is classified into six genotypes (I to VI) based on sequences 
of the VP1-2A region. Genotypes I, II, and III infect humans 
(Sánchez et al. 2007). Transmission occurs via the fecal–oral 
route, mainly through contaminated water and food (Carter 
2005). The virus can resist on foods at length without los-
ing its infectious dose (Sánchez et al. 2007). Because fruit 
and vegetables are usually eaten raw, viral contamination of 
fresh products poses a major risk to consumer health. Treat-
ments commonly used for produce sanitation (e.g., washing 
with disinfectants, refrigeration, freezing, acidic pH, freeze-
drying, UV irradiation, etc.) are ineffective in removing or 
completely inactivating the viruses (Fino and Kniel 2008; 
Fraisse et al. 2001; Li et al. 2013; Sánchez 2015). While 
heat is the most effective means for their elimination, heat 
treatment, i.e., cooking, is not always appropriate for the 
commercial characteristics of these products. This is why it 
is interesting to devise and evaluate innovative treatments to 
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sanitize berries without altering their organoleptic proper-
ties. A valid alternative to sanitize food products could be the 
use of essential oils (EOs) as “natural” additives. Essential 
oils are aromatic oily liquids obtained from plant material 
(flowers, buds, seeds, leaves, branches, bark, grass, wood, 
fruit, and roots) mainly by steam distillation or other meth-
ods such as pressing, fermentation, enfleurage, or extraction 
by heat or solvents. By virtue of their antimicrobial, antifun-
gal, and antiviral activity, EOs could be advantageously used 
by the food industry (Nolkemper et al. 2006; Reichling et al. 
2009; Tullio et al. 2012; Chouhan et al. 2017). Furthermore, 
the effectiveness of the chemical components in combating 
pathogenic microorganisms has been amply demonstrated 
(Fisher and Phillips 2008; Ozogul et al. 2015; Piątkowska 
and Rusiecka-Ziółkowska 2016). Yet, few oils have been 
tested for these properties in food sector applications, and 
data on the efficacy of EOs against foodborne viruses are 
scarce (Kovac et al. 2012; Elizaquível et al. 2013; Gill-
ing et al. 2014; Sánchez and Aznar 2015; Kim et al. 2017) 
particularly for HAV (Sánchez and Aznar 2015). Here, we 
investigated the efficacy of four EOs to reduce viral loads of 
HAV in soft fruits and assessed their potential use to reduce 
or eliminate viral contamination in fresh fruit production. To 
do this, EOs of lemon (Citrus limon), sweet orange (Citrus 
sinensis), grapefruit (Citrus paradisi), and rosemary cineole 
(Rosmarinus officinalis chemotype 1.8 cineole) were evalu-
ated. All are declared GRAS (generally recognized as safe) 
by the U.S. Food and Drug Administration (FDA). The first 
three EOs are derived from plants belonging to the genus 
Citrus; their fragrance and flavor are well suited to berries 
and are pleasing to consumers. Essential oils of the genus 
Citrus contain 85–99% of volatile components, including 
monoterpene (limonene), sesquiterpenes, and hydrocar-
bons; their oxygenated products include aldehydes (citral), 
ketones, acids, alcohols (linalool), and esters (Fisher and 
Phillips 2008). Rosmarinus officinalis is an aromatic plant of 
the Lamiaceae family commonly used in European cuisine 
besides its use in medicinal products thanks to its strong 
antiseptic properties; rosemary oil is used as a natural food 
preservative (Satyal et al. 2017; Sirocchi et al. 2017). While 
the antibacterial and antioxidant activities of Rosmarinus 
officinalis EO have been variously described (Nieto 2017), 
its antiviral properties have been little investigated (Gavanji 
et al. 2015) and no study to date has investigated its effect 
on HAV.

Materials and Methods

Virus and Cell Lines

The ATCC/HM-175 strain of HAV was propagated and 
assayed in Frp3 cells (kindly provided by Enrico Pavoni 

IZSLER, Italy). The cells were cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM, Sigma-Aldrich-Life 
Science, St. Louis, MO, USA) supplemented with 3% fetal 
bovine serum (FBS; EuroClone, Milan, Italy) and 1% anti-
biotic/antimycotic (Sigma Aldrich) incubated at 37 °C and 
5% CO2. The HAV stock titer used in the experiments was 
1 × 106.74 TCID50/ml. Viral titrations were performed using 
the Reed and Muench method (Reed and Muench 1938; 
Hoskins 1975) to determine the 50% tissue culture infec-
tious dose (TCID50). Briefly, serial 10-fold dilutions of the 
virus sample were assayed in 24-well tissue culture plates 
(EuroClone) containing monolayers of Frp3 cells in 900 µl 
of DMEM supplemented with 3% FBS, incubated at 37 °C 
and 5% CO2. Three wells were inoculated with 100 µL of 
each dilution and each well was checked every day for 15 
days for viral cytopathogenic effects (CPE).

