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► Successive treatment decreased the yields of fungal biomass and deoxynivalenol. 25 
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 28 

ABSTRACT 29 

 30 

This study aimed to investigate the effects of ferulic acid (FA), a natural phenolic phytochemical, 31 

in combination with light irradiation at three wavelengths (365, 385 and 405 nm) on the 32 

concentration and toxicity of deoxynivalenol (DON), a mycotoxin produced by Fusarium 33 

graminearum. Moreover, this study examined the influence of the combination treatment on 34 

DON production in the cultured fungus. FA activated by light at a peak wavelength of 365 nm 35 

exhibited the most effective decrease in DON concentration of the tested wavelengths; a 36 

residual DON ratio of 0.23 at 24 h exposure was observed, compared with the initial 37 

concentration. The reduction in DON using 365-nm light was dependent on the concentration of 38 

FA, with a good correlation (r2=0.979) between the rate constants of DON decrease and FA 39 

concentration, which was confirmed by a pseudo-first-order kinetics analysis of the 40 

photoreaction with different FA concentrations (50 to 400 mg/L) for 3 h. The viability of HepG2 41 

cells increased by 56.7% following in vitro treatment with a mixture containing the 42 

photoproducts obtained after treatment with 20 mg/L DON and 200 mg/L FA under 365-nm 43 

irradiation for 6 h. These results suggested that the photoreaction of FA under 365-nm 44 

irradiation induces the detoxification of DON through degradation or modification of DON. The 45 

antifungal effects of the combination (FA and 365-nm light) on F. graminearum were 46 

investigated. Conidia treated with the combination did not show additive or synergistic 47 
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inhibition of fungal biomass and DON production in 7-day cultivated fungal samples compared 48 

with samples after single treatment. However, successive treatment, composed of 90 min 49 

irradiation at 365 nm and then treatment with 200 mg/L FA for 90 min in the dark, suppressed 50 

fungal growth and DON yield to 70% and 25% of the untreated sample level, respectively. This 51 

photo-technology involving the two treatment methods of 365-nm irradiation and FA addition as 52 

a food-grade phenolic acid in combination or successively, can aid in developing alternative 53 

approaches to eliminate fungal contaminants in the fields of environmental water and 54 

agriculture. However, further research is required to explore the underlying mechanisms of 55 

DON decontamination and its biosynthesis in F. graminearum. 56 

 57 

1. Introduction 58 

 59 

Deoxynivalenol (DON), one of the mycotoxins belonging to type B trichothecenes, is a 60 

secondary metabolite produced by Fusarium spp. F. graminearum is a pathogenic 61 

microorganism that is widely distributed in barley and wheat, and causes the disease Fusarium 62 

head blight (FHB) (Osborne and Stein, 2007). FHB results in sizeable agricultural losses to 63 

farmers (Alshannaq and Yu, 2017) and poses human and animal health risks, such as headache, 64 

nutritional disorders, throat irritation, diarrhea, nausea and even death, by ingestion of food and 65 

feed containing cereals contaminated with DON (Pestka and Smolinski, 2005). Moreover, the 66 

water solubility of DON can potentially cause pollution in environmental water quality (Anater, 67 

et al., 2016; Feng et al., 2022), and its stability presents resistance to milling, heating and 68 

processing (Sugita-Konishi et al., 2006). It is essential to protect cereals against fungal infection 69 

and eliminate mycotoxins to ensure the safety of the water environment, food, and feed. 70 
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At present, the available strategies for DON detoxification are divided into three categories: 71 

physical, chemical and biological detoxification (Akhila et al., 2021). The physical methods 72 

include electromagnetic radiation such as gamma-ray (O'Neill et al., 1993), electron beam 73 

(Stepanik et al., 2007), and ultraviolet (UV). A previous study reported that UV radiation 74 

decomposed DON in contaminated maize and wheat kernel samples; 253.3-nm irradiation, 75 

which is in the UV-C wavelength range, reduced DON content up to 97.3% at the dose of 15 76 

