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Abstract: Biofumigation with slow-release diffusers of essential oils (EOs) of basil, oregano, savoury,
thyme, lemon, and fennel was assessed for the control of blue mould of apples, caused by Penicillium
expansum. In vitro, the ability of the six EOs to inhibit the mycelial growth was evaluated at concen-
trations of 1.0, 0.5, and 0.1%. EOs of thyme, savoury, and oregano, at all three concentrations, and
basil, at 1.0 and 0.5%, were effective in inhibiting the mycelial growth of P. expansum. In vivo, disease
incidence and severity were evaluated on ‘Opal’ apples artificially inoculated with the pathogen
and treated at concentrations of 1.0% and 0.5% of EOs. The highest efficacy in reducing blue mould
was observed with EOs of lemon and oregano at 1.0% after 60 days of storage at 1 ± 1 ◦C (incidence
of rot, 3 and 1%, respectively) and after a further 14 days of shelf-life at 15 ± 1 ◦C (15 and 17%).
Firmness, titratable acidity, and total soluble solids were evaluated at harvest, after cold storage, and
after shelf-life. Throughout the storage period, no evident phytotoxic effects were observed. The
EOs used were characterised through GC-MS to analyse their compositions. Moreover, the volatile
organic compounds (VOCs) present in the cabinets were characterised during storage using the
SPME-GC-MS technique. The antifungal effects of EOs were confirmed both in vitro and in vivo
and the possible mechanisms of action were hypothesised. High concentrations of antimicrobial
and antioxidant compounds in the EOs explain the efficacy of biofumigation in postharvest disease
control. These findings provide new insights for the development of sustainable strategies for the
management of postharvest diseases and the reduction of fruit losses during storage.

Keywords: biofumigation; natural antifungal compounds; antimicrobial; antioxidant; postharvest
disease; sustainable agriculture; Malus x domestica; quality factors; gas chromatography analysis;
SPME-GC-MS

1. Introduction

Apples (Malus x domestica Borkhausen) are one of the most important fruit products
in the European Union trade, where apples represent 29% of the fruit production [1].
Apples are also among the five most traded fruits in Europe, with a commercial value
of 2.27 billion euros in 2020. Over 600 million euros of apples were imported from non-
European countries, mainly counter-seasonal from the southern hemisphere [2,3].

Postharvest disease of apples, such as blue mould (caused by Penicillium expansum),
grey mould (Botrytis cinerea), bitter rot (Colletotrichum spp.), bull’s eye rot (Neofabraea spp.),
apple scab (Venturia inaequalis), or dry lenticel rot (Ramularia mali), represent a significant
obstacle to security and safe access to these foods, with resulting economic damages and
risks to human health [4–8].

Penicillium expansum Link is one of the most relevant postharvest pathogens of ap-
ples [9]. The pathogen causes blue mould, which starts with watery and soft lesions, light
brown in colour, and blue-green conidia [10,11]. Blue mould negatively affects fruit quality
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and significantly contributes to food losses. Its danger to human health is due to the biosyn-
thesis of important secondary metabolites, such as chaetoglobosins, citrinin, communesins,
expansolides A and B, andrastin, ochratoxin A, patulin, penitrem A, roquefortine C, and
rubratoxin B [12–15]. In particular, the mycotoxins patulin and citrinin are responsible for
genotoxic, immunosuppressive, neurological, gastrointestinal toxic effects (patulin), and
nephrotoxic effects (citrinin) [16–18].

P. expansum grows very well in a temperature range between −2 and 35 ◦C. Therefore,
storing apples in cold rooms is not sufficient, or is ineffective, to prevent and control blue
mould development [19–21]. Over the years, numerous strategies have been developed to
control the postharvest pathogen. Among these, the use of fungicides must certainly be
mentioned, but the number of fungicides available for postharvest treatment is limited,
and several strains of Penicillium spp. resistant to fungicides have been reported [22–25].
For these reasons, along with environmental and health considerations, new innovative
and sustainable approaches and tools are needed to control blue mould during storage and
consequently preserve the quality of the fruit and reduce postharvest losses. Antifungal
techniques, such as ozone treatment [10], use of biocontrol agents (BCA) [26–28], and
the use of natural products with intrinsic antifungal activities [29–32], represent valid
alternatives to synthetic fungicides.