Essential Oils

Citrus limon (lemon), Citrus sinensis (sweet orange), 
Citrus paradisi (grapefruit), and Rosmarinus officinalis 
chemotype 1.8 cineole (rosemary cineole) EOs supplied by 
Flora srl (Pisa, Italy) were used in this study. Gas chroma-
tography–mass spectrometry (GC–MS) analysis performed 
by the producer identified the main chemical compounds 
of the EOs: limonene (71.18%), β-pinene (8.76%), and 
γ-terpinene (8.24%) in the lemon EO; limonene 95.74% 
and 93.45% in the sweet orange and the grapefruit EO, 
respectively; and 1.8 cineole (51.79%), ɑ-pinene (16.54%), 
camphor (8.38%), and camphene (4.27%) in the rosemary 
cineole EO.

Cytotoxicity Assay

Preliminary trials were performed to identify the working 
solution and EO concentrations that did not produce cyto-
toxicity on cell cultures (data not shown). Because EOs are 
hydrophobic, a medium had to be found in which they could 
be dispersed before applying them to the berries. Sunflower 
oil, peanut oil, olive oil, and wheat ethylic alcohol were 
evaluated as carriers for the EOs. DMSO, Tween 80, and 
ethanol for food use were tested as surfactants. The EOs 
were first evaluated at concentrations of 0.1%, 0.5%, and 
1% (v/v), then decreased as needed according to the results. 
Only solutions of carrier oils and different surfactants were 
first tested on Frp3 cells and then the selected working solu-
tion was tested in combination with the EOs at different con-
centrations. Cytotoxicity effects were determined by visual 
inspection under optical microscopy for 5 days.
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Application of EOs in Soft Fruits

Five samples (one for each EO and one control sample) of 
12.5 g of frozen commercially mixed berries (each consist-
ing of 3 raspberries, 4 blackberries, 4 blueberries, 4 cur-
rants) were used to evaluate the efficacy of the four EOs in 
reducing viral loads in soft fruits. After thawing, the sam-
ples were seeded by distributing 10 µl of HAV (at 106.74 
TCID50/ml) over the fruit surface. Inoculated samples were 
air dried in a laminar cabinet. The samples were then soaked 
for 1 h with 20 ml of working solution (66% Tris/glycine/
beef extract (TGBE) buffer pH 9.5, 33% peanut oil, 0.1% 
Tween 80) with the EO at the following concentrations: 
0.5% lemon oil, 0.1% orange and grapefruit oils, and 0.05% 
rosemary cineole oil. After treatment, the viruses were 
eluted and concentrated from berries according to methods 
described in the standard method for virus detection in food 
(section soft fruits) ISO/TS-15216-2:2013. A final clari-
fication step with chloroform-butanol was not performed, 
however, because it causes cytotoxic effects on cell cultures. 
All samples of about 500 µl were added with 1% antibiotic/
antimycotic (Sigma–Aldrich), stored at − 80 °C and subse-
quently assayed using the TDCID50 method (as described 
previously) to determine the infectious virus titer. Control 
samples consisted of soft fruits contaminated with HAV and 
soaked with working solution without the addition of any 
EO. The experiments were performed in single and repeated 
three times at room temperature.

Statistical Analysis

Data are presented as mean ± SD. The Wil-
coxon–Mann–Whitney two-sample rank-sum test was used 
to evaluate the differences between the mean number of 
virus determined after treatment with each EO and control. 
Statistical significance was set at 0.05. Data analysis was 
performed with STATA Software, version 14.2.

Results

Determination of Cytotoxicity on Cell Monolayers

Peanut oil was selected as the carrier oil because it is con-
sidered suitable and safe for this purpose, and Tween 80 
as surfactant. Orange and grapefruit EOs were found to 
be cytotoxic for Frp3 cells at concentrations that exceeded 
0.1%, while lemon and rosemary cineole EOs resulted 
cytotoxic at concentrations that exceeded 0.5% and 0.05%, 
respectively. These values were the maximum concentra-
tions of lemon, orange, grapefruit, and rosemary cineole 

EOs tested to evaluate their effect on berries contaminated 
with HAV. The final experiments were performed with the 
working solution that did not cause a cytotoxic effect on cells 
as described above.

Effect of EOs on the Infectivity of HAV on Berries

The effect of treatment with EO on berries spiked with HAV 
is shown in Table 1. Treatment of contaminated berries with 
all four EOs tested at room temperature reduced the viral 
titer of HAV as compared with the control. In particular, the 
HAV titer was reduced by 2.84 log TCID50/ml after treat-
ment with lemon EO at 0.5%, by 2.14 and 2.89 log TCID50/
ml after treatment with orange and grapefruit EO at 0.1%, 
respectively, and by 2.94 log after treatment with rosemary 
cineole at 0.05%. Statistical analysis showed a significant 
reduction (P < 0.05) in the samples treated with lemon, 
grapefruit, and rosemary cineole EOs. Rosemary cineole 
was the most effective EO in reducing the viral titer on ber-
ries followed by grapefruit EO and lemon EO.

