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Abstract: Mycopathogenic moulds are responsible for the greatest crop losses of cultivated mush-
rooms, thus having a significant negative economic impact on industry. Pesticides are the most
common treatment against mycopathogenic moulds, but ultraviolet-B (UV-B, 280-315 nm) radiation
could be a more ecological alternative. Thus, we studied the effect of UV-B (at doses from 8 to
192 k] m~2) on four common mycopathogenic moulds (Cladobotryum mycophilum, Lecanicillium fungi-
cola, Trichoderma aggressivum, and Mycogone perniciosa) under in vitro conditions, using four different
culture media. UV-B was tremendously effective in inactivating mould spores even at the lowest
dose, with the exception of those of T. aggresivum. Contrarily, UV-B did not present any effect on the
development of the host mycelium (Agaricus bisporus), even at the highest dose, when cultivated on
Compost Tea medium (CT). This is the most similar medium to the substrate used for commercial
mushroom cultivation. UV-B reduced the mould mycelia development in a dose-response manner,
but this reduction depended on the species, with the strongly pigmented T. aggressivum as the most
tolerant species. Regarding the culture media, all of them (especially CT) absorbed UV-B intensely,
contributing to the protection of the mycelia. Overall, UV-B radiation could constitute an ecologically
friendly alternative to chemical treatments against mycopathogenic moulds, due to its capacity to
inactivate their spores and (in some cases) their mycelia without affecting their hosts.
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1. Introduction

Cultivated edible mushrooms are susceptible to diseases caused by bacteria, fungi,
and viruses. Among these biotic agents, mycoparasites are responsible for the greatest
mushroom crop losses, which have a significant economic impact on industry [1]. The
occurrence of mycopathogenic moulds on commercial crops results in reductions in yield
and quality, mainly due to basidiome defects, a lower surface area that can be used for
cultivation, and the need for early crop termination when the disease becomes epidemic [1-3].
Many fungal diseases can affect commercial mushroom crops. Nowadays, the four most
serious diseases are cobweb (Cladobotryum mycophilum), dry bubble (Lecanicillium fungicola),
wet bubble (Mycogone perniciosa), and green mould (Trichoderma aggressivum) [1].

Mycopathogen development usually implies the appearance of circular colonies on
the casing soil or basidiomes. These colonies quickly spread by means of the formation
of a more or less evident mycelium. Eventually, colonies of mycelium start to sporulate,
producing masses of spores (conidia) either dry (Cladobotryum) or in mucous masses (Iri-
choderma and Lecanicillium). Spores are easy to release when they are physically disturbed,
mainly through watering or picking operations (even air currents from air-conditioning
systems are sufficiently strong to mobilise the harmful spores) [3]. Once the conidia are
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spread throughout the mushroom facilities, they can form secondary colonies on the casing
layer or on the basidiomes [2]. In fact, as soon as a primary mycopathogen outbreak is
located, it must be treated before sporulation by covering the infected area with a thick
damp paper to avoid the release of conidia and the consequent disease dispersion, which
magnify infection and increase losses [3,4]. Despite these measures, the use of chemical
pesticides may be necessary. In this respect, public policies aimed at reducing the use of
chemical pesticides through the use of sustainable agriculture practices [5,6] have led to
the intensification of biological control efforts in agriculture. Although there have been
attempts to identify biological control agents and environmentally friendly biomolecules
that are effective against fungal diseases in mushroom [7-10], no efficient bio-treatment to
control mycopathogen diseases has been described. Thus, this control still relies on the use
of chemical fungicides. Moreover, the sensitivity of mycoparasites to approved pesticides
is gradually diminishing and signals of resistance have been detected [11,12].