Previous works showed that biofumigation with essential oils (EOs) could be useful
to inhibit the fungal infection and to reduce disease development during postharvest
storage [33–35]. EOs represent a powerful tool to reduce the environmental footprint of
fruit storage [36,37]. The antifungal activity of EOs strictly depends on their chemical
composition [38,39]. In fact, molecules with a phenolic structure, for example thymol and
carvacrol, or with aldehydes, such as p-anisaldehyde and ketones, significantly inhibit
the pathogen growth. The above-mentioned molecules have proven fungicidal activity,
and EOs rich in these components showed the highest inhibitory activity against many
postharvest pathogens [40,41]. The EOs of thyme (Thymus vulgaris) and savoury (Satureja
montana), mainly composed of thymol and carvacrol, are highly effective in the control
of fungal pathogens [33]. In general, the effectiveness of EOs is studied through direct
contact with fruit, achieved by spraying EO emulsions on the fruit or by dipping the fruit
in the EO emulsion [42]. However, these application methods can show undesirable effects,
such as phytotoxicity. In fact, treatments with EOs at 10% (v/v) were highly phytotoxic.
The lesions developed were proportional to the efficacy shown by the treatments with the
essential oils’ concentration [37]. Additionally, the use of EOs can lead to alterations in
the organoleptic characteristics of the fruit, such as changes in taste or flavour after cold
storage [35,43]. In the latter case, exposure for at least 12 h after storage could greatly
reduce unpleasant flavours. Therefore, the development of different methodologies for
applying EOs on apples, such as biofumigation, is necessary.

Biofumigation with EOs of thyme and savoury, characterised by a strong antifungal
activity, led to effective control of various postharvest pathogens, such as Aspergillus spp.,
Penicillium spp., and Trichoderma spp. [44–46]. This application method avoids direct contact
with the fruit skin, and consequently, alteration of the sensory profile and phytotoxicity are
limited. In addition, EO vapours show positive effects in maintaining nutritional values,
avoiding the oxidation of ascorbic acid and carotenoids, as demonstrated on peaches and
nectarines [34].

The aim of this work was to evaluate the efficacy of six different EOs applied by
biofumigation in controlling blue mould caused by P. expansum on ‘Opal’ apples. The
EOs from basil (Ocimum basilicum), savoury (Satureja montana), oregano (Origanum vulgare),
thyme (Thymus vulgaris), fennel (Foeniculum vulgare dulce), and lemon (Citrus limon) were
tested at different concentrations. A further aim was to measure the occurrence of the
major components of EOs through sampling of volatile components during two months of
storage in cabinets, under controlled conditions, using solid-phase micro-extraction and a
gas chromatography system coupled with mass spectrometry (SPME-GC-MS).
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2. Results and Discussion
2.1. In Vitro Efficacy Tests against P. expansum

In order to clarify the composition, the six essential oils were analysed through the
gas chromatography technique coupled with mass spectrometry (GC-MS). In the Supple-
mentary Materials (Table S1), the composition of EOs and the retention times (expressed
in minutes) of the individual molecules are reported. The major component in the EOs of
oregano and savoury is carvacrol (68.0% and 41.5%, respectively). In the thyme EO, the
major component is thymol (43.3%). In basil, there is a high percentage of linalool (58.3%),
while for lemon and fennel the major components are limonene (66.9%) and trans-anethole
(50.5%), respectively.

The antifungal activity of EOs of basil, oregano, savoury, thyme, fennel, and lemon at
concentrations of 1.0%, 0.5%, and 0.1% was evaluated in vitro, by measuring the inhibition
of the mycelial growth of two strains of P. expansum (PEN2 and PEN3). As can be seen
in Figure 1, although after 24 h all essential oils at all three concentrations evaluated
were statistically effective in inhibiting the mycelial growth of P. expansum compared to
the control, a situation that extends to both strains evaluated, the same cannot be said
if the statistical data were observed after 96 h. In fact, the EOs of lemon, at all three
concentrations tested, as well as of fennel, at 0.5 and 0.1%, and of basil at 0.1%, were not
statistically different from the control.

Among the different EOs used against blue mould, thyme, basil, savoury, and oregano
had antimicrobial activity, inhibiting from ~71% to ~100% of the growth of the fungus
in vitro at concentrations of 1.0% and 0.5% after 11 days (Figure 1). Only savoury EO
showed significant efficacy even at a concentration of 0.1%, with an inhibition of mycelium
growth greater than 96%.