J/cm2 and F. graminearum growth up to 88.8% at the dose of 0.1 J/cm2 (Popovic et al., 2018). In 77 

addition, UV-A radiation, which uses a 368-nm wavelength light source, longer than the UV-C 78 

wavelength range, degraded DON content effectively (Jajić et al., 2016). Chemical methods 79 

involve the use of chemical reagents such as acids, bases, oxidants, reductants, and chlorinating 80 

agents to react with mycotoxins such as aflatoxins. Although such methods are useful for 81 

converting mycotoxins to low-toxicity compounds or eliminating them, there are issues with 82 

chemical use in terms of practical use, safety, and deterioration of the sensory and functional 83 

properties of agricultural products (Méndez-Albores et al., 2007). In contrast, single treatment 84 

with citric and lactic acids is milder than the aforementioned methods. Soaking treatment with 85 

citric and lactic acids at a 5% concentration for 48 h achieved approx. 50% reduction in the 86 

concentration of DON in feed samples spiked with mycotoxins (Humer et al., 2016). Focusing 87 

on the application of organic acids to control trichothecene-producing Fusarium spp., natural 88 

phenolic acids were investigated for their effects on the growth and production of type A 89 

trichothecenes using two strains of Fusarium spp. Results revealed that mycotoxin production 90 

was inhibited in the fungus incubated in the presence of ferulic acid (FA) as one of the phenolic 91 

acids assayed, with an accompanying reduction in gene expression involving the mycotoxin 92 

biosynthesis pathway, and a reduction in fungal biomass (Ferruz et al., 2016). Other studies 93 
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showed that 0.5 mM FA inhibited the accumulation of type B trichothecenes in Fusarium sp. by 94 

up to 10% compared to the control (Boutigny et al., 2009). However, as far as we know, no 95 

studies have been performed in which mycotoxins are decomposed or modified to low toxicity 96 

levels through the application of such natural phenolic acids. 97 

Phenolic acids have been evaluated for their photo-bactericidal and -fungicidal activities, and 98 

the mechanism of reactive oxygen species (ROS) including superoxide and hydroxyl radicals 99 

generation by irradiation in the range from UV-A (365 nm) to violet light (405 nm) (de Oliveira 100 

et al., 2021; Nakamura et al., 2015, 2017, 2012; Shirai and Yasutomo, 2019; Shirai et al., 2015, 101 

2022a, 2022b). The photocatalytic reaction of titanium dioxide (TiO2) is well-known to generate 102 

ROS, in contrast to the poorly characterized photoreaction of phenolic acids (Chengbin et al., 103 

2010). The oxidative mechanism has been examined in the decomposition of DON in water and 104 

wheat samples and is anticipated to be a promising method, as decomposition approached 91% 105 

with 60-min exposure to simulated sunlight (200-2500 nm) (Wu et al., 2020), and there was a 106 

reduction in the cytotoxicity of photoproducts (Zhou et al., 2020). Thus, we postulated that the 107 

photoreaction of phenolic acids is capable of exhibiting such decomposition activity via 108 

oxidative action, which is similar to the photocatalytic reaction of TiO2. At present, few studies 109 

have been reported on the elimination and inactivation of DON using light-activated phenolic 110 

acids. 111 

We previously demonstrated that among the tested phenolic acids, FA showed the strongest 112 

antimicrobial activity with exposure to wavelengths from 365 to 405 nm (Shirai and Yasutomo, 113 

2019; Shirai et al., 2022a). Therefore, FA was used in this study as a food-grade phenolic acid 114 

with effective photo-reactivity. The first objective of the study was to investigate the elimination 115 

of water-soluble DON using FA activated by light at a wavelength of 365, 385, or 405 nm. Next, 116 
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HepG2 cell viability was used to assess the cytotoxicity of the photoproducts after treatment of 117 