An alternative to chemical pesticides in the fight against mycopathogenic moulds can
be found in ultraviolet (UV) radiation. The fungicidal effect of UV-C radiation (100-280 nm
wavelength) is well known [13], but its applicability for the control of mycopathogens is
strongly limited by its negative effect on cultivated mushrooms in addition to the risks
inherent to its manipulation. Conversely, UV-B radiation has a longer and less energetic
wavelength (280-315 nm) and, hence, is more easily manageable. Although UV-B only
represents a small proportion of the total solar radiation reaching the Earth’s surface (around
0.33% of the visible radiation), it shows a wide range of biological effects [14,15]. The re-
sponses of organisms to UV-B have profusely been studied in the case of plants [15-17] and
mushrooms [18,19]. Under natural ambient levels, or when artificially applied at adequate
doses, UV-B acts as a regulatory factor rather than a stressor, and this regulatory role has
resulted in many practical applications, including plant and mushroom cultivation [18-21].
However, UV-B excess can lead to many negative effects on organisms, such as DNA dam-
age and oxidative stress. Specifically, oxidative stress can be caused by an excess of reactive
oxygen species (ROS) generated in UV-B-exposed cells [17]. The generation of this excess
could represent one of several possible UV-B-induced mechanisms to eliminate harmful
organisms for crops, including mycopathogenic moulds. However, as far as we know, the
capacity of UV-B to eradicate mycopathogen moulds that specifically cause diseases on
mushroom crops (as contemplated in our work) has not been investigated. Nevertheless,
the effect of UV-B on different saprobic [14,22] or plant pathogenic [23-27] moulds has been
studied, including species potentially pathogenic for mushrooms, such as those belonging
to the genus Lecanicillium [28].

Furthermore, it is necessary to point out that the studies carried out in vitro on the
effectiveness of diverse treatments, including UV radiation, on the control of pathogenic
moulds and their interaction with host cultures have been performed using different culture
media [9,23,29,30]. This factor could be responsible for the contradictory results obtained
and, thus, the influence of culture media should be experimentally tested.

In this work, we studied the in vitro effect of different doses of UV-B radiation on the
mycelia and spore development of the four main mycopathogens of cultivated mushrooms
(C. mycophilum, L. fungicola, T. aggressivum, and M. perniciosa), taking into account the
influence of the four culture media used. In parallel, we also studied the UV-B effects on
their host (Agaricus bisporus). The proposed objective is to make a first approach to the
potential of using UV-B in the control of fungal diseases in mushroom crops for its possible
application in real culture conditions.

2. Materials and Methods
2.1. Culture Conditions

The four moulds studied were obtained from the collection of the Mushroom Techno-
logical Research Center (CTICH) of the Government of La Rioja (Autol, La Rioja, Spain).
Their species names, together with their identification codes assigned by the CTICH, are
as follows: Cladobotryum mycophilum (Oudem.) W.Gams & Hoozem. (identification code
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13900), Lecanicillium fungicola (Preuss) Zare & W.Gams (i.c. L1), Trichoderma aggressivum
Samuels & W.Gams (i.c. TA:231120), and Mycogone perniciosa Magnus (i.c. CNC2118).
These moulds were previously isolated from diseased commercial crops located in La Rioja
(Spain), as in [31].

To evaluate mycelial and spore development, four culture media were employed.
Three of them were commercial culture media: Czapek Agar (Cz) (20 g sucrose, 2 g sodium
nitrite, 0.5 g magnesium glycerophosphate, 0.35 g potassium sulfate, 0.5 g potassium
chloride, 0.01 g ferrous sulphate, and 15 g agar per litre, pH 6.8) (Scharlau, Sentmenat,
Spain); Malt Extract Agar (MEA) (12.75 g malt extract, 2.75 g glucose, 2.35 g glycerine,
0.78 g gelatine peptone, and 15 g agar per litre, pH 4.7) (Panreac, Barcelona, Spain); and
Potato Dextrose Agar (PDA) (20 g glucose, 200 g potato infusion, and 15 g agar per litre,
pH 5.6) (Panreac, Barcelona, Spain). These three media were used due to their different
composition, pH, and optical characteristics regarding UV absorption. A fourth culture
medium, Compost Tea Agar (CT), was used because of its similarity to the substrate used for
commercial mushroom cultivation. For its preparation, 50 g of dry compost was suspended
in a litre of distilled water, sterilised for 20 min at 121 °C, and filtered through filter paper.
Then, 20 g of agar (Oxoid Ltd., Basingstoke, UK) per litre was added and resterilised, for a
final pH of 6.87.