2.2. Efficacy of EOs against Blue Mould on Apples and Effect on Fruit Quality

A trial was performed to evaluate the effect of the application of the EOs at 1.0%
through biofumigation on blue mould incidence on ‘Opal’ apples. After 30 days of storage,
the fruit showed no rot. The graph in Figure 2 (and Table S10, Supplementary Materials)
shows the disease incidence after 60 days of storage and after 14 days of shelf-life. After
60 days of storage, all the EOs significantly reduced blue mould on apple, but the oregano
EO at 1.0% was the most effective treatment. After 14 days of shelf-life, the EOs of lemon
1.0% and oregano 1.0% were the most effective in the control of blue mould and the only
ones with a significant reduction compared to the inoculated control.

The growth of P. expansum was significantly inhibited in vitro by the EOs of savoury
at 1.0%, 0.5%, and 0.1%, and of thyme, basil, and oregano at 1.0% and 0.5% at 11 days of
incubation, but the development of blue mould on apples after shelf-life was significantly
reduced only by lemon and oregano EOs. The different antifungal effects of EOs in MEA
and apples could be attributed to complex components and structures of the fruit host or
to the interactions between P. expansum, the fruit microbiome, and apples [35,47], but it
could also depend on the concentration of volatiles, the temperature, and the application
method [48].

The quality analysis provided the ripening profile of the fruit during storage. Firmness,
total soluble solids, and titratable acidity were analysed immediately after harvest, after
60 days of storage, and finally, after 14 days of shelf-life (Table 1). These data show a normal
fruit ripening profile over time, with a decrease in firmness and titratable acidity and an
increase in total soluble solids.
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Figure 1. Effect of volatile organic compounds released by EOs on the growth of the mycelium
(diameter, cm) of P. expansum (two strains, PEN2, blue bars, and PEN3, orange bars) through the
sandwich plates method. Essential oils were applied at different concentrations (0.1%, 0.5%, and
1.0%). The plates were cultured at 25 ◦C and the measurements were carried out after 24 h, 48 h,
72 h, 96 h, and 11 days. Values of the same strain and time point, followed by the same letter, are not
statistically different according to the Tukey’s test (p < 0.05).

Fruits treated with the essential oil of oregano 1.0% after 60 days of storage were
significantly firmer than the inoculated control. The firmness reduction is due to the release
and activity of pectinolytic enzymes. Some components of the EOs are able to decrease lipid
enzymatic oxidation (LOX) by scavenging some oxidative radical species and could inhibit
the enzymes that degrade the pectin, delaying the maturation, decreasing the browning and
deterioration of fruits, and maintaining the firmness of the product for a longer time [49,50].
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Figure 2. Incidence of rot on ‘Opal’ apples treated with EOs’ biofumigation after 60 days of storage
at 1 ± 1 ◦C (blue bars) and 95% relative humidity, and after 14 days of shelf-life at 15 ± 1 ◦C (orange
bars). Values of the same time point, followed by the same letter, are not statistically different
according to the Tukey’s test (p < 0.05).

Table 1. Firmness, total soluble solids (TSS), and titratable acidity of ‘Opal’ apples treated by
biofumigation with EOs. Apples were stored at 1 ± 1 ◦C and 95% relative humidity for 60 days and
subsequently at 15 ± 1 ◦C for 14 days. Each value is the average of n = 3 replicates of 4 fruits. Data
of the same survey, with the same letter, are not significantly different according to the Tukey’s test
(p < 0.05).

Time Point
(Temperature)

Treatment
(Concentration)

Firmness
(N/cm2) ± SD *

Total Soluble Sugar
(%) ± SD *

Titratable Acidity (%)
± SD *

At harvest 91.86 ± 14.18 12.30 ± 0.10 0.50 ± 0.13

60 days
(1 ± 1 ◦C)

Control 76.76 ± 8.97 ab 14.27 ± 1.60 ab 0.48 ± 0.01 a

Pyrimethanil 73.21 ± 10.49 ab 14.07 ± 0.12 ab 0.38 ± 0.02 a

Inoculated control 74.99 ± 15.63 ab 15.50 ± 0.17 b 0.36 ± 0.01 a

Lemon (1.0%) 83.08 ± 19.04 bc 13.57 ± 0.23 a 0.36 ± 0.11 a

Thyme (1.0%) 76.46 ± 10.28 ab 13.60 ± 0.87 a 0.35 ± 0.01 a

Savoury (1.0%) 75.47 ± 11.14 ab 12.60 ± 1.21 a 0.39 ± 0.01 a

Fennel (1.0%) 76.09 ± 15.21 ab 12.70 ± 0.17 a 0.39 ± 0.01 a

Basil (1.0%) 71.83 ±12.35 a 15.43 ± 1.27 b 0.41 ± 0.01 a

Oregano (1.0%) 86.73 ± 19.81 c 13.97 ± 1.27 ab 0.31 ± 0.02 a

14 days of
shelf-life

(15 ± 1 ◦C)

