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Abstract

The effects of two exposure times per day (6 and 16 h) of UV-A or UV-B radiation, combined
with dark and dark plus light incubation periods during 7e21 d on fungal growth and
mycotoxins production of Aspergillus species were studied. Aspergillus carbonarius and
Aspergillus parasiticus were inoculated on grape and pistachio media under diurnal and
nocturnal temperatures choosing light photoperiod according to harvest conditions of these
crops in Spain. Ultraviolet irradiation had a significant effect on A. carbonarius and A.
parasiticus colony size (diameter, biomass dry weight, and colony density) and mycotoxin
accumulation, although intraspecies differences were observed. Inhibition of A. carbonarius
fungal growth decreased when exposure time was reduced from 16 h to 6 h, but this was not
always true for ochratoxin A (OTA) production. OTA reduction was higher under UV-A than UV-
B radiation and the reduction increased along time conversely to the aflatoxins (AFs). Aflatoxin
B1 (AFB1) was the main toxin produced by A. parasiticus except in the UV-B light irradiated
colonies which showed a higher percentage of AFG than AFB. Morphological changes were
observed in colonies grown under UV-B light.

Introduction

The last report from the World Meteorological Organization (WMO) highlighted that human
emissions of chlorofluorocarbons (CFCs) and other chemicals have an important role in the
atmosphere changes by damaging the stratospheric ozone layer that filters out harmful
ultraviolet radiation (UV) (WMO 2013). The ozone depletion has a strong link with climate
change, as the physics and chemistry of the Earth’s atmosphere largely determine our climate,
inasmuch changes in ozone can induce changes in climate, and viceversa (McKenzie et al.
2011). For example, changes in atmospheric circulation resulting from climate change can
induce regional differences in ozone, leading to increase in UV radiation in some regions and
reduction in others (Hegglin & Shepherd 2009). The United Nations Environment Programme
reported that the average of total ozone values for 2006-2009 of about 3.5 % and 2.5 % below
than the 1964-1980 averages, for 9025-902N and 6095-602N, respectively (UNEP 2010).
Ground-based UV reconstructions and satellite UV retrievals, supported in the later years by
direct ground-based UV measurements, show that erythemal (‘sunburning’) irradiance over
midlatitudes has increased since the late 1970s, which is correlated with the observed
decrease in column ozone (UNEP 2010). Solar UV radiation transmitted through the earth’s
atmosphere has three primary streams of incoming radiant flux depending on their



wavelength range: (i) UV-C (100-280 nm) is the higher energetic portion of the UV spectrum,
which does not reach the ground surface as it is completely absorbed by the ozone layer and
other atmospheric constituents; (ii) UV-B (280-315 nm) still reaches ground level but it is
strongly absorbed by stratospheric ozone; (iii) UV-A (315-380 nm) is only slightly absorbed by
ozone layer making up most of the UV irradiance at the ground level (CIE 1987).

Certain groups of filamentous fungi can produce harmful secondary metabolites called
mycotoxins. The major groups of mycotoxins, derived from polyketide metabolism, are present
in a wide range of foodstuffs: aflatoxins (AFs), fumonisins (FBs), ochratoxin A (OTA) and
zearalenone (Gallo et al. 2013). Although the ecological role of mycotoxins is far from being
elucidated, several studies indicate the mycotoxin biosynthesis is induced under certain stress
conditions (Schmidt-Heydt et al. 2008). Moreover, Cary & Ehrlich (2006) suggested that AFs
production could be a strategy of fungi to prevent from UV damage. Also, citrinin has been
considered as a light protectant, since citrinin producing colonies grew better under red and
blue light than non-producing colonies (Schmidt-Heydt et al. 2012). However, the effect of UV
radiation in mycotoxin biosynthesis is unknown, and to our knowledge there are no
publications on this topic.

Some previous works have studied the effect of UV radiation on fungal spore germination,
growth, and sporulation, showing that the effect is dependent of time and wavelength of UV
exposure (Table 1) (Fourtouni et al. 1998; Moody et al. 1999; Osman et al. 1989; Wu et al.
2000). Fungal spores of Aspergillus flavus and Penicillium chrysogenum are much more
resistant to the lethal effects of UV than the vegetative mycelium (Osman et al. 1989). UV-A
irradiation stimulated fungal growth of several species while in others species it had no
influence on radial growth or dry mass (Fourtouni et al. 1998; Moody et al. 1999; Osman et al.
1989). The UV-B irradiation not only reduced the germination and sporulation in most of the
fungi tested but also reduced the colony diameter (Aylor and Sanogo, 1997; Fourtouni et al.
1998; Moody et al. 1999). This contrast between the responses of fungi to these two different
parts of the UV region can be explained by the fact that shorter wavelength radiations are
more deleterious to biological systems as they carry more energy per photon than longer
wavelengths (Moody et al. 1999).