2.2. Irradiation Conditions

Plates with the moulds were irradiated using UV-B radiation lamps (Philips TL
40 W/12, Philips Lighting, Eindhoven, The Netherlands). The lamps were placed at
a distance of 55 cm over the plates, providing a UV-B irradiance of 2.2 W m~2. Different
UV-B doses (0, 8, 24, 48, 96, and 192 k] m’z) were applied by varying the exposure periods.
This wide range of doses was selected on the basis of our previous experience with fungi
and plants [16,18,21]. Control plates (no UV-B exposure) were covered with polycarbonate
filters (Macoglass S.L., Valladolid, Spain), which cut off UV radiation. The UV-B doses
were provided by covering the plates with methacrylate filters (Macoglass S.L.), which are
transparent to UV radiation [18]. This procedure was used to irradiate plates inoculated
with both the mycelia and the spore (conidia) suspensions.

2.3. Analysis of UV-B Effects

All measurements were performed in triplicate. To determine the effect of UV-B on
the mycelial development of each pathogenic mould, Petri dishes with the four different
culture media were inoculated in the centre with a 5 mm diameter agar plug taken from
the edge of a 5-day-old PDA pure culture of each mould. All the plates (both irradiated
and nonirradiated) were incubated in the dark at 20 °C for 14-16 days.

We also studied the effect of UV-B on the mycelia directly developed from spores
(spore development) and not from plugs. For this aim, 0.1 mL of a conidial suspension of
each pathogen was sprayed onto the surface of the four different culture media for a final
count of around 10° conidia per plate. The pathogen inoculum was prepared on the day of
inoculation and consisted of conidia from a 2-week-old culture on PDA, washed with sterile
water, and filtered through a polypropylene net filter (25 um pore size, Millipore®, Merck,
Darmstadt, Germany) to remove any remaining mycelium from the culture suspension.
The concentration of each conidial suspension was determined using a haemocytometer
and was adjusted using sterile water to a concentration of 107 conidia mL~! [32]. Similarly
to the procedure used for mycelial development evaluation, the plates (both irradiated and
nonirradiated) were incubated in the dark at 20 °C for 15 days.

The “relative development degree” of the mycelium of each species, developed either
from plugs or spores, was measured at different moments along the incubation period.
Different parameters were considered, depending on the species, and each parameter was
quantified in a scale from 0 to 5. To allow interspecific comparisons, the maximum score
established for each mould was made to correspond to a development value of 100%.
Thus, for C. mycophylum, we evaluated colony diameter (score of 5 when the main colony
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covered the entire surface of the plate, i.e., 9 cm diameter), secondary sporulation (score of
5 when it was extended over the entire plate), and coloured secretion production (score
of 5 when it was generalized throughout the colony) for a maximum score of 15 points,
corresponding to a relative development degree of 100%. For T. aggressivum, we considered
colony diameter (following the same criterion to the previous species), secondary colony
diameter (score of 5 when the secondary colonies were distributed throughout the surface
of the plate), mycelium density (score of 5 when the mycelium was uniform, dense and
compact), and colony colour (score of 5 when the mycelium had an intense dark green
colour) for a maximum score of 20 points, corresponding to 100%. For L. fungicola and M.
perniciosa, only colony diameter (following again the same criterion) was evaluated for a
maximum score of 5 points, corresponding to 100%. It is necessary to point out that not all
moulds in the different culture media and conditions tested reached 100% development in
the period of time considered.

To evaluate the influence of the culture media on the UV-B effects, the UV absorption of
the four different media was measured. For this aim, plates of each medium were prepared
using three different thicknesses (2, 4, and 6 mm). The plates were placed under the
UV-B lamps and the spectral irradiance transmitted through the plates was measured using a
spectroradiometer (Macam SR9910, Macam Photometrics Ltd., Livingstone, UK). The percentage
of UV absorption of each medium, in relation to the UV emitted by the lamps, was calculated as
follows: UV absorption (%) = 100 x ((UV emitted) — (UV transmitted)/UV emitted).