Control 66.79 ± 14.55 a 14.33 ± 1.33 bc 0.28 ± 0.01 bc

Pyrimethanil 67.50 ± 11.35 a 14.97 ± 0.23 c 0.25 ± 0.00 a

Inoculated control 65.85 ± 12.10 a 15.30 ± 0.35 c 0.25 ± 0.00 a

Lemon (1.0%) 71.60 ± 15.14 a 13.60 ± 0.69 ab 0.32 ± 0.02 d

Thyme (1.0%) 66.55 ± 13.44 a 13.97 ± 0.75 abc 0.30 ± 0.03 cd

Savoury (1.0%) 71.75 ± 19.34 a 13.60 ± 0.30 ab 0.27 ± 0.01 ab

Fennel (1.0%) 61.71 ± 6.98 a 14.23 ± 0.55 bc 0.26 ± 0.01 ab

Basil (1.0%) 70.63 ±11.43 a 15.00 ± 0.35 c 0.37 ± 0.02 e

Oregano (1.0%) 65.70 ± 19.54 a 15.10 ± 0.36 c 0.28 ± 0.00 bc

* Values are expressed as the mean of 3 replicates with 4 fruits ± standard deviation (SD).

The increase of total soluble solids (TSS) during maturation is due to the starch
degradation caused by hydrolases, resulting in the accumulation of sugars [51]. Fruit
treated with savoury, lemon, thyme, and fennel had a statistically lower level of TSS
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than the inoculated control. During shelf-life, lemon and savoury maintained the lowest
TSS level compared to the control, followed by the thyme essential oil treatment. The
inoculation with P. expansum could have favoured an increase of TSS in the inoculated
control compared to the healthy control, due to the rapid conversion of primary metabolites
into energy required to synthesise antioxidant defence compounds against the pathogen
infection [52]. Antioxidant molecules are naturally components of EOs, in particular in
savoury and thyme (as show in Table S1). Treatments with these two EOs showed the
lowest TSS levels favoured by the high antioxidant properties of the main components of
these EOs.

A decrease in acidity is related to the sugar accumulation derived from starch degra-
dation during fruit ripening. Organic acids reduce as they are used as substrates for the
respiration process [53]. Titratable acidity, after shelf-life, showed significantly higher levels
compared to the inoculated control, in most fruit treated with EOs such as lemon, thyme,
basil, and oregano.

In a second experiment (Figure 3), disease severity data were obtained from apples
artificially inoculated with P. expansum, biofumigated with EOs at 0.5% and 1.0%, and
stored for 50 days at 1 ± 1 ◦C. At 28 days of storage, the only fruit with a significantly
lower rot diameter compared to the inoculated control were apples treated with savoury
EOs at 0.5% or 1.0%. After 43 days of storage, besides fruit treated with the savoury EO,
fruit treated with the thyme EO at 0.5% and 1.0% also showed a lower disease severity
compared to the inoculated control. Finally, after 50 days of storage, fruit treated with the
lemon EO at 0.5% and 1.0% also had a lower rot diameter compared to the control. At
the three time points, the lowest disease severity was obtained with fruit treated with the
savoury EO at both concentrations.
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2.3. Characterisation of Volatile Compounds of EOs in the Cabinets during Storage 

Together with the evaluation of blue mould incidence and severity, the volatile com-
pounds of the EOs applied at 1.0% present in the cabinet atmosphere were characterised, 
through the SPME-GC-MS technique. Sampling was carried out at 1, 10, 28, and 43 days 
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Figure 3. Severity of rot caused by P. expansum on ‘Opal’ apples treated through the biofumigation of
EOs (blue bars) at 28 and 43 days, at a temperature of 1 ± 1 ◦C, and after 50 days, i.e., after 7 days of
shelf-life at 15 ± 1 ◦C. Yellow bars represents apples treated with pyrimethanil, red bars represent
inoculated control. Values of the same time point, followed by the same letter, are not statistically
different according to the Tukey’s test (p < 0.05).
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2.3. Characterisation of Volatile Compounds of EOs in the Cabinets during Storage