DON with FA in combination with 365-nm light. The second objective is to determine the 118 

effects of the combination of FA and 365-nm irradiation on fungal biomass and DON 119 

production yields in F. graminearum. Additionally, successive treatment with FA and 365-nm 120 

irradiation was evaluated using the antifungal assay. The results of this study could aid in the 121 

development of alternative technologies (clean and green technologies) utilizing food-grade 122 

phenolic acids and light irradiation in combination for decontamination of mycotoxins in 123 

environmental water, food, and feed. 124 

 125 

2. Materials and methods 126 

 127 

2.1. Chemicals 128 

 129 

FA was purchased from the Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan) and dissolved in 130 

sterile pure water (Hikari Pharmaceutical Co., Ltd., Tokyo, Japan) at the prescribed 131 

concentrations for all experiments. DON (Merck KGaA, Darmstadt, Germany) used as the 132 

standard was prepared with sterile pure water at a concentration of 10 or 20 mg/L. 133 

 134 

2.2. Light source and irradiation 135 

 136 

All assays were performed in an incubator box maintained at 25°C. Irradiation devices 137 

equipped with one LED element, 365-, 385- or 405-nm LED (U365, U385 or U405 of 138 

NVSU333A series; Nichia Corp., Anan, Japan), were used for all experiments. The peak 139 
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wavelength and the full width at half maximum for each LED element were 365, 385 or 405 nm 140 

and ˂10 nm according to the data sheet from the manufacturer, respectively. Light exposure of 141 

the DON solution and Fusarium conidial suspension was performed using glass vials (φ15×35 142 

mm, 2 mL; Nichiden-Rika Glass Co., Ltd., Kobe, Japan) with lids and plastic Petri dishes (φ60 143 

mm; AGC Techno Glass Co., Ltd., Shizuoka, Japan) without lids, respectively. For assays of the 144 

DON solution treated with light irradiation, the irradiation device was positioned 20 mm from 145 

the side of the glass vial containing the DON sample and the irradiance was adjusted to 192 146 

mW/cm2. For the antifungal assay, the Petri dish containing conidia was exposed to 365-nm 147 

light from a 50-mm distance above the dish bottom, which generated irradiance of 19 mW/cm2. 148 

During the experimental period of all assays, a small stirring bar (10-mm length) was added into 149 

glass vials and Petri dishes containing samples, which were placed on a magnetic stirrer to 150 

provide continuous stirring. The irradiance at each distance used was measured using a laser 151 

power and energy meter (Nova II; Ophir Optronics Solutions, Ltd., Saitama, Japan) equipped 152 

with a photodiode sensor (PD-300-UV; Ophir Optronics Solutions, Ltd.) (Shirai et al., 2017). 153 

 154 

2.3. Treatment experiment and quantification of DON 155 

 156 

A mixture of DON (10 mg/L) and FA (200 mg/L) in glass vials was treated with 24-h light 157 

exposure at each wavelength, using a 365-, 385-, or 405-nm LED device. Comparative samples 158 

without FA or light exposure were prepared under the same condition described above. The 159 

DON solution was also mixed with various concentrations of FA (50, 100, 200, and 400 mg/L) 160 

prior to exposure to 365-nm light for 6 h. 161 

The residual concentration of DON in the mixtures after treatment was analyzed using an 162 
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HPLC system equipped with a COSMOSIL column (Cholester, 4.6×150 mm; Nacalai Tesque 163 

Inc., Kyoto, Japan) at a flow rate of 0.5 mL/min. The maximum absorbance wavelength of DON 164 

(217 nm) was used as the detection wavelength. The mobile phase consisted of methanol 165 

containing 0.1% formic acid (solvent A) and 0.1% formic acid aqueous solution (solvent B). 166 

The initial composition of solvent A was 20%, then increased to 40% for 30 min, and to 80% for 167 

30 min, and maintained at 80% for 5 min. A peak in the HPLC chromatogram at a retention time 168 

of 9.0-10.6 min was assigned as DON. Residual DON concentration was determined using a 169 

standard curve of DON over a concentration range of 0.3 to 16 mg/L as shown in Supplemental 170 