To verify the effect of UV-B on the development of the host mushroom, plates in-
oculated with the mycelium of both Agaricus bisporus (J.E.Lange) Imbach (as host) and
Lecanicillium fungicola (as a representative of pathogenic moulds) were irradiated. Tak-
ing into account the needs for A. bisporus growth, the only culture medium used for this
experiment was CT, which was the most similar to the commercial culture substrate.

2.4. Statistical Analysis

One-way ANOVA was applied to test the global effect of the UV-B doses on the
development of mould mycelia. Two-way ANOVA was applied to test the effect of the
type and thickness of the culture media used on their UV absorption. For ANOVAs, it was
previously proved that the data met the assumptions of normality (Shapiro-Wilk's test) and
homoscedasticity (Levene’s test). In the case of significant differences, means were then
compared by Tukey’s test. For each species and culture medium, Student’s t was applied to
compare the effect of UV-B radiation (controls vs. UV-B treatments) on the development of
mould mycelia. All the statistical procedures were performed with SPSS 24.0 for Windows
(SPSS Inc., Chicago, IL, USA).

3. Results and Discussion

In the present study, we tested the effect of UV-B radiation (at doses from 8 to
192 k] m~2) on four common mycopathogenic moulds (C. mycophilum, L. fungicola, T.
aggressivum, and M. perniciosa) cultivated on four different culture media (Czapek Agar,
Cz; Malt Extract Agar, MEA; Potato Dextrose Agar, PDA; and Compost Tea Agar, CT). We
tested the effects on both mycelia and spore development, taking also into account the
UV-B effects on the host (A. bisporus).

3.1. Effect of UV-B on the Mycelial Development

First, we evaluated the effect of different UV-B doses on the development of the four
studied pathogenic moulds using the same culture medium (Cz, Figure 1). This medium
was selected on the basis of its low UV-absorption capacity (see Section 3.2), which could
anticipate a low protection of the mycelia against UV-B radiation, thus making more
evident the negative effects of this radiation on the mycelia development. Overall, the effect
was proportional to the applied irradiation dose, which caused a reduced and delayed
development of the irradiated mycelia in comparison with the controls.
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Figure 1. Effect of UV-B radiation treatments on the degree of mycelial development (relative units,
see Section 2.3) in the four moulds studied, grown on Czapek Agar during the following 14-15 days
after irradiation. Solid lines, controls for each dose (in some cases, the control lines for several doses
are overlapped); dashed lines, UV-B treatments (yellow, 8 k] m~2; red, 24 k] m~2; green, 48 k] m~2;
blue, 96 k] m~2; and grey, 192 kJ m~2). Means =+ standard errors (SE) are shown (n = 3). Different
letters show significant differences between doses after 14-15 days of growth (at least p < 0.05).

The negative effects of UV-B varied in intensity depending on the mould analysed, but
no species showed any significant effect at the lowest dose used (8 k] m~2) and only half of
the species were affected by the second lowest dose (24 k] m~2). However, irradiation with
the highest doses (96 and 192 k] m~2) caused a significant reduction in the development
of every species. Thus, at the end of the incubation period, the plates irradiated with
192 k] m—2 only reached 25, 8, and 15% of the maximum development established for
C. mycophillum, L. fungicola, and M. perniciosa, respectively. The lowest UV-B effect was
detected in T. aggressivum, even using high doses. Indeed, at the end of the incubation
period, plates irradiated with 48-192 k] m~2 reached a development level between 53%
and 60% of the maximum established.

The different effect of UV-B on the development of different mould species was ex-
pected and had previously been described by several authors. Using in vitro conditions,
these differences have frequently been attributed to the different mould pigmentation,
which would exert a protective effect against UV-B. This has been pointed out for As-
pergillus species [33], a diversity of species with hyaline (Aspergillus terreus and Trichoderma
koningii) or darkly pigmented (Cladosporium sphaerospermum and Epicoccum purpurascens)
myecelia [22], and other moulds [14,25,28,34,35]. Thus, among the moulds studied in our
research, the greater resistance of T. aggressivum to high UV-B doses could be attributed