The aim of this study was to assess the effect of UV-A and UV-B radiation on fungal growth and
mycotoxin (OTA/AFs) production of two Aspergillus species commonly isolated in foodstuffs:
the OTA producer Aspergillus carbonarius which is present mainly in vineyards around the
world and the AFs producer Aspergillus parasiticus which is frequently isolated from tree nuts,
as pistachio (Denizel et al. 1976; Garcia-Cela; Jamali et al. 2012). For that purpose three
experiments were carried out focussing on i) evaluation of the effect of cycles of UV
radiation/darkness on A. carbonarius; ii) the effect of cycling UV radiation/white light/darkness
on A. carbonarius; iii) the effect of cycles of UV radiation/white light/darkness on A.
parasiticus. Experiments ii) and iii) were launched trying to simulate field temperature and
photoperiod conditions.

Materials and methods

Microorganisms, growth medium, and inoculation



This work was carried out on three Aspergillus carbonarius (311, 318, 287-UdLTA) isolates
coming from grapes and one Aspergillus parasiticus (3.18-UdLTA) from the culture collection of
the Food Department of Lleida University. Different culture media were used for each species
simulating commodities from which these species are commonly isolated: Synthetic Nutrient
Medium of grape (SNM) and Pistachio Based Medium (PBM), respectively. Composition of
SNM is similar to grape composition between veraison and ripeness (Delfini 1982). For PBM
preparation, 30 g of pistachio were ground and boiled in 1 L of distilled water for 30 min.
Subsequently, the extract was filtered with a gauze made up to 1 L with water. Additionally, 15
g of agar were added. After that, the medium was autoclaved for 15 min at 121 2C. For each
experiment, the isolates were sub-cultured on SNM or PBM plates and incubated at 25 oC for 7
d to obtain heavily sporulating cultures. Following incubation, a sterile inoculation loop was
used to remove the conidia, suspending them in Tween 80 (0.005 %). After homogenizing, the
suspensions were adjusted using a Thoma counting chamber to a final concentration of 105
conidia/mL in Tween 80 and 5 mL of suspension were inoculated in the middle of the Petri
dishes.

Experimental design and incubation conditions

Two different combinations of UV radiation time exposure (16 and 6 h) were assessed on
Aspergillus carbonarius. Additionally the shortest period was also studied on Aspergillus
parasiticus. Firstly, in order to determine the effect of UV radiation on three A. carbonarius
isolates (287-UdLTA, 311-UdLTA, 318-UdLTA), inoculated Petri dishes were incubated at 25 2C
for 21 d. Petri dishes used as control were incubated under darkness while irradiated Petri
dishes were incubated under a photoperiod of 16 h of UV radiation (UV-A or UV-B) and 8 h of
darkness. Fungal diameter of six Petri dishes of each isolate was measured every 7 d and then
three of them were used for biomass weight determination and the other three for OTA
production analysis. Additionally, the second experiment was carried out with the same three
A. carbonarius isolates but incubated for 7 d under the photoperiod and temperature
conditions described in Fig 1A. At the end of the incubation period colony diameters were
measured and A. carbonarius colonies from three Petri dishes of each isolate were then
divided in two equal parts one for quantification of biomass weight and the other one for OTA
production analysis. In a third experiment, A. parasiticus (3.18-UdLTA) was incubated for 7 d
under the photoperiod and temperature conditions described in Fig 1B, plus full dark
incubation as a control. Colony diameters were measured in two Petri dishes on days 3, 5, and
7. Subsequently, colonies were divided in two equal parts, one for fungal biomass and one for
AFs determination. Photoperiod and temperatures were chosen concurring with grape
(August) and pistachio (September) ripening in Spain. Photoperiod values were obtained from
the National Spanish Geographic Institute (IGN), while temperatures were obtained from the
Meteorological Spanish Association (AEMET). With the aim to simulate dawn and dusk and the
consequent gradient of temperature between night and day, the incubators were set in a
temperature gradient mode based on temperature increasing period (dawn) and a
temperature decreasing period (dusk) linked by two constant periods simulating day and night
temperatures (Fig 1).

Irradiated and non-irradiated Petri dishes were incubated in parallel under the same
conditions of time and temperature in two incubators (Memmert ICP-600, United Kingdom).