Together with the evaluation of blue mould incidence and severity, the volatile com-
pounds of the EOs applied at 1.0% present in the cabinet atmosphere were characterised,
through the SPME-GC-MS technique. Sampling was carried out at 1, 10, 28, and 43 days of
storage and after 7 days of shelf-life (Supplementary Materials, Tables S2–S9). In addition,
the atmosphere of the cabinets containing the healthy control and inoculated control fruit
was sampled (Tables S2 and S3, respectively) to identify the volatile molecules released by
apples, with or without P. expansum inoculation. Ester molecules with different numbers of
carbon atoms (hexyl acetate, hexyl butyrate, hexyl 2-methylbutanoate, hexyl hexanoate,
2,2,4-trimethyl-3-(carboxyisopropyl)pentanoic acid isobutyl ester, 2,6,10,14-tetramethyl
pentadecane, and α-farnesene) are naturally released during the apple ripening process.

Data obtained from the storage cabinets (Tables S4–S9), where the six EOs were
released by slow-release diffusers, showed how the molecules α-thujene, α-pinene, and
camphene, and in some cases also sabinene and β-pinene, were not yet detectable after
24 h of storage. p-Cymene, present in the composition of all the essential oils analysed, was
detected after 24 h at concentrations from 1.02 to 2.44 ppm for five EOs, but at 18.86 ppm
for the savoury EO. Concerning the savoury EO, p-cymene amounted to values of 24.36,
25.88, 19.91, and 15.82 ppm, respectively, after 10, 28, 43, and 50 days. For the EOs of
basil, oregano, thyme, and fennel, p-cymene never exceeded 7 ppm, while for limonene
the maximum concentration observed at 28 days was 11.83 ppm. Linalool is also one of
the components of all six essential oils analysed and it is the major component in basil EO
(58.28%). By treating with basil EO, linalool was present at 42.97 ppm after 24 h, and it later
decreased to 21.45 and 9.71 ppm, respectively, after 10 and 28 days. At the last two time
points, its concentration remained stable: 10.95 ppm and 11.30 ppm, after 43 and 50 days.
Present only in basil (1.16%) and fennel (50.45%), trans-anethole always had concentrations
lower than 1 ppm in fruit treated with the basil EO, whereas its concentration ranged from
9.07 ppm at 24 h to 23.41 ppm at 43 days for fruit treated with the fennel EO.

Both thymol and carvacrol are present in the EOs of oregano, savoury, and thyme.
Thymol is the main component of thyme essential oil (43.26%), and a decrease in its
concentration from 19.70 ppm at 1 day to 7.61 ppm at 43 days was observed in the cabinet
atmosphere. Its concentration increased at 50 days (17.78 ppm). In the case of oregano
(1.98%) and savoury (4.12%), thymol never exceeded 2.82 ppm. In oregano and savoury
EOs, carvacrol represents the majority component (68% in oregano and 41.45% in savoury).
In the cabinet atmosphere, a decrease from 81.41 ppm at 1 day to 28.20 ppm at 43 days was
observed for oregano, whereas for savoury it ranged from 19.67 to 41.55 ppm at the first
time points. For both oregano and savoury EOs, there was a significant increase of carvacrol
at 50 days: 64.87 and 53.37 ppm, respectively. In the thyme EO (4.43% in composition),
carvacrol never exceeded 5.93 ppm in the cabinets.

2.4. Evaluation of the Possible Mechanisms of Action

By considering the abundance of volatile molecules in the cabinet atmosphere, it
is possible to evaluate the effect of the EOs’ components on in vitro of inhibition of the
mycelial growth of P. expansum and on the reduction of blue mould incidence and severity
on apple. The antifungal (fungistatic) and antioxidant activities of EOs may be due to the
synergistic action of two or more compounds, rather than to a single characteristic molecule.
The activity of EOs is expressed both through the direct inhibition of P. expansum mycelial
growth [54,55] and through an antioxidant activity [56–59]. In the antifungal activity, the
mechanism of action involves the interaction of hydrophobic compounds with the lipids
of the fungal cell membrane. In addition, the involvement of ergosterol synthesis in the
plasma membrane of fungi has been hypothesised. The resulting loss of membrane integrity
induces changes in the electron transport chain, nutrient absorption, and in protein and
nucleic acid synthesis, and it could inhibit essential enzymes for energy metabolism and
coagulate the cellular content, finally causing cell death [60,61].