Fig. A.1 (r2=0.9988). A retention time from 31.4 to 33.5 min in the same DON chromatogram 171 

showed the FA component in the tested solutions, which is shown as the residual ratio from the 172 

peak area detected (data not shown). 173 

The reaction of decreasing DON concentration by treatment with FA under 365-nm irradiation 174 

was applied to a pseudo-first-order model (Wu et al., 2020), ln C = ln C0 － kt, where C0 175 

represents the initial concentration of DON and C is the residual DON concentration in samples 176 

subjected to irradiation at each time point (t). The rate constant k (h-1) of the decrease was 177 

calculated from the slope of the linear line at each FA concentration. 178 

 179 

2.4. Cell viability assay 180 

 181 

Cell viability of HepG2 cells was determined by a colorimetric assay using a cell counting kit-182 

8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan), which estimated the cytotoxicity of 183 

photoproducts (including residual DON) after treatment with the combination of FA (200 mg/L) 184 

and 365-nm light for 6 h. HepG2 cells were prepared and treated with the photoproducts 185 
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according to a previously described method (Zhou et al., 2020). Pre-cultivated cells were 186 

incubated with the photoproducts, which were dissolved in Dulbecco’s Modified Eagle Medium 187 

(DMEM, low glucose; Nacalai Tesque, Inc.) containing 10% fetal bovine serum and 2 mM L-188 

glutamine without both phenol red and antibiotics, for 24 h and applied to the CCK-8 for 15 min 189 

before measurement of absorbance (A) at 450 nm. The viability was compared with that of 190 

samples without FA addition or 365-nm light. Cell samples of the negative control, namely 191 

100% dead cells, was prepared by treatment with 1 mol/L hydrogen chloride for 5 min. Control 192 

cells (positive) were incubated in the same DMEM as described above. Cell viability (%) was 193 

then calculated by (A tested sample – A dead cells) / (A positive control cells – A dead cells) ×100. 194 

 195 

2.5. Fungal strain 196 

 197 

F. graminearum Japan Collection of Microorganisms 9873 was purchased from Riken 198 

BioResource Research Center (Tsukuba, Japan) and used for experiments. 199 

 200 

2.6. Antifungal assay 201 

 202 

The conidial suspension of F. graminearum was prepared after incubation on potato dextrose 203 

agar (PDA; Nissui Pharmaceutical Co. Ltd., Tokyo, Japan) for 14 days at 25°C according to a 204 

previously described method (Shirai et al., 2022a). The suspension was adjusted to a density of 205 

1×106 conidia/mL with sterile pure water and added as a 100-fold dilution to the plastic Petri 206 

dish (final tested volume, 8 mL). The conidial samples to which 200 mg/L FA was added were 207 

then irradiated with 365-nm light for 90 min. Assay samples included conidia treated with light 208 
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only or FA (200 mg/L) only in the dark for an equivalent 90-min duration. A sample was 209 

successively treated with 365-nm irradiation followed by 200 mg/L FA (without light) for 90-210 

min respectively. A condition of neither light exposure nor FA addition was used as the control 211 

sample. After the treatments, aliquots (0.025 mL) of each suspension were dropped on a 47-mm 212 

circular filter membrane with 12-µm pores (polycarbonate, Nuclepore Track-Etch Membrane, 213 

Whatman™; GE Healthcare Technologies, Inc., Chicago, IL, USA), which was arranged on a 214 

plate (90×15 mm; Sansyo Co., Ltd., Tokyo, Japan) of PDA. The plates were incubated at 25°C 215 

for 7 days. 216 

The colony formed on the membrane was scrapped up using a spatula and dried in vacuo, and 217 

then its weight was obtained as the dried fungal biomass yield. Each fungal biomass was placed 218 

in a sealed tube, extracted using 5 mL acetonitrile containing 0.1% (v/v) formic acid at 60°C for 219 

