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Introduction

Abstract

In order to stimulate hormesis in basil, apple and lemon we
used Ultraviolet C-band (UV-C) radiation emitted by an array of
Light-Emitting Diodes (LEDs) at low irradiation doses followed by
inoculation of the pathogens Botrytis cinerea and Penicillium di-
gitatum. The LEDs are preferable to conventional mercury lamps
when robustness and portability are required. Hormetic doses lo-
wer than those reported in the literature were used, in order to
achieve short irradiation times and thus rapid treatment of crops.
The results show that a dose of just 0.3 k) m? released in a time
interval of 3 to 14 seconds generates metabolites that inhibit, or
dramatically slow, pathogen growth. After 75 days from irradiation
immediately followed by inoculation, the fungal development on
basil plants affected less than 30% of the epigeal part, compared
to 90% in the unirradiated control. In addition, we obtained preli-
minary results of low-dose hormetic irradiation of lemons and ap-
ples. No fungal growth was observed in 75% of irradiated apples
15 days after irradiation and inoculation. Irradiated lemons showed
complete inhibition of P. Digitatum growth. One can then infer that
preventive irradiation by LED is beneficial to limit crop diseases in
both pre-harvest and post-harvest without harming the plant or
the environment, as a sustainable alternative to pesticides.

Keywords: Crop protection; Ecological agriculture; Hormesis;
Post harvest; Sustainable agriculture; UV-C

Overuse of pesticides in agriculture contributes to soil, wa-
ter, and air pollution, putting the health of operators and con-
sumers at risk. The proposed European target is to reduce the
use of chemicals by 50% by 2030 [1]. This goal implies an urgent
need to find alternatives to pesticides and copper compounds,
the latter of which are used on organic farms and whose toxi-
city to farmers, birds, mammals, and soil organisms has been
demonstrated in long-term assessments.

UV-C radiation (wavelength range of 200-280 nm) appears
to be a promising alternative to protect plants and fruits from
pathogens without harming the plant or the environment [2-9].
Depending on the dose, the UV-C irradiation generates a ger-
micidal or hormetic response, the latter being an adaptive stra-
tegy through which performance is enhanced and mediated.
Specifically, exposure to the right dose of UV-C causes stress

in plant tissues, which stimulates the biosynthesis of defensive
secondary metabolites with antimicrobial and antioxidant ac-
tivity [3,6,7]. Several works have demonstrated the effective-
ness of UV-C irradiation at the wavelength of 254 nm emitted
by low-pressure mercury lamps to limit the spread of common
pathogens [2,5,7,9]. However, since nearly 140 countries have
joined a global agreement (Minamata Convention on Mercury)
that is expected to reduce the production and trade of mercu-
ry-containing products [10], including mercury lamps, it would
be interesting to test other mercury-free UV-C sources possibly
with better portability and efficacy. Light-Emitting Diodes (LEDs)
are another type of UV-C radiation source with less conversion
of electrical power to radiation than lamps, but they are more
compact, lightweight, easy to carry, shock resistant, have an im-
mediate turn-on time, and require a smaller and lighter power
supply. These characteristics make LEDs preferable to mercury
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lamps for applications requiring portability, such as field irradia-
tion, without the disposal problems of mercury, which is highly
toxic to the environment. Among crop fungal diseases, Botrytis
cinerea (Pers. 1794) a necrotic fungus that causes grey mold di-
sease, and Penicillium digitatum Sacc., the causative agent of
green mold disease, are among the most dangerous pathogens
that infect several species in pre-harvest and remain latent until
the post-harvest period, during storage and transport,making
their control throughout the supply chain critical [11]. They pro-
duce significant economic losses in crop production and storage
[12,13]. In particular, B. cinerea, a highly polyphagous necro-
trophic pathogen capable of infecting numerous agricultural
species, causes significant economic damage to crops on more
than 1,400 known hosts in 586 plant genera and 152 botanical
families [14]. Similarly, P. digitatum is a major cause of posthar-
vest economic losses, accounting for up to 90% of total dama-
ge to citrus, especially in dry areas and subtropical climates
[15,16]. Today, the application of chemical synthetic fungicides
is the main method of controlling postharvest diseases caused
by B. cinerea or P. digitatum [17]. However, there are two main
problems with the application of fungicides: 1) toxicological re-
sidues of chemical fungicides are harmful to the environment
and humans, and 2) the frequency of resistant strains to diffe-
rent categories of fungicides [18] increases crop management
costs as well as the difficulty of controlling these pathogens
with conventional methods [15].