Diurnal illumination was simulated with four cold white fluorescent lights (standard illuminant
D65, 6500 K) located in the incubators. UV irradiation was generated with a Vilber Lourmat
lamp VL-215.LM (Germany). The lamp includes two fluorescent tubes of 15 W each one and a
filter that minimizes light interferences. UV-A extends from 320 to 400 nm with an energy peak
at 365 nm and UV-B runs from 280 to 370 nm with an energy peak at 312 nm (Fig 2). Irradiated
Petri dishes were located at 8 and 32 cm of distance from the UV-A and UV-B lamps, resulting
in an irradiation of 1.7+/-0.2 mW/cm2 and 0.1+/-0.2 mW/cm2 for UV-A and UV-B, respectively.
The irradiation was measured with a portable UV light meter (UVAUVB PCE-UV34, PCE Iberica
S.L, Spain).

Values of radiant energy were chosen taking into account annual values from the South of
Spain, which has a high number of annual hours of sun. Ultraviolet irradiation was measured
for 11 daily hours (from 7:00 to 18:00 h) for 5y (Ortega et al. 2001). Monthly measures of
maximum, mean, and minimal UV-A and UV-B global (direct and diffused) radiation in hourly
intervals (1991e1995) in South Spain and experimental irradiation used in this study are
showed in Fig 3. The maximum and minimum UV irradiations were measured in July and in
December, respectively. Moreover, the lower UV irradiation values were recorded between 17
and 18 h while the higher values were between 12 and 14 h GMT (GMT: Greenwich Mean
Time). Annual values for UV-A ranged from 0.06 mW/cm2 to 2.49 mW,/cm2 with a mean value
of 1.17 mW/cm2, while for UV-B they were from <0.001 mW/cm2 to 0.23 mW/cm?2 with a
mean value of 0.09 mW/cm?2. Considering the doses and the exposure time, the daily
accumulated UV-A and UV-B radiation in the experiments was of 0.367 MJ/m2 and 0.022
MJ/m?2 respectively. Whereas the mean daily accumulated annual UV-A radiation was 0.464
MJ/cm2, and focussing on harvest months values were 0.632 MJ/cm?2 in August and 0.539
MJ/cm2 in September. The UV-B mean daily accumulated annual values were 0.035 MJ/cm?2
and 0.050 MJ/cm2 in August and 0.045 MJ/cm2 in September.

In conclusion, direct UV doses used in the study were slightly higher than the global (direct p
diffuse) UV mean values recorded in South Spain, but daily accumulated irradiation was lower
due to the less number of hours of exposure.

Growth assessment: colony diameter and fungal biomass

Fungal growth was determined by measuring two perpendicular diameters for each colony.
Mycelium dry weight was measured as mentioned in Taniwaki et al. (2006) on culture medium.
Briefly, colonies were cut from the medium, transferred to a beaker containing distilled water
(100 mL approximately), and heated in a streamer for 30 min for agar melting.

The intact mycelium was collected and transferred to a dried, weighed filter paper and dried at
80 oC for 18 h. Then the filter paper plus the colony were weighed and the dry weight of
biomass was calculated by difference.

Mycotoxin extraction and quantification

Two or three agar plugs (5 mm) depending on the colony size were removed from the middle
to the outer part of the colony, placed in a vial and weighed. Mycotoxins were extracted by
adding 1 mL of methanol into the vials, shaken for 5 s and allowed to rest. After 60 min, the



vials were shaken again and the extract filtered (OlimPeak filters by Teknokroma PVDF Filter,
0.45 mm, 13 mm D, Sant Cugat del Valles, Barcelona, Spain) into another vial. Subsequently,
the extract was evaporated under a stream of nitrogen and stored at 4 2C until HPLC analysis
(Waters, Mildford, Ma, S.A.). Prior to HPLC injection, dried extracts were dissolved in 1mL
ofmethanol: water (50:50). A HPLC system (Waters 2695, separations module, Waters, Milford,
USA) equipped with a fluorescence detectorWaters 2475 module (Waters, Milford, USA),
precolumn Waters Spherisorb 5 mm, ODS2, 4.6x10 mm, and a C18 silica gel column (Waters
Spherisorb 5 mm, ODS2, 4.6x250 mm, Millford, MA, USA) kept at 40 2C were used. For AFs a
post column photochemical derivatization system (LC Tech detector, UVC 254 nm, Germany)
was used. Mobile phases were acetonitrile:water: acetic acid (57:41:2) for OTA and water:
methanol: acetonitrile (70:17:17) for AFs, and were pumped at 1 mL min-1 under isocratic
conditions. Mycotoxins were quantified on the basis of the HPLC fluorimetric response (OTA:
lexc 330 nm; Aem 460 nm; AFs: Aexc 365 nm; Aem 455 nm) compared with a range of
mycotoxin standards. Detection limits of 0.01 ng g-1 for OTA, of 0.02 ng g-1 for aflatoxins B2
and G2, and of 0.04 ng g-1 for aflatoxins B1 and G1, were established based on a signal-to-
noise ratio of 3:1. Quantification was achieved with a software integrator (Empower, Milford,
MA, USA).