1 h and centrifuged at 8,600 ×g for 10 min, as described previously (Wang et al., 2017a). A 4-220 

mL aliquot of the supernatant was evaporated under nitrogen flow. The residue dissolved in 1 221 

mL of acetonitrile:0.1% formic acid (1:1, v/v) was filtered through a 0.22-µm filter (Millex, 222 

hydrophilic durapore membrane; Merck KGaA) and analyzed by HPLC to determine the DON 223 

concentration, as described in section 2.3. DON content for each fungal biomass was expressed 224 

as the weight (mg) per gram of fungal biomass. 225 

 226 

2.7. Statistical analysis 227 

 228 

All experiments were performed as three independent experiments, and the results are 229 

presented as the mean ± standard deviation. Statistical analyses were performed using either a 230 

two-tailed, unpaired Student’s t-test (Microsoft Excel 365; Microsoft Corporation, Redmond, 231 
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WA, USA) or a one-way analysis of variance (ANOVA) followed by the Tukey-Kramer 232 

honestly significance difference test for multiple comparisons using Excel Tokei ver. 7.0 233 

software (Esumi Co., Ltd., Tokyo, Japan). P values less than 0.05 were considered significant. 234 

 235 

3. Results 236 

 237 

3.1. Effects of combinations of FA and light irradiation on DON content 238 

 239 

The effects of combinations of FA and light at different wavelengths (365, 385, or 405 nm) 240 

were assessed using a DON solution at an initial concentration of 10 mg/L (C0). Figure 1 (A) 241 

shows the time-course changes in DON residual ratios (C/C0) under irradiation at each 242 

wavelength as a function of time: C is the residual concentration of DON irradiated at different 243 

times. The combination of 200 mg/L FA and 365-nm light decreased the DON residual ratio to 244 

0.73 ± 0.04 at 3-h illumination. Furthermore, the illumination for 6 and 24 h significantly 245 

decreased DON ratios to 0.62 ± 0.03 and 0.23 ± 0.04, respectively. When the DON solution was 246 

irradiated at 385 nm or 405 nm with FA, similar time-dependent trends in decreasing DON 247 

residual ratios were observed as for the 365-nm light described above. However, the residual 248 

DON ratios after 24-h irradiation were much higher than that with 365-nm light; DON ratios of 249 

0.58 ± 0.08 under 385-nm irradiation and 0.79 ± 0.07 under 405-nm irradiation were observed. 250 

Residual FA contents were detected simultaneously when DON contents were measured during 251 

the experimental period. FA content at each wavelength tested decreased gradually as the 252 

irradiation time was extended to 24 h, as shown in Supplemental Fig. B.1. The combination 253 

with 365-nm light gave the fastest reduction in FA content among the three wavelengths tested. 254 
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When the DON solution was exposed to 365-nm light without FA, there was a significant 255 

decrease in DON ratio up to 0.84 ± 0.01 at 24-h irradiation, but not to the level of the 256 

combination with FA (Fig. 1 (B)). Irradiation treatments with other wavelengths, 385 and 405 257 

nm, and FA only treatment scarcely affected DON content, even at a treatment time of 24 h. 258 

The effect on water-soluble DON under irradiation was investigated at FA concentrations of 50, 259 

100, 200, or 400 mg/L in combination with 365-nm light exposure for 6 h. As FA concentration 260 

was increased in the DON solution, the concentrations of residual DON following irradiation 261 

declined; the time-course change in DON ratio increased with the increase in FA concentration 262 

(Fig. 2 (A)). In addition to the results of the reduction in DON ratio, an irradiation time-263 

dependent reduction in FA content was also confirmed (Supplemental Fig. C.1). As the 264 

reduction in the ln-DON ratio after each combined treatment at different FA concentrations 265 

showed a linear trend versus irradiation time up to 3 h in Supplemental Fig. C.2, the reaction of 266 

decreasing DON concentration was applied to a pseudo-first-order model (Wu et al., 2020). The 267 

rate constant k (h-1) of the decrease was calculated from the slope of the linear line at each FA 268 

concentration. The k values were 0.037 ± 0.011, 0.077 ± 0.025, 0.106 ± 0.032, and 0.214 ± 269 