In this work, it is explored the efficacy of the 277 nm wa-
velength emitted by an LED array to stimulate hormesis in ba-
sil plants and fruits after low-dose irradiation and subsequent
exposure to the pathogens B. cinerea or P. digitatum. As case
studies it has been chosen: basil plants, one of the main Medi-
terranean aromatic crops widely used in cooking and medicine;
Golden Delicious, the most popular and easily available apple;
and typical Italian lemons, of the Femminello cultivar.

Materials and Methods
Plants and Pathogens

Basil plants (Ocimum basilicum (L.), Genovese type) sown in
March 2021 in the growth chamber (temperature 25°C; relative
humidity 70%) and transplanted (3 plants per pot) at the emis-
sion of two true leaves were used. Growing conditions were
as follows: 16h photoperiod; the average of PFD 120+10umol
photons m?2s?, actinic light. The substrate used for the experi-
ment was the nursery soil with the main characteristics: pH (in
H,0)=8; electrical conductivity EC=0.8 dS/m; dry bulk density
=220 kg/mc; total porosity =82%. One month after transplan-
ting, the plants were inoculated and irradiated as described in
the following.

As for fruits, apples (Malus domestica (Borkh.) Golden Deli-
cious variety) and lemons (Citrus limon (L.) Femminello variety)
from organic farming were used.

The fungi were isolated from naturally infected material and
subsequently grown in vitro to obtain enough inoculum. B. cine-
rea (Pers. 1794) was isolated from infected basil plants, while P.
digitatum (Pers.) Sacc. 1881 was isolated from infected lemons,
see Figure 1. Both fungal pathogens are non-obligatory hosts
because once isolated they can be propagated in vitro on artifi-
cial culture media and kept in growth chambers.

They were then maintained on sterile Potato Dextrose Agar
culture medium and kept at 25 °C in a LABnet 211DS incubator,
until use.

Inoculation and Data Evaluation

The basil plants were inoculated with a conidia suspension.
To obtain a sufficient inoculum concentration, conidia of B. ci-
nerea, grown in vitro for one month were collected in sterile
deionized water with a spatula. The suspension was adjusted
to 9x10° conidia/ml using a Burker chamber microscope. The
inoculation was carried out by spraying the conidia suspension
on both irradiated and unirradiated plants, the latter being
used as a reference. The plants were isolated, covered with
plastic wrapping, and placed in a growth chamber at 25°C
and a humidity of 90% that promotes the development of
pathogenesis. The growth of basil plants was assessed by de-
termining phenological and morphological stages at maximum
fungal incidence. During the 3-month storage period, fungal
development was evaluated as the percentage of the dam-
age (incidence of pathology). Metabolic changes induced by
irradiation and their correlation with pathogen response were
assessed by fluorometric analysis.

Organically grown lemons and apples (purchased from
the Natura S| store in Fiumicino, Italy) were surface steril-
ized with 80% ethanol to prevent uncontrolled infection. After
solvent evaporation under sterile conditions and laminar air
flow, each fruit was placed in sterile irradiated plant tissue
culture containers (10x10x10cm, Fisher Scientific) and then
each container was closed under aseptic conditions. Subse-
quently, the apples were infected by applying 1-cm-diameter
pieces of B. cinerea fungal mycelium maintained in vitro [19].
The inoculum was collected with a cylindrical instrument at
the periphery of the fungal colonies where growth is most
effective and was placed on the surface of UV-C-irradiated or
unirradiated fruits. The lemon fruits were infected following the
same procedure, but using P. digitatum. Fungal mycelium was
placed on each fruit, both irradiated and not irradiated, and its
growth over time was observed. All inoculations were per-
formed immediately after the application of UV-C treatment.
Infected fruits were each stored in closed sterile containers
to avoid cross-contamination and were placed at room tem-
perature (22+ 2°C), 80% humidity, and in dark conditions. The
fungal growth response was monitored for six weeks. Fungal
development on the fruits was analyzed by assessing the per-
centage of necrosis or the contaminated areas. Each trial was
replicated three times.