Statistical analysis

Results were analysed by one-way ANOVA followed by the Tukey’s honestly significant
different test (HSD), using StatgraphicsCenturion XVI (USA). The level of significance was
defined as p < 0.05.

Results

Effect of UV-A and UV-B radiation/darkness on A. carbonarius (exp.1) In this experiment, three
Aspergillus carbonarius isolates were incubated at 25 2C for 21 d under darkness or under 16 h
of UV radiation/8 h darkness. Under UV-A radiation/darkness cycles, colony diameters,
biomass dry weight, and OTA production were reduced compared to dark treatment both on
day 14 and 21 ( p < 0.05) (Fig 4, Table 2). Colony density was calculated dividing biomass dry
weight by colony area for each time period. Density values ranged from 0.04 to 0.09 mg/mm?2
in the control treatment and from 0.03 to 0.16 mg/mm?2 in irradiated colonies with the
exception of the isolate 318-UdLTA which reached 0.61 mg/mm2 under UV-A radiation.

Control colonies were less dense than the irradiated ones on day 14, but this difference was
reduced after 21 d. Significant differences were found among strains in colony diameter and
OTA production but not in biomass dry weight. Besides, OTA concentration decreased with the
time. The mean percentages of reduction for colony diameter, biomass dry weight, and OTA
production were 78.9 %, 75.5 %, and 89.1 % when isolates were cultivated under UV-A
radiation for 14 d and 38.4 %, 59.3 %, and 96.9 % when the incubation period was 21 d. The
isolate 287-UdLTA was less affected by the UV-A radiation than the other two isolates of A.
carbonarius tested, in terms of colony diameter and biomass dry weight. Besides, OTA
production by this isolate after 14 d was significantly higher than the others. Regarding UV-B
light, colony diameters, biomass dry weight, and OTA production were reduced, compared to
the control treatment (darkness incubation) while incubation time and isolate differences had
no significant impact ( p < 0.05) (Fig 5, Table 2). Colony density values ranged from 0.03 to 0.05



mg/mm?2 in non-irradiated and 0.01-0.09 mg/mm?2 in irradiated colonies except for the isolate
318-UdLTA under UV-B light which was significantly denser than the other isolates (1.84
mg/mm?2). The mean percentages of reduction for colony diameter, biomass dry weight, and
OTA production were 37.7 %, 70.5 %, and 55.7 % when isolates were incubated under UV-B
radiation for 14 d, and 52.3 %, 20.4 %, and 82.1 % when the incubation period was 21 d. Bigger
colonies and higher mycotoxin production were observed after incubation under UV-B
radiation than under UVA radiation. Contrary to UV-A radiation the isolate 311-UdLTA was the
less affected. Therefore, the isolate sensitivity would depend on UV wavelength. UV-B
irradiation caused milder inhibitory effects than UV-A irradiation, however, it affected the
colony morphology. Sporulation was only observed in the center of the colonies, in fact, this
part was harder and more compact than in non-irradiated colonies. Besides, under the
microscope, neither conidia nor conidiophores were observed in the surrounding growing
colony area.

Effect of UV radiation/light and dark cycles on A. carbonarius (exp. 2)

Three Aspergillus carbonarius isolates were incubated for 7 d under the photoperiod and
temperature cycles described in Fig 1. Irradiation had a significant effect on diameter, biomass
dry weight, and OTA accumulation, but intraspecies differences affected colony size and OTA
production (Table 3). Significant differences on density were only observed under UV-B
irradiation, where density mean value in control Petri dishes was of 0.10 mg/mm?2 against
mean value of 0.02 mg/mm?2 on irradiated ones. Percentages of reduction were 35.3 %, 53.3
%, and 97.0 % for UV-A, and 16.8 %, 77.16 %, and 81.9 % for UV-B in terms of colony diameter,
biomass dry weight, and OTA production, respectively (Fig 6). UVB radiation affected the
colony morphology as observed in experiment 1. Sporulation was observed only in the center
of colonies, which was harder and more compacted than the rest of the colony.

Comparing with the previous experiment, colony diameter, and fungal biomass dry weight of
A. carbonarius UV irradiated for 16 h and incubated at 25 2C, did not exceed 10 mm and 40 mg
under UV-B radiation (data not shown), respectively, after 7 d. Hence, a decrease in the UV
time exposure reduced also the deleterious effects on A. carbonarius. Moreover, when
comparing the controls of both experiments, that is, incubation under full darkness (exp. 1)
and darkness and light cycles (exp. 2), higher values of fungal growth and OTA production were
reached when white light was included. However it should be taken into account that,
different temperature regimes were applied and therefore these differences could not only be
attributed to light conditions but also to temperature or the combination of both variables.