0.024 for 50, 100, 200, and 400 mg/L FA, respectively. In Fig. 2 (B), values of the logarithms of 270 

k were confirmed to correlate to those of the initial concentrations of FA. The regression 271 

analysis indicated an r2 of 0.979 and the FA concentration was a significant variable (P <0.01). 272 

Photo-treatment of DON with FA at 400 mg/L over 3 h attenuated the decrease rate constant to 273 

0.061 ± 0.019. This value did not differ from the rate constant at 100 mg/L FA during the initial 274 

3 h of irradiation (P > 0.05; t-test). 275 

 276 

3.2. Effect of DON photoproducts following combined treatment on cell viability 277 



 

13 
 

 278 

To evaluate the cytotoxicity of the DON photoproducts after treatment with the combination of 279 

FA (200 mg/L) and 365-nm light for 6 h, the viability of HepG2 cells was assayed using a CCK-280 

8 assay. DON samples (untreated) maintained for 6 h in the absence of both FA and light 281 

exhibited 27.9 ± 3.7% viability, which was a negligible increase in viability compared with the 282 

initial samples (25.8 ± 2.5% viability) in Fig. 3. The sample treated with FA in the dark for 6 h 283 

also showed no significant change in cell viability compared with the sample before treatment. 284 

A small increase in viability was observed in samples before and after exposure to 365-nm light, 285 

from 26.2 ± 0.9 to 34.2 ± 6.1%, but the change was not significant (P > 0.05; t-test). On the 286 

other hand, cells exposed to the photoproducts following combination treatment with FA and 287 

light exhibited 56.7 ± 4.9% viability, which was much higher than the initial sample (32.9 ± 288 

3.7% viability). From the HPLC analysis of the photoproduct samples, the DON concentration 289 

in the mixture was decreased from 20.0 ± 0.8 to 10.9 ± 0.7 mg/L (45% reduction in DON 290 

concentration). 291 

 292 

3.3. Effects of combination and successive treatments on DON production in F. graminearum 293 

 294 

Yields of dry fungal biomass and DON were investigated in 7-day cultivated fungi after 90-295 

min treatment with each condition: 365-nm light alone, 200 mg/L FA alone, the combination of 296 

those conditions, and successive treatment with light irradiation and FA (90-min light exposure 297 

followed by 90-min treatment with FA in the dark). The yields were compared to those for 298 

untreated samples (control) without both light and FA. Subsequent to treatment with light 299 

irradiation or FA alone and their combination, the cultured fungi including control samples 300 
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produced almost the same amount of biomass, which ranged from 9.4 to 11.5 mg (Fig. 4 (A)). 301 

Only the successive treatment significantly decreased the fungal biomass to 8.0 mg, which was 302 

comparable to 70% of the control biomass level. Next, the DON content extracted from the 303 

fungal biomass was determined. Figure 4 (B) shows that treatments with light irradiation alone, 304 

FA alone, and the combination decreased the DON yields to 0.188 ± 0.020, 0.139 ± 0.011 and 305 

0.161 ± 0.025 mg per gram of fungal biomass, respectively, corresponding to yield levels 306 

ranging from 53 to 71% of the control samples (0.264 ± 0.022 mg/g of fungal biomass). 307 

However, no differences in DON yield were observed among the three treatment conditions. 308 

The DON yield for fungi treated successively with light irradiation and FA differed markedly 309 

from the other conditions, showing 0.067 ± 0.016 mg yield, which was 25% of the control yield. 310 

 311 

4. Discussion 312 

 313 

The application of FA with 365- and 405-nm light showed improved antimicrobial activity, 314 

which was attributed to synergistic efficiency generated by ROS production (hydrogen peroxide 315 

and hydroxyl radicals) through FA activation by light irradiation, confirmed quantitatively or 316 

qualitatively by a colorimetric method and an electron spin resonance method (Shirai et al., 317 