Agriculture 2024, 14, 681

6 of 13

to its pigmentation, which was unique among the four mycopathogens investigated. This
is supported by the fact that, in another species of the same genus (T. reesei), deletion of
polyketide synthase-encoding genes, which were responsible for the synthesis of green
polyketides in Trichoderma conidia, resulted in the loss of green conidial pigmentation and
a reduced tolerance to UV radiation [36]. In addition, using a similar molecular approach,
it was demonstrated that polyketides were responsible for the UV tolerance of Beauveria
bassiana conidia [37]. Overall, UV-absorbing compounds, such as polyketides in Trichoderma
spp. [38], confer UV tolerance by reducing the amount of UV radiation that can reach and
destroy its molecular targets, such as DNA. Nevertheless, there can be other mechanisms
than UV-absorbing compounds, such as mycelium density [34], underlying the tolerance of
moulds to UV radiation.

The negative effects of UV-B and the influence of the species on those effects have also
been described in moulds pathogenic for different crops. For example, UV-B irradiation
reduced the mycelial growth of Penicillium italicum, Aspergillus spp., and Magnaporthe
oryzae on, respectively, Satsuma mandarin fruits [24], grape and pistachio media [23], and
rice [39]. In some cases, between-strain differences have even been found, as in Lecanicillium
sp. on coffee plants [28]. Similar results have been reported in moulds involved in litter
decomposition (such as species of Aspergillus, Trichoderma, Cladosporium, Epicoccum, etc.) or
inhabiting plant leaves [14,22].

3.2. Influence of Culture Media

In this experiment, the four moulds were inoculated onto the four media used and
were irradiated with the highest UV-B dose (192 k] m~2). Mould development was assessed
in control and irradiated samples after 16 days of cultivation (Figure 2).

Cladobotryum mycophilum Lecanicillium fungicola

MEA | PDA | CT

20 40 60 80 100 0 20 40 60 80 100
Relative development degree (%) Relative development degree (%)
Mycogone perniciosa Trichoderma aggressivum

Relative development degree (%) Relative development degree (%)

MEA | PDA | CT

20 40 60 80 100 0 20 40 60 80 100

Figure 2. Effect of UV-B radiation treatment (at the highest dose used, 192 kJ m~2) on the degree of
mycelial development (relative units, see Section 2.3) in the four moulds studied, grown on the four
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culture media used (Cz, Czapek Agar; MEA, Malt Extract Agar; PDA, Potato Dextrose Agar; and CT,
Compost Tea Agar). Measurements were performed at 3 (blue), 5 (orange), 10 (grey), and 16 (yellow)
days of growth after radiation (1 = 3). For each species and medium, significant differences between
controls (C) and treatment (UV) are shown (***, p < 0.001; *, p < 0.05). Standard errors (SE) are not
shown for clarity reasons.

In all used culture media except CT, there were differences in the development kinetics
of the irradiated moulds as compared to their respective controls. These differences were
particularly evident for C. mycophilum and M. perniciosa at the third day of incubation
and could also be clearly observed at the end of the cultivation period. At this moment,
differences between irradiated and control samples were most evident in the Cz medium
(in the four species), followed by MEA (in three species) and PDA (only in two species).
Interestingly, the effect of UV-B on T. aggressivum was only significant in Cz. As in the
previous experiment (Figure 1), the pigmentation of this mould might have exerted a
protective effect, minimizing the action of UV-B.

Apart from the influence of the species, the different UV-B effects were probably caused
by the UV absorption capacity of the different culture media, which, in turn, was primarily
based on their inherent optical characteristics (Figure 3). Nevertheless, we confirmed that
their UV absorption also depended on the medium thickness (Figure 4), which should
be carefully checked and homogenized in the experiments. Overall, the UV absorption
increased with increasing thickness, reaching almost 100% at 6 mm in all media except Cz.
This was the medium that significantly absorbed less UV (around 65% at 2 mm and nearly
90% at 6 mm), followed by MEA (whose absorption ranged between 90% and 98%). In
contrast, PDA and CT were the most absorbent media, reaching values above 97% even at
a thickness of 2 mm.

Figure 3. Aspect of the four culture media used, both before solidifying (liquid state, flasks) and
after solidifying (solid state, plates). From left to right: Czapek Agar (Cz), Malt Extract Agar (MEA),
Potato Dextrose Agar (PDA), and Compost Tea Agar (CT).