UV-C Irradiation Device and Delivered Doses

The single LED is a 6 V, 0.1-0.4 A-powered, millimeter-
sized solid-state source emitting a few tens of mW radia-
tion. LEDs can be assembled in multi-element arrays, resulting
in medium-power UV-C devices. At the ENEA Frascati Centre,
have assembled and tested several Luminus XBT-3535-UV LEDs
[20]. Accessed on 6 June 2023) which emit radiation whose
spectrum is peaked at 277 nm, with a full width at half maxi-
mum bandwidth of 11 nm. The device shown in Figure 2 is
made up of an array of 38 LEDs on a 90x34 mm? rectangular
base. The associated electronics manage the timing and duty
cycle of the irradiation.

A dedicated simulation software that calculates both the
spatial distribution and the average value of the intensity of
UV-C radiation vs. the distance from the LEDs was developed.
The simulation results are in excellent agreement with the
experimental data. As an example, Figure 3 shows the inten-
sity distribution at different distances from the LEDs. Despite
the aspect ratio = 3 of the rectangular LEDs array, the spatial
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distribution of the radiation has a nearly circular shape at any
distance larger than 50 mm.

The LEDs were positioned on top of each basil plant in the
pot as shown in Figure 4.

UV-C intensity decreases with distance from the LEDs, so
leaves placed at different heights receive slightly different do-
ses of UV-C. The data refer to the average dose released to the
plant, which is conventionally given by the radiation intensity
(power per unit surface) on a plane located at 2/3 of the maxi-
mum height of the plant in the pot, multiplied by the exposure
time (i.e., duration of irradiation). The dose was varied by chan-
ging the exposure time and keeping the position of the LEDs
fixed. Depending on the height of the plant, exposure times ran-
ged from 3 to 14 seconds.

Hormesis is a nonmonotonic/biphasic dose-response pheno-
menon [6], so accurate dose determination is crucial. The effec-
tive hormetic doses are dependent on the specific plant, the
pathogen, and the irradiation wavelength. As a consequence,
hormetic doses reported in the literature differ from each other.
To make matters worse, not all doses reported in the literature
have been measured by absolute detectors, increasing confu-
sion between reliable dose values and others that are less so.
Most hormetic doses are reported at the UV-C wavelength of
254 nm, ranging between 0.5 kJ m? and 9 kJ m* [2-5,8]. In the-
se experiments, an extremely low hormetic dose was chosen,
equal to 0.33£0.03 kJ m™ as accurately measured by the abso-
lute power-meter Hamamatsu C9536/H9535. Choosing a dose
value much lower than those reported in the literature allows
for shorter irradiation times and rapid treatment of crops.

Fluorometric Analyses

To assess irradiation-induced metabolic changes over time
and correlate them with tolerance and response to pathogens,
the Multiplex®3 UV-Visible portable fluorometer was used [21].

The measurements with Multiplex were carried out on basil
plants both not irradiated and not inoculated controls versus ir-
radiated and not inoculated. In the latter case, the leaves direct-
ly exposed to UV radiation were chosen to have homogeneous
growth and age. The Multiplex analyzed the leaves of each plant
for a total of 6 measurements per treatment.