Effect of UV radiation/light and dark cycles on A. parasiticus (exp. 3)

One Aspergillus parasiticus isolate (3.18-UdLTA) was incubated on PBM for 7 d under the
temperature cycles described in Fig 1, plus full dark incubation as an additional control. UVA
irradiation had a significant effect on colony diameter compared to full darkness. In the case of
AFs production significant differences were found between irradiated and nonirradiated
treatments (Table 4, Fig 7). In addition, biomass dry weight differences were also significant
from day 5 in the case of UV-B. Nevertheless, no significant differences were observed in
colony density due to the UV radiation, with mean values of 0.05 mg/mm?2. The present
experiment included the comparison between full dark period and light/dark without UV light;



the results showed no differences between these two treatments, this fact suggests that the
differences shown can be fully attributed to UV-light and not to white light.

Comparing both wavelengths, higher percentages of reduction were observed in colonies
irradiated with UV-B than UV-A radiation compared to non-irradiated ones (Fig 7). Moreover,
under UV-A light, percentages of reduction of colony diameter (from 21.43 to 5.41 %), and
biomass dry weight (from 36.51 to 9.60 %) decreased along the time. Conversely, under UV-B
radiation percentages of reduction of colony diameter (from 48.48 % to 73.68 %) and biomass
dry weight (from 26.98 to 96.02 %) increased with time. These results could indicate Some
adaptation to UV-A, whilst UV-B radiation would practically stop fungal metabolism.

Interestingly, high significant differences due to the UV radiation were found for AFs
production (Fig 7). Kinetics of AFs production without UV-light showed the maximum
production in the 5-7th day, while under UV-A AFs concentration did not change with time and
under UV-B the maximum AFs level was recorded in the 7th day. AFB1, AFB2, AFG1, and AFG2
contribution to total AFs was quite constant except under UV-B (Fig 8). In general, AFB2 and
AFG2 were produced in lower amount while AFB1 always presented values over 65 % of the
total AFs production. However, under UV-B light a higher percentage of AFG than AFB was
recorded. As observed, for A. carbonarius, mycelium morphology changed under different light
conditions. Six hours of UV-B radiation practically inhibited the aerial mycelium, and conidia
were not observed after 7 d. Colonies under UV-A radiation showed a dense centre, high
development of aerial mycelium on the periphery of colony and tiny areas without visible
growth inside the colony. Colonies incubated under cycles of light/darkness were more heavily
sporulated and appeared more coloured than those grown under darkness or UV-A
light/darkness.

Discussion

The biological consequences of ozone depletion, mediated through an increase in UV-B
radiation, have been cause for concern for many years. However, there is not much
information about the ecological response to the hypothetically increasing solar UV radiation
in fungi and specifically in mycotoxigenic fungi. Spain is not only the European country that
receives the greater amount of radiation but also the country that shows the greatest contrast
and radiative gradients and complexity in the distribution of the radiative energy (AEMET
2012). Values used in this study concerned to mean values of UV-A and UV-B global (direct and
diffused) radiation measured in Seville, since this city has one of the greatest intensity of
radiation and number of hours of exposure values.

In this work, the effect of UV-A (365 nm) and UV-B (312 nm) radiation on fungal growth and
mycotoxin production of Aspergillus carbonarius and Aspergillus parasiticus, which are
frequently isolated from crops, has been studied. Crop simulation media were chosen since
irradiation has been shown to have different effects depending on the microbial growth media
due to the potentially protective nutrient presence (Osman et al. 1989).

The UV-A radiation (315-380 nm) is only slightly absorbed by the ozone layer, most reaching
the ground level (CIE 1987). In fact, UV-A radiation is an important environmental factor for
sporulation in many fungi (Elad 1997; Fourtouni et al. 1998; Osman et al. 1989; Nicot et al.



1996). Irradiance at 0.04 mW/cm2 (366 nm) decreased the germination but increased colony
radial growth rate of Penicillium notatum after up to 20 min of exposure, while longer periods
of irradiation reduced colony development (Osman et al. 1989). By contrast, 12 h exposure
(0.051-0.167 mW/cm?2) for 7 d had no influence on radial growth or dry mass weight in
Alternaria solani despite spore production increased significantly (Fourtouni et al. 1998).
Similarly, 3 h photoperiod ranging from 3.056 to 5.556 mW/cm2 at a wavelength of 315-400
nm caused a significant enhancement of germination of Penicillium purpurogenum spores
while significantly reduced germination of conidia of Cladosporium cladosporioides (Moody et
al. 1999). Sporangia exposed to irradiance of 1.25 mW/cm2 of UV-A (340-350 nm) for 8 h
showed reduced germination compared to the sporangia that remained in the dark (Wu et al.
2000). In the present work, we have observed for Aspergillus a significant reduction on
mycelium and mycotoxins when irradiated for 6 h at 1.7 mW/cm2. Sixteen hours of exposure
at the same irradiation reduced significantly the OTA contamination detected along the time.