Consistent with our results, various studies have demonstrated the limited penetration
of UV-B in culture media [14], which could be due to their different composition. This
would explain the restricted effect of UV-B on mycelial development, especially when using
certain media. Therefore, the embedded growth of the mycelia could be a fungal strategy
against UV-B radiation [34]. The influence of the culture medium could be an important
consideration to explain the differences found in the existing literature regarding UV-B
effects. For instance, these effects were different in Aspergillus sp. depending on the media
used [23,33] and also in various moulds when comparing Cz and PDA [14].
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Figure 4. Percentage of UV absorption of the four culture media used (Cz, Czapek Agar; MEA, Malt
Extract Agar; PDA, Potato Dextrose Agar; and CT, Compost Tea Agar) as influenced by thickness.
Different capital letters show significant differences between thicknesses and different lowercase
letters show differences between culture media for each thickness (at least p < 0.05). Means + standard
errors (SE) are shown (1 = 3).

The limited penetration of UV-B on most media could constrain its applicability in
controlling mycopathogenic moulds in vivo. Specifically, CT, which closely resembles the
substrate used to cultivate commercial mushrooms, showed the lowest penetration of UV-B
and, thus, the greatest protective effect on mycelial development.

3.3. Effect on Spore Development

Unlike the growing mycelia, which would be protected by the substrate, the spores
(conidia) released by the mould for propagation would not have the substrate protection
until they germinate. This would mean that spores would be more UV-B-sensitive than
mycelia, better reflecting the UV-B effects. To test this hypothesis, we exposed mould spores
to every UV-B dose and assessed their development in the four media used.

In non-pigmented moulds (C. mycophilum, L. fungicola, and M. perniciosa), there was a
rapid spore development in the control plates but total inhibition in the irradiated plates,
irrespective of the dose applied or the medium used. Figure 5 shows, as an example, the
results obtained in C. mycophilum and L. fungicola.

However, in the pigmented mould T. aggressivum, a greater UV-B spore tolerance
and some influence of the culture medium were observed (Table 1). Total inhibition of
development occurred at 48 kJ m~2 in the Cz and MEA media and at 96 k] m~2 in PDA,
whereas, in CT, some development was recorded even at the highest dose (192 k] m~2).

The different UV-B response of the spores can be attributed primarily to their different
absorption spectrum (Figure 6), as has been mentioned by other authors [14,24,26-28,33]. All of
them point out the complete inactivation of spore germination by UV-B in moulds where the
spore pigmentation does not exert a protective effect. On the contrary, the pigmented spores
produced by certain moulds, such as T. aggressivum, retain their development capacity even
after exposure to high UV-B doses. In addition, development capacity increases in those
culture media, such as CT, showing a stronger UV absorption and, consequently, a higher
protection capacity. Therefore, UV-B would be much more effective in controlling the
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spread of mycopathogenic moulds through their spores than in reducing the development
of their mycelia.

Figure 5. Development of spores of Cladobotryum mycophilum (a) and Lecanicillium fungicola (b) on the
four culture media used (Cz, Czapek Agar; MEA, Malt Extract Agar; PDA, Potato Dextrose Agar;
and CT, Compost Tea Agar). Spores were irradiated with UV-B (8 k] m~2) and then were allowed to
develop for 15 days. Nonirradiated control plates (C) and irradiated plates (UV) are shown.

—T. aggressivum —— C. mycophilum — —L. fungicola ----- M. perniciosa

1.6

UV-B|
12 i
= !
S :
g 0.8 - l
=
~ 1
a 1
N
2 04 - !
< !