Statistical Analysis

The data processing for the comparison between treatments
was carried out with the ANOVA (ANalysis Of VAriance) parame-
tric statistical analysis and the treatment-contrast pairs (t-Stu-
dent test) by the software SPSS version 13.0 (Statistics BaseTM,
Chicago, IL, USA) or GraphPad Prism 9 software for statistical
analysis (Two-Way ANOVA). ANOVA verifies whether the data of
the different groups are homogeneous and whether the obser-
ved differences between the groups are only due to normal sta-
tistical variability. More in detail, after the sampling campaign, a
Shapiro-Wilk test for normality distribution on the values collec-
ted using GraphPad Prism was conducted, and the results pas
sed validation. Next, it was performed an ANOVA test on the
values obtained from the Multiplex flavonoid index collected
at the end of sampling, and a Two-Way ANOVA comparing the
values at the beginning of sampling, after UV-C irradiation, with
those collected at the end. The goal was to understand whe-
ther elapsed time is the only factor on flavonoid accumulation
or whether the stress performed also has an influence on fla-
vonoids. Finally, for the two-way ANOVA the two independent

variables are time (t,/t,) and exposure (S/N) and the dependent
variable is the value itself, while for the one-way ANOVA the
independent variable is only the exposure 163 (S/N).

Results
Irradiation Tests on Basil Plants

Although B. cinerea is not considered a basil-specific patho-
gen, under favorable conditions -usually in spring or fall- it be-
comes a common disease for basil crops [19,20]. Infected or-
gans produce profuse off-white to gray mycelia covered with
dark conidia on leaves and stems. Furthermore, stem cuttings
are highly receptive to infection soon after harvest thus B. cine-
rea may also develop on the packed bunches during shipment
to market, causing the entire package to rot. Farr and Rossman
[23] listed records of B. cinerea on basil from Canada, Greece,
Hungary, Italy, Poland, and Turkey, and recently de Oliveira Lo-
pes et al. [24] reported B. cinerea damage on basil in Brazil for
the first time. Therefore, the availability of new integrated con-
trol strategies is important to achieve the goal of reducing the
use of synthetic fungicides. As shown in Table 1, basil plants ir-
radiated at hormetic doses contrasted the fungal growth. After
75 days from irradiation followed by inoculation, the fungal de-
velopment on plants affected less than 30% of the epigeal part,
compared to 90% in the unirradiated control. The irradiation
did not damage the basil plants. Indeed, the vegetative growth
of both control and irradiated plants was similar to not irradia-
ted and not inoculated plants. The control basil plants, inocu-
lated and not irradiated, showed progressive deterioration of
the epigeal part as a result of pathogen development leading to
desiccation of the plant within 90 days.

The change in flavonols and chlorophyll was evaluated to de-
termine whether low-dose UV-C irradiation induces metabolic
change and promotes the formation of metabolites useful for
plant defense. Table 2 shows the mean values of the Flav index,
which is proportional to flavonoid content in plant leaves [25].
Table 1: Evaluation of necrosis extension (% mean valuetStandard De-
viation of the mean of three replicates) induced by B. cinerea on Oci-
mum basilicum (L.), Genovese type treated and not treated with UV-C
after 75 days from irradiation with a hormetic dose of (0.33+0.03) kJ
m-2.

Ocimum basilicum . Fungal growth
Height (cm) Status of plants
(L.) treatment (%)
CONTROL 1 Not )
. . Post flowering, seed
irradiated and not 42+0.9 R 0
. formation
inoculated
Irradiated and not .
X 4010.5 Pre-flowering 0
inoculated
Irradiated and .
X 30+1.2 Vegetative stage 30+£3.21
inoculated
CONTROL 2 Not
irradiated and 25+1.4 Vegetative stage 90 +4.04
inoculated

Table 2: Flav index +Standard Deviation of the mean of three replica-
tes, as determined with Multiplex analysis on irradiated and control
Ocimum basilicum (L.). Comparison of data collected at 40, 50, and 60
days after irradiation. NS=Not Significant; ** = 0.01< P<0.05.