Although UV-B radiation is for less than 1 % of the total energy of the electromagnetic
spectrum, it is a highly active component of the solar radiation that can produce chemical
modifications in DNA changing its molecular structure by the formation of dimers (Rastogi et
al. 2010). Therefore, this radiation may directly damage the exposed tissues of plant
pathogens, including spores during dispersal (Rotem et al. 1985; Wu et al. 2000). As for UV-A,
different impact of UV-B on fungi is found in the literature. Exposure to 0.019 mW/cm?2 (292-
€350 nm) consistently reduced spore germination and mycelial extension rates in Aspergillus
fumigatus, Penicillium hordei, Penicillium janczewskii, Penicillium spinulosum, and Penicillium
purpurogenum, while inhibitory effects were lower in Mucor hiemalis, Cladosporium
cladosporioides, Leptosphaeria coniothyrium, Nectria inventa, Trichoderma viride, Ulocladium
consortiale, and Marasmius androsaceus (Moody et al. 1999). Bremia lactucae was exposed to
two elevated irradiation doses, 0.150 and 0.700 mW/cm2, from 2 to 12 h (Wu et al. 2000).

Both irradiations reduced significantly the percentage of germination of the incubated isolates
under white light (0.4 mW/cm2) or under complete darkness. Moreover, after 8 h of exposure
to the highest irradiation the germination was practically inhibited. We observed that 0.1
mW/cm?2 reduced all fungal parameters studied on Aspergillus. Additionally, an increase on
the UV-B radiation exposure time on A. carbonarius, increased the deleterious effects.
Although different media and temperature regimes were used, A. carbonarius showed higher
resistance to UV-B irradiation than A. parasiticus. As intraspecific differences were found in the
response of the different A. carbonarius strains, the results for the A. parasiticus strain should
not be extrapolated to the species level.

The effect of UV-A and UV-B was not compared as both radiations were applied at different
levels of intensity. However, it could be that UV-A supported some kind of mutagenic adaption
of the fungus while the UV-B, as it is much stronger, led to the stop of fungal growth and
metabolism, although no previous information on this has been found in the literature to
support this hypothesis.

Different tolerances to the deleterious effect of solar UV radiation on fungi have been
reported before. Rotem et al. (1985) found that mortality due to solar UV radiation increased
from A. solani to Ulocladium phaseoli to Peronospora tabacina. Osman et al. (1989) suggested



that differences in sensitivity may be attributed to spore colour. These authors pointed out
that the resistance of pigmented conidia to the lethal effects of UV irradiation may be due to
the action of pigments as quenchers to singlet oxygen produced by photosensitive compounds
in fungal cells. Furthermore, Grishkan et al. (2003) found a significant correlation between
areas receiving high solar irradiation and the incidence of melanin-containing fungal species
among soil microfungi isolated in Israel.

It is worthy to mention that mycelium morphology changed due to UV-B exposure, as the
colonies produced pigmented compact mycelium in the center of the colony and submerged
mycelium at the periphery. This tendency was also observed in A. solani by Fourtouni et al.
(1998), where the authors suggested that the fungi employs mainly a morphological (i.e.,
increased density) rather than chemical (i.e., UVB absorbing compounds) protective strategy
against UV-B radiation damage. Therefore, the submerged growth could be a fungal strategy
against radiation since minimal doses of UV-B penetrate into the medium (Fourtouni et al.
1998).

In conclusion, UV radiation is an interesting abiotic natural factor which could affect not only
survival and growth of fungi but also secondary metabolites production. In this study, A.
carbonarius showed a great UV resistance even during prolonged periods of direct UV
exposure of 12 h (exp 1). This provides a logical explanation for the high numbers of A.
carbonarius on grapes subjected to prolonged sun exposure in countries with high UV
irradiance as Spain, Italy or Greece (Battilani et al. 2006; Garcia-Cela et al. 2014; Tjamos et al.
2006).