Int. J. Mol. Sci. 2023, 24, 2900 8 of 15

From EOs’ compositions, it is possible to roughly predict the antioxidant potential,
important to reduce lipid oxidation and increase the fruit shelf-life [56]. An antioxidant
behaviour could be predicted for EOs rich in phenolics (characterised by high reactivity
with peroxyl radicals, which are eliminated by formal transfer of hydrogen atoms [57]) and
poor in unsaturated terpenes. Large amounts of molecules with phenolic groups combined
with the presence of components similar to cyclohexadiene, for example α-phellandrene,
are likely to exhibit an even higher antioxidant activity. In contrast, the absence of these
two classes of compounds is presumed to result in minimal antioxidant activity [56].

α-Farnesene is a hydrocarbon sesquiterpene, chemically unstable and subject to easy
oxidation, both in vivo and in vitro, which leads to the formation of the products illustrated
in Figure 4. As shown in Table S1, α-farnesene is a component of the basil (2.15%) and
lemon (0.37%) EOs. Treatment with all the tested EOs leads to different concentrations
of α-farnesene during storage in the cabinet atmosphere at 1 ± 1 ◦C and throughout the
shelf-life (Tables S2–S9) with respect to healthy and inoculated controls. The oxidation of
α-farnesene is responsible for apple superficial scald [62–64], which represents the main
postharvest physiological disorder of apples and is associated with tissue breakdown below
the fruit skin [65].
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Oxidation products, accumulated in apple epicuticular wax and peel tissue during
cold storage, have been identified as conjugated trienols [64–66] and represent the real
cause of the superficial scald. It has also been shown that α-farnesene is involved in the
pathogenesis induced by P. expansum on apples [67]: an increased release of α-farnesene in
fruit has been observed after fungal infection [68]. Therefore, the reduction in the release
of α-farnesene [61] and the inhibition/slowdown of oxidation processes are associated
with a decrease in the onset of the infection induced by P. expansum, which is no longer
advantaged by the damage caused by the oxidation products of α-farnesene.

For this reason, the use of essential oils rich in antioxidant compounds is an excellent
strategy to reduce both the fungal activity and the adverse effects due to the oxidation
products of α-farnesene.

Experimentally, thymol and carvacrol, monoterpenoid phenol compounds, showed
the best radical scavenging activity [58]. Between the two molecules, however, carvacrol
has a greater activity due to the presence of the hydroxyl group in the ortho position in
relation to the methyl group, ensuring better delocalisation of the electron by resonance,
in contrast to thymol which instead has the -OH group in the meta position [58,59,69]
(Figure 5).
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Additionally, trans-anethole (Figure 6), a derivative of phenylpropene, shows marked
antioxidant activity, albeit lower than carvacrol and thymol, also presenting, due to its
chemical structure, the ability to add a hydroperoxyl radical.
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Finally, limonene, linalool, and p-cymene (Figure 6), three monoterpenic compounds,
show a low antioxidant activity. These indications are consistent with the results obtained
in this work. Indeed, the use, via biofumigation, of the essential oil of savoury, composed
by both carvacrol (main component) and thymol, provided the highest reduction of blue
mould incidence and severity (Figure 3). Conversely, the use of basil, which has linalool
as a constituent but not the phenolic derivatives carvacrol and thymol, offered the lowest
reduction of disease incidence and severity (Figures 2 and 3).