Days after irradiation | Sample treatment FLAV t-value
Irradiated 0.184+0.14
40 4.026**
Control -0.01540.03
Irradiated 0.150+0.16
50 1.906 ns
Control 0.001+0.09
Irradiated 0.304+0.14
60 2.049 ns
Control 0.135+0.14
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The data were collected by Multiplex at 40, 50, and 60 days
after irradiation, showing a significant increase in flavonols con-
tent of irradiated plants compared to the unirradiated controls.
This is indicative of the hormetic effect sought. Namely, small
doses of UV-C directed against the organism elicited a protec-
tive response that is attributed to the accumulation of phyto-
alexins as a result of increased Phenylalanine Ammonia-Lyase
activity, the key enzyme which leads to the synthesis of phenyl-
propanoid compounds [1,2,23].

Some authors [27,28] report the loss of the hormetic effect
in fruits irradiated by UV-C and exposed to visible light. Namely,
Stevens et al. [28] note that in peach fruits irradiated with hor-
metic doses of UV-C at 254 nm, the protective effect from Mo-
nilia frutticola disappears after exposure to visible light for 48
hours. In contrast, our results show that the hormetic effect of
UV-C irradiation at 277 nm lasts over time and does not appear
to be limited by plant exposure to visible light. During the two
months following irradiation, the presence of flavonols in the
leaves of irradiated plants remained consistently higher than
that of the unirradiated control, as shown in Table 2.

The effects of time and irradiation on the Flav-index were
statistically analyzed by 2-way ANOVA and the results are repor-
ted in Table 3. Analyses showed a positive effect of time on the
concentration of flavonoids: elapsed time was responsible for
44% of the total variance. One month after irradiation, the Flav
index was significantly different between control and irradiated
plants, and 24% of the total variance was caused by irradiation
itself, showing that irradiation produced a significant effect. The
interaction between time and irradiation was not significant.
Flavonoids are effective antifungal agents against a wide ran-
ge of pathogens. According to [29], they can reduce or inhibit
fungal growth in several ways, including alterations of plasma
membrane metabolism, changes in the efflux-mediated pum-
ping system, induction of mitochondrial dysfunction, and RNA
and protein synthesis. Recently, Wang et al [30] reported natu-
ral flavonoid extracts that can inhibit the growth of B. cinerea by
negatively affecting its cell membrane lipid metabolism.

g ARAR LR R El)]

Figure 1: Isolation of B. cinerea from previously infected Ocimum
basilicum (L.) plants, and of P. digitatum from infected lemons.

Table 3: Variation of the Flav index due to time since irradiation, UV-C
irradiation, and interaction between time and irradiation. ns = not
significant; **=0.01 <P <0.05; ***= P<0.0001.

Flav: variation source % of total change P-value
Time 43.92 <0.0001***
Irradiation 23.86 0.0008**
Time*Irradiation 1.32 0.3661 ns

Figure 2: Array of 38 UV-C LEDs assembled and tested at ENEA La-
boratories. In addition to the LEDs, the housing contains an appro-
priate cooling system, necessary to achieve optimal performance
of UV-C emission.

Figure 3: 3-D distribution of the UV-C intensity (left) and corre-
sponding contour plot (right) at different distances from LEDs: a)
at 50 mm, b) at 100 mm and c) at 200 mm.

Figure 4: Apparatus of UV-C irradiation of a Ocimum basilicum (L.),
Genovese type. The LEDs are in the green casing above the plant,
and the UV-C radiation is directed downwards. Since UV-C radiation
is not within the visible spectrum, a sheet of paper was placed un-
der the pot that emits blue fluorescence when illuminated by UV-C,
thus revealing that the LEDs are on.
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The values of the SFR_R index 31], which is proportional to
the chlorophyll content in plant leaves, are reported in Table 4,
showing an appreciable decrease over time.

The decrease in chlorophyll is also observed in the unir-
radiated control, and it is attributable to natural leaf senes-
cence. The dose of 0.33 kJ m-2 was not sufficient to stimu-
late new chlorophyll production. For example, in Chinese
cabbage plants (Brassica oleracea var. Alboglabra) irradiated at
much higher doses of 3.6 and 5.4 kJ m-2, Chairat et al. [32] ob-
served a delayed yellowing of the leaves probably due to low-
er activity of chlorophyllase, an enzyme found in chloroplasts
that degrades chlorophyll. Costa et al. [33] observed the posi-
tive effect of UV-C at 10 kJ m~2 on chlorophyll degradation and
yellowing in broccoli, due to the inhibition of catalysis enzymes.