On the other hand, it is widely accepted that stress conditions could promote the mycotoxin
production. However, from our results UV radiation always reduced OTA and AFs
ontamination compared to non-irradiated colonies probably as a result of a decreased growth.
Nonetheless, the possible degradation to other compounds was not evaluated, as it occurs on
maize, where a natural transformation from transzearalenone (ZEN) to cis-ZEN after 24 h of
UV-A irradiation (3.2 mW/cm2) can occur (Brezina et al. 2013). Similarly, incubation of A.
carbonarius under two simulated climatic conditions characterized by alternating temperature
cycles (10/25 2C and 15/35 C) with photoperiod (14/10 h lightness/darkness), and two
moisture levels (40 % and 25 %) for 21 d, showed that the extreme conditions tested caused a
significant OTA reduction contamination (Garcia-Cela et al. 2012). Therefore, Aspergillus
presence on crops under future climate conditions proposed by Southern Europe (EC 2007),
could not be compromised; although the mycotoxin risk in vivo derived from predicted climatic
conditions characterized by high temperatures, drier conditions, and increased UV could be
reduced.

It must be noted that in these in vitro studies, plant stress is not taken into account, and this
stress situation could led to an increased fungal colonisation. Nevertheless, fungal presence
per se represents an important risk, because favourable conditions for toxin production can
occur in the following postharvest stages.
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Figures

Fig 1. Incubation conditions for (A) A. carbonarius on SNM (synthetic nutrient grape) and (B) A.
parasiticus on PBM (pistachio based medium). UV-A irradiation 1.7 + 0.2 mW/cm? and UV-B
irradiation 0.1 + 0.2 mW/cm?.

Fig 2. Ultraviolet emission spectra for the UV lamps.

Fig 3. Monthly measures of maximum, mean and minimal UV-A and UV-B global (direct and
diffused) radiation in hourly intervals (1991-1995) in Seville and experimental irradiation used
in this study.

Fig 4. Colony diameters, biomass dry weight, and OTA (ochratoxin A) production of A.
carbonarius (287-UdLTA, 311-UdLTA, and 318-UdLTA) on SNM at 25 °C. Control Petri dishes
were incubated under darkness while irradiated Petri dishes were incubated under
photoperiod of 16 h of UV-A radiation (1.7 + 0.2 mW/cm?) and 8 h of darkness. Different
letters mean significant differences according to Tukey (HSD) test.

Fig 5. Colony diameters, biomass dries weight, and OTA (ochratoxin A) production of A.
carbonarius (287-UdLTA, 311-UdLTA, and 318-UdLTA) in SNM (synthetic nutrient medium) at
25 °C. Control Petri dishes were incubated under darkness while irradiated Petri dishes were
incubated under photoperiod of 16 h of UV-B radiation (0.1 £ 0.2 mW/cm2) and 8 h of
darkness. Different letters mean significant differences according to Tukey (HSD) test.

Fig 6. Colony diameters, biomass dry weight, and OTA (ochratoxin A) production by A.
carbonarius (287-UdLTA 311-UdLTA and 318-UdLTA) on SNM (synthetic nutrient medium) after
7 d under incubated conditions presented in Fig 1. Irradiation doses are 1.7 + 0.2 mW/cm2 and
0.10 £ 0.2 mW/cm2 for UV-A and UV-B. Different letters mean significant differences according
to Tukey (HSD) test.

Fig 7. Colony diameters, biomass dry weight, and aflatoxins production of A. parasiticus (3.18-
UdLTA) on PBM (pistachio based medium) under full dark (24 h), dark (12 h) and white light (12
h) and incubated conditions presented in Fig 1. Irradiation doses are 1.7 £ 0.2 mW/cm2 and
0.1+ 0.2 mW/cm2 for UV-A and UV-B. Different letters mean significant differences according
to Tukey (HSD) test.

Fig 8. Aflatoxins (AFB1, AFB2, AFG1, and AFG2) distribution produced by A. parasiticus 3.18-
UdLTA on PBM (pistachio based medium) after 3 and 7 d under full dark (24 h), dark (12 h),
and white light (12 h) and incubated conditions presented in Fig 1. Irradiation doses are 1.7
0.2 mW/cm2 and 0.1 + 0.2 mW/cm?2 for UV-A and UV-B.
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Table 1. Previously published studies regarding the effects of UV-A and UV-B
radiation in fungi in laboratory conditions.