2022a, 2022b). Although DON is stable, e.g., shows heat resistance (Sugita-Konishi et al., 2006), 318 

nanoparticles coated with TiO2 decomposed DON via photocatalytic action under simulated 319 

sunlight irradiation (Wu et al., 2020; Zhou et al., 2020). In reference to these previous assays, an 320 

initial DON concentration of 10 or 20 mg/L was chosen for our experiments. 321 

For phenolic acids, a shorter wavelength showed stronger bactericidal activity, which was 322 

attributed to the production of greater amounts of ROS (Nakamura et al., 2017). ROS 323 
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production through the FA photoreaction was presumed to affect the reduction in DON ratio for 324 

each wavelength used; the results revealed that the combination with a shorter wavelength (365 325 

nm) of irradiation produced the greatest decrease in DON in this work. Simultaneously, the 326 

rapid reduction in FA content in the reactant indicated that the high photo-reactivity is 327 

dependent on the wavelength. Furthermore, the small time-course change in DON ratio 328 

following single treatment with irradiation demonstrated the value of using FA in combination 329 

with 365-nm irradiation. In our results, since residual DON ratios were decreased greatly during 330 

6-h irradiation at 365 nm in the presence of FA, the effect of FA concentration on DON 331 

elimination was investigated to elucidate in detail whether the FA photoreaction involves 332 

decreases in DON concentration. The correlation between the logarithms of the rate constants of 333 

DON decrease and FA concentrations showed that the rate constant became increasingly large 334 

with increases in FA concentration. The correlation could explain DON elimination by FA 335 

photoreaction, which generates ROS via photo-oxidation of the molecule. We consider that the 336 

gradual reduction in FA content during irradiation resulted in attenuation of the rate constant of 337 

DON decrease when irradiation continued for more than 3 h. Photo-oxidation of FA might have 338 

caused a transformation of the photo-reactivity to lower than the original FA, attributed to 339 

dimerization and radical-radial coupling related to the radical molecules derived from FA (Amic 340 

et al., 2020). This suggests that the activated FA could modify the structure of DON, leading to a 341 

reduction in the original DON content. 342 

Although the combination of FA and 365-nm light decreased the original DON content 343 

effectively, it is important to evaluate whether the toxicity of the photoproducts following 344 

treatment was reduced compared to before treatment. Photoproducts after 6-h irradiation in the 345 

presence of FA were confirmed to exhibit lower cytotoxicity than the samples before irradiation. 346 
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Measurement of cell viability determined the IC50 of DON to be 9.1 mg/L (data not shown), 347 

implying that the cell viability of the photoproducts reflected the cytotoxicity of the original 348 

DON (10.9 mg/L) remaining in the photo-reactant. In contrast to the decline in toxicity, the 349 

stability of DON was demonstrated by the results of no change in cytotoxicity of DON samples 350 

following single treatment with 365-nm light or FA. In a previous report, exposure of maize 351 

samples contaminated with DON to a 368-nm UV lamp decomposed DON up to 16% of the 352 

control level (Jajić et al., 2016). Differences in the reduction efficiency could be attributed to the 353 

UV power used in experiments. The result that FA (in the dark) showed unchanged DON 354 

cytotoxicity corresponded to a report that citric acid did not change the concentration of DON 355 

spiked to feed samples following soaking in a 5% solution for 24 h (Humer et al., 2016), as well 356 

as our result of DON quantification in the presence of FA without light. It was concluded that 357 

the synergistic action of the combination of FA and light can effectively detoxify DON. 358 

The C12-C13-epoxy group and the hydroxyl substituent at the 3-position of the DON structure 359 

are reported to be essential for toxicity; destruction of the group and modification with 360 

glycoside or acetylation of the substituent abrogate the toxicity (Eriksen et al., 2004; Pierron et 361 

al., 2016; Young et al., 2006). Therefore, in this study, it was inferred that structural changes in 362 