0.0 ...:..'.'..:.?..'.‘..r,..‘...—..I..—..'.-...v..n..;n.n.m.-.-l.._._......_;...._._._..
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Wavelength (nm)
Figure 6. UV absorption of spore suspensions of the four moulds used (Ta, Trichoderma aggressivum;

Cm, Cladobotryum mycophilum; Lf, Lecanicillium fungicola; and Mp, Mycogone perniciosa). The limit
between UV-B and UV-A wavelengths (315 nm) is shown (red dashed line).
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Table 1. Relative development (expressed in percentage) of Trichoderma aggressivum spores cultivated
on the four culture media used (Cz, Czapek Agar; MEA, Malt Extract Agar; PDA, Potato Dextrose
Agar; and CT, Compost Tea Agar) after 15 days of UV-B irradiation with different doses. The dose “0”
is the nonirradiated control.

UV-B Dose Culture Media

(kJ m~2) Cz MEA PDA CT
0 100 100 100 100

8 80 80 100 100

24 20 20 80 80

48 20 60

96 30

192 — — _ 20

3.4. Effect of UV-B on the Host (Agaricus bisporus) Mycelium

We tested UV-B effects on the development of the mycelium of A. bisporus, a frequent
host of the moulds studied (Figure 7). For this aim, we used CT, the most similar medium
to that used for commercial mushroom cultivation. None of the UV-B doses used had
any significant effect on mycelium development, which was similar in both control and
irradiated plates. As a comparative example, the mycelium of L. fungicola was grown in the
same plates, confirming that none of the UV-B doses affected its development, as previously
found in this species when cultivated on CT (Figure 2).

Figure 7. Dual cultures, per triplicate, of Agaricus bisporus (Ab, left side of each plate) and Lecanicillium
fungicola (Lf, right side) grown in Compost Tea Agar after 14 days of incubation at 20 °C. Plates in
the left row were not irradiated (control plates, C) and plates in the right row were irradiated with
192 k] m~2 UV-B (UV).
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Much research has been performed on the post-harvest effect of UV-B on cultivated
mushrooms, especially for the enhanced production of interesting compounds such as
vitamin D [18,40]. However, there are few studies on the pre-harvest UV-B effects on
cultivated mushrooms or, in general, on any Basidiomycota species. Specifically, several
in vitro studies reported a mycelium growth decrease in UV-B-exposed medicinal or edible
species, such as Serpula himantioides [41], Inonotus obliquus [42], and Trametes versicolor
and Flammulina velutipes [43]. This reduced growth was accompanied by an increase
in photoprotective metabolites with strong antioxidant capacity, such as polyphenolic
compounds. These results were obtained employing different culture media, respectively,
PDA, Yeast Peptone Dextrose (YPD), and Malt Agar (MA). However, UV-B did not cause
any negative impact on the yield of A. bisporus and Pleurotus ostreatus [44,45]. These last
results, obtained under crop conditions, support our in vitro results and emphasize the
protective role of commercial substrates against the potentially negative effects of UV-B.

4. Conclusions

UV-B proved to be a highly effective tool in inhibiting spore development and thus
controlling the spread of mycopathogenic moulds. We demonstrated this on spores grown
in plates but it could also be applicable to spores suspended in the air or deposited on
the mushrooms, in both cases under commercial cultivation conditions. Spore inactiva-
tion was particularly evident in nonpigmented moulds, including the most harmful ones
(C. mycophilum and L. fungicola), although pigmented moulds (such as T. aggressivum) ex-
hibited a greater UV-B tolerance. In addition, UV-B did not interfere with the mycelial
development of cultivated mushrooms, such as A. bisporus. Nevertheless, the UV-B efficacy
in controlling the mycelial development of mycopathogenic moulds was lower than that
found for the spores, partly because of its low penetration into the different culture media,
which exerted a protective role. Given that the culture medium most similar to the substrate
used in the commercial cultivation of edible mushrooms (CT) was the medium that pro-
vided the highest protection to the mould mycelium, UV-B would only be relatively useful
to control mycopathogenic moulds under commercial conditions. While studies in real
crops would be necessary, our in vitro results open the door to the use of UV-B (much less
aggressive than UV-C and, therefore, more easily applicable) in controlling the main fungal
diseases of cultivated mushrooms, thus emerging as a solid alternative or complement to
the use of traditional fungicides. To our knowledge, this is the first study demonstrating
simultaneously that UV-B radiation can eliminate spores and (less efficiently) mycelia of
mycopathogenic moulds without affecting mushroom mycelia.
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