3. Materials and Methods
3.1. Essential Oils and Chromatographic Analysis

The EOs of basil (Ocimum basilicum), oregano (Origanum vulgare), savoury (Satureja
montana), thyme (Thymus vulgaris), lemon (Citrus limon), and fennel (Foeniculum vulgare
dulce) used in the experiments were purchased from Flora s.r.l. (Lorenzana (PI), Italy;
Certifications quality assurance: UNI EN ISO 9001 and 14001). The compositional analysis
was performed using a gas chromatograph, Shimadzu GC-2010 Plus (Shimadzu, Kyoto,
Japan), equipped with a mass spectrometer, GCMS-QP 2010 Ultra (Shimadzu), and a split–
splitless injector. The gas chromatograph was fitted with a Zebron ZB-5MSi (Phenomenex,
Torrance, CA, USA) fused silica capillary column (30 m × 0.25 mm L × ID) with a 0.25 µm
film thickness. Helium carrier gas using a linear velocity of 36.7 cm/s with a constant flow
rate of 1.0 mL/min was used. The pressure was 61.3 kPa and total flow was 84 mL/min for
split mode (split ratio: 80.0) and 4 mL/min for splitless mode. Ion electron impact spectra at
70 eV were recorded in scan mode (35–700 m/z). For all EOs, the oven program started with
an initial temperature of 70 ◦C for 3 min, heating at 2 ◦C/min to 150 ◦C, 150 ◦C for 10 min,
heating at 2 ◦C/min to 220 ◦C, 220 ◦C for 5 min, heating at 20 ◦C/min to 280 ◦C, and, finally,
held for 2 min. The injection temperature was set at 250 ◦C and the ion source and the
interface were both set at 280 ◦C. Pure EOs were diluted at 1.0% in n-hexane HPLC grade
(VWR, Radnor, PA, USA) for direct injection using split mode (split ratio: 80.0). Cabinet
sampling was performed using SPME fibre assembly polydimethylsiloxane (PDMS) df
30 µm, fused silica needle size 24 Ga, for use with a manual holder, 3pk (Supelco Analytical,
Bellefonte, PA, USA), for 10 min in quintuplicate (at 1, 10, 28, and 43 days of storage at
1 ± 1 ◦C, and after 7 days of shelf-life at 15 ± 1 ◦C), whereby the injector was in splitless
mode. Sampling was performed for treatments with the six essential oils, each one at a
1.0% concentration. After extraction, SPME was introduced into the heated injector port of
the chromatograph for desorption at 250 ◦C for 30 s. The relative composition (percentage)
of volatile compounds was calculated by comparing the peak area to the area of the total
chromatogram (from 5 to 50 min). Absolute quantification was calculated for carvacrol
(R2 = 0.9972; LOD: 4.15 ppm, LOQ: 12.57 ppm), thymol (R2 = 0.9999; LOD: 0.93 ppm, LOQ:
2.82 ppm), linalool (R2 = 0.9955; LOD: 1.00 ppm, LOQ: 3.03 ppm), anethole (R2 = 0.9996;
LOD: 3.11 ppm, LOQ: 9.41 ppm), limonene (R2 = 0.9967; LOD: 4.01 ppm, LOQ: 12.16 ppm),
and p-cymene (R2 = 0.9955; LOD: 4.85 ppm, LOQ: 14.71 ppm) using a standard calibration
curve between 1 and 75 ppm (mg/L). Relative quantification was determined for the other
compounds by using the standard calibration curve of the above-mentioned molecules.

3.2. Antifungal Tests In Vitro

The antifungal activity of EOs of basil, savoury, thyme, oregano, lemon, and fennel at
concentrations of 1.0%, 0.5%, and 0.1% was evaluated in vitro, using the sandwich plates
method, to evaluate the mycelial growth inhibition of two strains (PEN2 and PEN3) of
P. expansum, taken from the collection of the University of Turin and isolated from apples.
For the preparation of the EOs, Petri dishes with a diameter of 90 mm (VWR, Milan, Italy)
were used, where Potato Dextrose Agar (PDA, Merck, Darmstadt, Germany) medium
was poured, after autoclaving, with the selected EO. The EO was added at 1.0%, 0.5%, or
0.1% (v/v) to sterile deionised water (98.0, 98.5, or 98.9% v/v) and Tween 20 (1.0% v/v).
For the pathogen growth, Malt Extract Agar (MEA, Merck) plates were inoculated with
mycelium plugs (0.4 cm) taken from cultures grown on MEA for 21 days. Plates with the
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EOs were placed on top of plates with the mycelium plug to build a sandwich and then
closed with parafilm. The plates were incubated at 25 ± 1 ◦C and the mycelium diameter of
the pathogen was measured after 24 h, 48 h, 72 h, 96 h, and 11 days of incubation. Control
plates were set up in the same manner as described above but using a plate containing only
PDA. The test was performed twice, each time with 5 biological replicates.