. i Wavelength (nm)
Microorganism
Range Peak
Aspergillus flavus

Penicillium notatum

366

Aspergillus fumigatus

Cladosporium
cladosporioides

Leptosphaeria
coniothyrium
Marasmius
androsaceus 315-400
Mucor hiemalis

Penicillium hordei

Penicillium janczewskii

Penicillium
purpurogenum
Penicillium spinulosum
Trichoderma viride
Ulocladium consortiale
Verticillium state
Alternaria alternata
Botytis cinerea 292-350
Cochliobolus sativus
Epicoccum nigrum
Khuskia oryzae
Ulocladium botytis
Alternaria solani 315-360 366
290-315 313

200-400  340-350

280- 305-
315 310

Bremia lactucae

Data were obtained from the following references: (1) Osman et al., 1989, (2) Moody et

Irradiance Exposure time Irradiance Days of
(mW-cm) per day (KJ-m*-.day?  exposure
20-40-60- 120-
0.04 240 min 0.5-5.8 1
3.056-5.556 330-600
3h 16
<0.001-0.019 0-2.1
0.051-0.167 12h 21.9-72.3 7
<0.001-0.194 12h 0.3-83.6 7
0.600-1.250 2-4-8-12 h 43.2-540 1
0.150- 2-4-8-12 10.8- 1
0.700 h 302.4

al., 1999, (3) Fourtouni et al., 1998 and (4) Wu et al., 2000.

-
()

24-
25

20

25
25

Culture médium Ref.

Czapek

PDA

PDA enriched
with glucose

Lettuce leaves


https://www.sciencedirect.com/science/article/pii/S1878614614001743%23bib24
https://www.sciencedirect.com/science/article/pii/S1878614614001743%23bib21
https://www.sciencedirect.com/science/article/pii/S1878614614001743%23bib21
https://www.sciencedirect.com/science/article/pii/S1878614614001743%23bib12
https://www.sciencedirect.com/science/article/pii/S1878614614001743%23bib35

Table 2. F values of main effects and their interaction in colony diameters, fungal dry
weight biomass, OTA accumulation, and density of three A. carbonarius (287, 311, and
318-UdLTA) incubated on SNM (synthetic nutrient medium) for 14 and 21 d.

Effects Colony
diameter
(mm)
Strain 5.28+
Time 10.00~
Treatment 83.95+
Strain x Time  0.79™
Strain x
Treatment 5.28
Time x
Treatment 10.00
Strain x Time 0.79"

X Treatment

UV-A radiation

Biomass dry

weight (mg) (ng g™')
0.03™ 21.84+
0.04" 13.72
37.79+ 46.30*
1.41™ 12.58+
2.67™ 18.54+
2.59™ 15.50*
2.00™ 14.08+

OTA Colony density

(mg mm™?)

1.18™
417"
4.31*

1.36™

1.14™
3.87™

1.23"

Colony
diameter
(mm)
1.03™
2.30™
26.10*
0.51™

1.03"
2.30™

0.51™

** p-value 0.001; *, p-value 0.05; ns, not significant.

UV-B radiation

Biomass dry
weight (mg)

1.29™
1.40™
557
0.55"™

0.32™
0.33™

0.07™

OTA
(ngg™
1.50™
0.81™
5.77+
0.30™

0.83™
0.91™

0.17"

Colony density
(mg mm?)

2.25™
2.32"
2.14™
2.39™

2.26™
2.10™

2.36™



Table 3. F values of main effects and their interactions in colony diameters, fungal
biomass, OTA accumulation, and density of three A. carbonarius (287, 311, and 318-
UdLTA) incubated on SNM (synthetic nutrient medium) for 14 and 21 d.

UV-A radiation

Effects d(i::r:?ergr Biomassdry OTA
H -1
(mm) weight (mg) (ngg™)
Strain 19.59+ 2.16"™ 34.16*
Treatment  326.64* 64.00 73.08*
Strain x s s -
Treatment 3.13 0.32 33.88

UV-B radiation

Colony density d(i:aorlnoer;z:/r Biomassdry OTA  Colony density
(mg mm™) (mm) weight (mg) (ngg™)  (mg mm™)

12.88* 29.93+ 1.85"™ 1441+ 543

1.61™ 67.93+ 27.77 31.64+  31.53+

1.01™ 3.82™ 1.28"™ 7.27+ 453+

** p-value 0.001; *, p-value 0.05; ns, not significant.



Table 4. F values of main effects and their interactions in colony diameters, fungal
biomass dry weight, AFs accumulation, and density of A. parasiticus (3.18-UdLTA)
incubated on PBM (pistachio based medium) for 7 d.

Effects

Time
Treatment

Time x
Treatment

UV-A radiation

(;olony Biomass dry AFs
diameter eight (mg)  (ng ™)
(mm)
337.73+ 56.42+ 21.81+
10.43+ 0.00™ 27.92+
0.82"™ 0.51"™ 10.96*

Density
(mg mm™)

0.21™
1.00™

0.34™

Colony
diameter

(mm)
52.14+
105.90+

12.79+

** p-value 0.001; *, p-value 0.05; ns, not significant.

UV-B radiation

Biomass dry AFs Density

weight (mg) (ngg™) (mgmm™)
39.43+ 36.62~ 0.08™
41.22+ 72.66~ 0.03"
13.09+ 8.53* 0.42"