Discussion

Our knowledge about the efficacy of EOs as an alternative 
treatment in reducing the risk of HAV contamination of 
fresh produce is still limited or unknown. Here, we evaluated 
the antiviral effect of lemon EO at 0.5%, orange and grape-
fruit EOs at 0.1%, and rosemary cineole EO at 0.05% against 
HAV on soft fruits that are known to be frequently associ-
ated with foodborne outbreaks (Chatziprodromidou et al. 
2018). The results showed that lemon, grapefruit, and rose-
mary cineole EOs significantly reduced the HAV titers after 
1 h of incubation at room temperature (as compared with the 
untreated control). The greatest reduction in cell infectivity 
was observed for rosemary cineole EO (about 3 log TCDI50/
ml), followed by grapefruit and lemon EOs, while orange 
EO, although reducing HAV infectivity by > 2 log TCDI50/
ml, was not statistically significant. This is the first study to 

Table 1   Effects of lemon (L), orange (O), grapefruit (G), and rose-
mary cineole (R) essential oils against HAV on soft fruits after 1 h of 
incubation at room temperature

Each treatment was done in triplicate. *reduction was statistically sig-
nificant (P < 0.05) in comparison with the control

HAV (Log10 TCID50/ml)

Treatment Recovered titer Reduction
Control 5.83 ± 0.58
0.5% L 2.99 ± 0.44 2.84*
0.1% O 3.69 ± 1.64 2.14
0.1% G 2.94 ± 0.57 2.89*
0.05% R 2.89 ± 0.61 2.94*
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evaluate the effectiveness of these four EOs against HAV 
infectivity. To date, only oregano and zataria EOs have been 
evaluated on HAV suspensions in a tissue culture medium. 
The results showed only a slight reduction in virus infectiv-
ity (> 1 log) (Sánchez and Aznar 2015). Various natural 
additives tested for reducing HAV infectivity have resulted 
without much success: carvacrol (Sánchez et al. 2015), thy-
mol (Sánchez and Aznar 2015), Korean red ginseng extracts, 
and ginsenosides (Lee et al. 2013). Other natural compounds 
have given good results: grape seed extract (GSE) (Su and 
D’Souza 2011), blueberry juice and blueberry proanthocya-
nidins (Joshi et al. 2016), cinnamaldehyde (Fabra et al. 
2016), and green tea extract (GTE) (Randazzo et al. 2017). 
Grape seed extract reduced HAV infectivity at 37 °C and 
room temperature by a maximum of > 3 log, depending on 
the initial virus and grape seed extract concentration. Blue-
berry juice reduced HAV titers by about 2 log PFU/ml after 
24 h, and blueberry proanthocyanidins reduced HAV to 
undetectable levels after 30 min at concentrations of 2 and 
5 mg/ml. Cinnamaldehyde at 1% was effective in reducing 
HAV titers by 1 log10 TCID/ml after 2 h at 37 °C, and by 3.4 
log10TCID/ml after overnight incubation, while cinnamal-
dehyde at 0.5% reduced HAV titers by 2.7 log10 TCID/ml 
after overnight incubation. GTE at 5 mg/ml incubated at 
37 °C for 2 h reduced by 1.08 log HAV infectivity and after 
overnight exposure to GTE completely inactivated HAV at 
37 °C and 25 °C. Furthermore, few studies have investigated 
the application of natural compounds on fresh products for 
foodborne viral reduction. Two relatively recent studies have 
been performed on HAV (Su and D’Souza 2011; Randazzo 
et al. 2017). Su and D’Souza (2011) assessed the efficacy of 
grape seed extract washes on HAV on food product (lettuce 
and jalapeno peppers). They found that GSE washes had a 
limited effect on HAV infectivity; indeed, after 1 min of 
contact, 0.25 to 1 mg/ml GSE reduced high and low HAV 
titers from 0.7 to 1.1 and 1 to 1.3 log10 PFU, respectively, 
on both food products. Randazzo et al. (2017) evaluated the 
efficacy of GTE as a natural disinfectant on fresh-cut vegeta-
ble surfaces and showed that 10 mg/ml GTE reduced HAV 
titers in lettuce and spinach by more than 1.5 log after treat-
ment for 30 min. Decontamination of produce with sanitiz-
ers is a critical step to reduce the levels of microorganisms 
and to ensure food safety (Burnett and Beuchat 2001). The 
process the food industry currently uses for different types 
of fresh produce includes a step of washing with tap water 
supplemented with chlorine or other chemical agents at con-
centrations of 50–250 ppm for 1–10 min, followed by a rins-
ing step (Gil et al. 2009). Freshly harvested berries will also 
be washed before they are further processed into frozen ber-
ries, puree, or other products. It has been shown that these 
decontamination procedures reduce the virus titer by approx-
imately 1 to 2 log on fresh produce and that the efficacy of 
sanitizers varies between viral strains and depends on 