Preliminary Irradiation Test on Apples

As a preliminary investigation, four apples (Malus domestica
Golden Delicious variety) from organic farming were irradiated
with a low hormetic dose of 0.30+0.03 kI m=2 (exposure
time 11 s) and immediately inoculated with B. cinerea. At
the same time, four unirradiated apples were inoculated
and used as a control. Fifteen days after inoculation, all
unirradiated controls had typical disease symptoms, while in
75% of the irradiated apples fungal development was almost
absent and minimal in the remaining 25%, see Figure 5. After
one month, the percentage of necrosis detected on the irradi-
ated apples was 60% compared to 100% in the unirradiated
control. As UV-C radiation is absorbed in a very thin layer
of most biological materials, in this experiment UV-Crays are
entirely absorbed by the exocarp [34], and the hormetic effect
is limited to the surface of the apples. Figure 5 shows that on
the one hand, the growth of the pathogen was inhibited or sig-
nificantly slowed down by UV-C irradiation, on the other hand,
in 25% of cases, the pathogen penetrated the thin exocarp
barrier in a much longer time than in unirradiated apples, and
reached the fruit. This can cause the apple to show symptoms
far from where inoculated, such as the middle apple in the
bottom row of Figure 5. An important factor is the physiologi-
cal state of the apples at the time of irradiation. For example,
de Capdeville et al. [35] observed that fresh apples were more
responsive to UV-C treatment than apples stored for 3 months
in a controlled atmosphere environment.

Preliminary Irradiation Test on Lemons

Citrus spp. is one of the most popular fruits in more than
100 countries worldwide, also consumed for its health bene-
fits. Due to fruit diseases and metabolic disorders, postharvest
losses can reach 30-50% of total production [36]. Therefore,
it would be important to extend the shelf life of high-quality
fruit, because reducing losses has relevant implications for a
sustainable production system.

As a preliminary investigation, four lemon fruits (Citrus limon
(L.) Femminello variety) from organic farming were irradiated
with a low hormetic dose of 0.30 + 0.03 kJ m=2 (exposure
time 11 s) and immediately inoculated with mycelium dowels
of P. digitatum, the agent causing green mold. Unirradiated
lemons were inoculated at the same time and used as a con-
trol. Forty days after treatment, the fungus has invaded the
entire surface of the unirradiated lemons (Figure 6, left). In
contrast, the irradiated lemons (Figure 6, right) show com-
plete inhibition of pathogen growth.

In the literature, there are examples of high-dose UV-C ir-

Figure 5: Malus domestica (Borkh.) fruits 15 days after inoculation
with pieces of B. cinerea mycelium. One not irradiated control is on
the left. On the right are the four apples subjected to 11 seconds of
UV-C irradiation before inoculation.

| b -
Figure 6: Citrus limon (L.) 40 days after inoculation with green
mold mycelium. The lemon on the right was subjected to 11
seconds of UV-C irradiation before inoculation. The not irradiated
control is on the left.
Table 4: SFR_R index +Standard Deviation of the mean of three repeti-
tions, calculated from the results of Multiplex analysis on irradiated
and control basil plants on different days after UV_C irradiation.
ns=Not Significant; *=P<0.05.