3.3. Efficacy against Blue Mould on Apples

To evaluate the effect of the EOs on the disease incidence, the trial was set up using the
six EOs at 1.0%. ‘Opal’ apples, purchased from Ortofruit Italia (Saluzzo, Italy), were selected
based on absence of injuries and size homogeneity. Fruits were artificially inoculated with
two strains of P. expansum (PEN2 and PEN3), taken from the collection of the University of
Turin and isolated from ‘Opal’ apples. Three control treatments were prepared: the chemical
control inoculated with P. expansum and treated with the fungicide pyrimethanil (Scala, a.i.:
36.8%, BASF, Ludwigshafen, Germany) at a 0.067% concentration, the inoculated control
with P. expansum, and a healthy control, not inoculated. ‘Opal’ apples were inoculated with
a conidial suspension of P. expansum. For the preparation of the conidial suspension, two
P. expansum strains were cultured on PDA added with 0.025 g of streptomycin (AppliChem,
Darmstadt, Germany) for 5 days. The plates contained 39 g of PDA (Merck) and 4 g of
agar (Merck) per litre of deionised water (dH2O). Conidia were collected with a Drigalsky
spatula, and a 1.0% solution of the Tween-20 surfactant and conidial suspension was
brought to the concentration of 1 × 105 conidia/mL in a Burker chamber. Apples were
inoculated by immersion in the conidial suspension for 1 min, then the fruits were air-dried
for 3 h before being placed in the cabinets. The treatment with the EOs was carried out by
biofumigation, placing six slow-release diffusers inside each cabinet. Each diffuser was a
Petri dish of 90 mm-diameter containing 1 mL of EO and 1 mL of Tween-20 incorporated
into 98 mL of Water Agar (WA), after autoclaving. The trial was carried out in storage
cabinets kept at 1 ± 1 ◦C and 95% relative humidity for 60 days, followed by a 14-day shelf-
life period at 15 ± 1 ◦C. For the trial, 1350 fruits were used: 3 boxes of 50 fruit were used
per treatment. The cabinet atmosphere was sampled using the SPME-GC-MS technique
throughout the experiment.

Disease severity data were obtained from apples artificially inoculated with the strains
PEN2 and PEN3 of P. expansum. A wound of about 2 mm was made on apples where a
conidial suspension of P. expansum was inoculated. Fruits were placed in cabinets with
biofumigation plates containing the EOs at 0.5% and 1.0%. The rot diameter was measured
after 28 and 43 days of storage at 1 ± 1 ◦C and after a further 7 days of shelf-life at 15 ± 1 ◦C.
The diameter of the lesion carried out for the inoculation equal to 0.2 cm was subtracted
from the value obtained. For the trial, 630 fruit were used: each treatment included 3 boxes
of 15 apples.

3.4. Effect on Fruit Quality

Fruit quality analysis were performed by measuring firmness, total soluble solids
(TSS), and titratable acidity on 3 replicates of 4 fruit per time point and treatment. Fruit
quality parameters were measured at harvest, at the end of storage, and at the end of
the shelf-life.

Firmness was determined using the Fruit Texture Analyzer (FTA, Turoni, Italy) with
an 11 mm tip on two opposite points of the fruit surface. The firmness data (N/cm2) were
measured on two points of the equatorial region of the apples.

To determine the TSS, a NR151 refractometer (Rose Scientific Ltd., Edmonton, AB,
Canada) was used. The values obtained (degrees Brix) from the measurement are expressed
as a percentage of total soluble solids content. The juice was extracted from four fruits per
replicate, in three replicates.

The titratable acidity was determined using 6 g of juice obtained by cutting the fruit at
room temperature in an extractor. For each sample, 6 g of juice was weighed and added
to 50 mL of water. Each sample was titrated with sodium hydroxide (NaOH 0.1 N) up to
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a final pH value of 8.2 using the Five Easy Plus pH meter FP20-Std-Kit (Mettler Toledo,
Milan, Italy). The titratable acidity was calculated using the following equation:

(VNaOH × 0.0067 × 100)/6,

where 0.0067 indicates the acidity factor of the malic acid and the value 6 represents, instead,
the grams of juice analysed.

3.5. Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA). Statisti-
cal significance was judged at the level of p-value < 0.05. When the analysis of variance was
statistically significant, Tukey’s test was used to separate the means. Data were analysed
using IBM SPSS Statistics, Version: 28.0.1.0 (142) (IBM Corp., Armonk, NY, USA).

4. Conclusions

Savoury, oregano, thyme, and basil essential oils’ vapours have shown a high anti-
fungal activity in vitro against P. expansum, even at low concentrations. In experiments on
apples inoculated with P. expansum, the essential oil of savoury by biofumigation proved to
be the most effective in reducing the severity of rot induced by the fungus. Instead, basil
essential oil provided the lowest results, despite the inhibition ability shown with in vitro
experiments. These findings may suggest that the antioxidant action of the components
of essential oils plays a central role in determining their effectiveness. Furthermore, the
essential oil vapours did not affect the fruit quality, including firmness, acidity, and total
soluble solids. Finally, it is possible to hypothesise that the antifungal activity of essential
oils was not linked to the activity of a single molecule but to the synergistic activity of two
or more compounds. Different molecules may act through both direct inhibition of the
fungal growth and indirect antioxidant action. In the context of the reduction of pesticides’
use, essential oils may represent a valid alternative to control postharvest diseases of fruit
and vegetables.
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