produce type (Butot et al. 2008; Baert et al. 2009). HAV is 
known to be more resistant than other enteric viruses to all 
washing treatments. HAV inactivation on berries washed 
with chlorinated water (200 ppm free chlorine) is reported 
to vary between a log reduction of 1.8 in strawberries to 2.4 
in blueberries, while chlorinated water had a limited effect 
on HAV titers when used to decontaminate raspberries 
(reduction of 0.6 log) probably because of their complex 
surface topography (Butot et al. 2008). For instance, rasp-
berries have hair-like projections and crevices that may 
shield the viruses against environmental conditions. Wash-
ing raspberries with water containing 5 or 10 ppm chlorine 
dioxide for 10 min inactivates HAV by less than 1 log (Butot 
et al. 2008). In another study, HAV on strawberries treated 
with 200 ppm free chlorine for 3 or 5 min reduced the titer 
by 1.2 log and 2.6 log, respectively (Casteel et al. 2008). The 
HAV concentrations detected in food samples varied greatly 
from less than 100 genomic copies to more than 100,000 per 
gram of food analyzed. These concentrations were by far 
greater than the infective dose for HAV, estimated to be 
around 10 and 100 viral particles (Yezli and Otter 2011). 
Regarding fresh produce only data on parsley, green onions, 
and coriander are reported. The HAV concentrations in these 
products are reported to range between 2.8 × 102 and 
2.4 × 103 genomic copies per gram (Felix-Valenzuela et al. 
2012). To our knowledge, no published data exist for soft 
fruits. On the basis of previous studies, it is clear that the use 
of chlorinated water is not effective in reducing the HAV 
load in fresh produce under the possible infective dose. Fur-
thermore, concerns have been recently raised regarding the 
safety of chlorine. It is known that chlorine quickly loses its 
effectiveness when soil, dirt, and organic materials are pre-
sent and that it produces carcinogenic disinfection by-prod-
ucts, including trihalomethanes (Richardson 1998). Due to 
the environmental and health risks posed by chlorine, there 
is a need to find ways to reduce or eliminate its use from the 
disinfection process. Our results show that the use of lemon, 
grapefruit, orange, and rosemary cineole EOs for sanitizing 
berries contaminated with HAV gave better results in inac-
tivating the virus (by about 2–3 log) as compared with those 
reported for the current methods of disinfection with chlo-
rine. In addition, EOs are non-toxic, preserve the nutritional 
characteristics of foods, have less environmental impact, and 
are preferred by consumers as sanitization agents over syn-
thetic chemicals. Treatment with EOs could be a potential 
non-chemical alternative to chlorine washing to inactivate 
or reduce HAV contamination on berries when the contami-
nation level is below 2 to 3 log. These procedures alone 
would be insufficient to inactivate/decontaminate foods con-
taminated with higher virus concentrations, however. Hence, 
EOs should be considered for use in food sanitation in com-
bination with other treatments. It must also be taken into 
account that EOs have an intense taste and smell, which can 
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modify the taste and aroma of food products (Laranjo et al. 
2017). The industrial application of EOs to soft fruits should 
be followed by a rinse phase before their commercialization. 
Further studies are needed to assess the organoleptic impact 
of such treatments on soft fruits through sensory screening 
and to determine the minimum necessary amount of EO that 
can still maintain antimicrobial activity without changing 
the organoleptic characteristics of food products. It will also 
be necessary to evaluate the minimum time EOs take to 
reduce the maximum HAV titers in order to ensure food 
product safety without affecting the production timing in 
current industrial practices. Finally, studies will need to 
investigate how EOs can influence the organoleptic proper-
ties of the product in terms of storage and distribution, since 
soft fruits have a high metabolic rate and a very short shelf 
life (Vicente and Sozzi 2007). The use of EOs in preserving 
fresh fruits has attracted increasing interest in recent years 
owing to their relatively safe status (Lanciotti et al. 2004; 
Vergis et al. 2015). It is widely documented that these com-
pounds play an important role in food preservation and con-
tribute to the safety and shelf-life extension of food products 
(Tzortzakis 2007; Serrano et al. 2008; Ulukanli and Oz 
2015; Martinez et al. 2018; Lee et al. 2019). Overall, our 
results improve current knowledge about the antiviral activ-
ity of these EOs and highlight their potential use to reduce 
viral contamination in berries.
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