Day after irradiation Sample treatment SFR_R t-value
Irradiated 1.21940.08
40 2.455%*
Control 1.061+0.15
Irradiated 0.939+0.05
50 1.073*
Control 0.803+0.20
Irradiated 0.659+0.15
60 1.169 ns
Control 0.761+0.14

radiation being able to limit the development of P. digitatum
in Citrus spp [36]. The resistance to the pathogen has been
attributed to the accumulation of phytoalexins such as scop-
arone and scopoletin [37,38]. Phonyiam et al [39] showed that
application of a UV-C dose of 10 kJ m~2 on Satsuma mandarins
was able to reduce green mold growth due to increased ac-
cumulation of jasmonic acid and bioactive compounds with
high antioxidant activity. They also reported a reduction in
lipid peroxidation, which helped maintain the integrity of the
membrane structure. Similar results were previously reported
by Barka et al. [40], who demonstrated the effect of UV-C ir-
radiation (254 nm) on cell wall degradation enzymes, which
led to a delay in fruit ripening and senescence process. The
application of UV-C irradiation before storage, with a dose
ranging from 3.4 to 10.5 k) m=2, helped preserve the quality of
lime fruits during storage [41]. In addition, UV-C technology has
been extensively studied as an alternative pasteurization treat-
ment and extension of beverage shelf life [42].
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Discussion

An important question is whether there are any disadvan-
tages or limitations to using low-dose UV-C radiation for plant
growth and pathogen inhibition.

Regarding plant growth, in our experiments the value of
the dose that generated hormesis is more than thirty times
lower than the dose that can harm the plant. Therefore,
the use of hormesis doses excludes unintentional damage to
plant health.

In addition, one may wonder whether the cost of LEDs is
competitive with that of mercury lamps, and whether there
are potential health problems for operators when using LEDs
in the field.

As for the cost of LEDs, it is no longer an issue because their
massive use in various applications has generated a permanent
trend toward cost reduction, so much so that today the cost
of LEDs is a negligible part of the total cost of an automated
machine to irradiate crops with UV-C light. Regarding opera-
tor health, the machines currently used to irradiate crops with
UV-C lamps are automatic and driverless. The operator is
away from the machine while it is operating. The lamps can be
easily replaced by LEDs in these machines.

Conclusions

This paper summarizes the effects of 277-nm UV-C ir-
radiations of basil, apples, and lemons followed byinocula-
tion of the fungal pathogens B. cinerea and P. digitatum. The
UV-C source is the compact 90x34 mm? LEDs matrix shown
in Figure 2, and the UV-C dose delivered is much lower than
those reported in literature, to test the possibility of reducing
the irradiation time to achieve rapid treatments of crops.

Basil plants were irradiated with a dose of 0.33+0.03 ki m~2,
as accurately measured by the absolute power meter, and re-
leased in a time ranging from 3 to 14 seconds. Multiplex
analysis revealed that the irradiated basil plants showed a
significant increase in flavonols content compared with the un-
irradiated control. This means that a dose of 0.33 kJ m=2 of ra-
diation at 277 nm generated metabolites with antimicrobial and
antioxidant activities that contribute to the protection of basil
plants. In contrast, the dose value was not sufficient to retard
chlorophyll degradation.

Post-harvest lemons and apples were irradiated with a dose
of 0.30%0.03 kI m-2, released in 11 seconds. Forty days after
P. digitatum inoculation, irradiated lemons show complete
inhibition of pathogen growth, while green mold invaded
the entire surface of the unirradiated lemons. Fifteen days
after B. cinerea inoculation, fungal development was absent
in 75% of irradiated apples and minimal in the remaining
25%, while unirradiated apples showed extensive necrosis
over most of the surface of the fruits. The hormetic results
in postharvest apples and lemons are very encouraging, and
are in agreement with the literature. Further irradiations
to confirm these results and investigate in detail the mecha-
nisms of hormesis as a sustainable technique of fruit preserva-
tion are planned. The results presented in this paper show
that preventive irradiation by LED UV-C is beneficial to limit
crop diseases evaluated in this study in both pre-harvest and
post-harvest, without harming the plant or the environment, as
a sustainable alternative to pesticides. However, the work was
carried out under laboratory conditions, and further research is

needed to confirm the efficacy and safety of using low-dose
UV-C radiation emitted by LEDs for plant growth and patho-
gen inhibition in real agricultural systems. In this context, the
use of LEDs in field irradiations is facilitated by the availability
of driverless, automated irradiation systems that currently use
mercury lamps, as the replacement of mercury lamps with ar-
rays of LEDs is straightforward.
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