DON contribute to a reduction in cytotoxicity following combination treatment. Breaks in the 363 

double bond and epoxy group of the DON structure were estimated by photo-treatment with 364 

TiO2 (Wu et al., 2020; Zhou et al., 2020). We will continue to study the detoxification 365 

mechanism in future work. The DON degradation method using TiO2 photocatalysis was more 366 

effective than our combination; however, it is necessary to remove the nanoparticles using a 367 

separation process, such as centrifugation or filtration, from the reactant (Zhou et al., 2020). On 368 

the other hand, our combination does not require a separation process, since the photoproducts 369 
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following combination treatment possess lower toxicity than the initial DON samples including 370 

FA. 371 

It is an important subject to control the physiological activity of Fusarium spp., i.e., growth and 372 

mycotoxin production, to prevent harm from FHB. To investigate the effect of FA with 365-nm 373 

irradiation on DON-biosynthesizing F. graminearum, the fungal biomass and DON yields after 374 

treatment were analyzed. Conidia treated with each condition were cultivated for 7 days on a 375 

membrane filter placed on top of the PDA surface. This method avoided contamination with 376 

components from the broth culture to the collected fungal and extracted samples before HPLC 377 

analysis, unlike previously described methods in which the mycotoxin was extracted from the 378 

broth supernatant (Boutigny et al., 2009) or agar block (Fanelli et al., 2012) cultivated with the 379 

tested fungi. 380 

It is reported that FA inhibits not only the mycelial growth of Fusarium spp. but also the 381 

production of mycotoxins such as DON (Boutigny et al., 2009), zearalenone (Schöneberg et al., 382 

2018), and fumonisin (Ferrochio et al., 2013). Meanwhile, in some strains of Fusarium spp., 383 

cultivation in the presence of FA (from 0.5 to 10 mM) accelerated growth or mycotoxin 384 

production compared to the condition without FA (Ferrochio et al., 2013; Ferruz et al., 2016). 385 

There are conflicting reports on the effects of FA on physiological activity. In this study using a 386 

strain of F. graminearum, FA treatment decreased DON yields but did not significantly change 387 

the fungal biomass weight as compared with the control. Continuous 390-nm irradiation during 388 

10-day cultivation, which is similar to the wavelength used in this study, inhibited both growth 389 

and fumonisin production in a Fusarium sp. (Fanelli et al., 2012). According to the results 390 

obtained in this study, the effect of exposure of conidial samples to 365-nm light for 90 min on 391 

growth and DON production was identical with that of FA treatment. Our findings in the strain 392 
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of F. graminearum suggest that the sublethal doses of FA and light exposure show separate 393 

physiological effects that inhibit DON production, despite the essentially unchanged fungal 394 

growth. This relationship implies some malfunction in biosynthesis ability aside from fungal 395 

growth. As described in some reports, the repression of DON production could be related to 396 

reduced expression levels of Tri gene transcripts related to DON biosynthesis in Fusarium spp. 397 

exposed to FA and illumination singly (Boutigny et al., 2009; Fanelli et al., 2012; Ferruz et al., 398 

2016). From the presumed mechanisms of DON repression, it seems that the inhibitory 399 

mechanisms of fungal growth by phenolic acids and light exposure are independent of the 400 

inhibitory mechanisms involved in mycotoxin production (Ferruz et al., 2016; Suzuki, 2018). 401 

This suggestion is supported by the results obtained by Suzuki (2018), in which an Aspergillus 402 

strain subjected to 401-nm violet irradiation showed increased aflatoxin production but low 403 

growth. 404 

Determination of the yields of fungal biomass and DON in F. graminearum cultivated after 405 

treatment with FA and 365-nm light in combination showed almost the same relationship as 406 

single treatment; namely, the combination did not show additive or synergistic effects. ROS 407 

generated excessively via light-activated FA act as strong molecules in the combination 408 

treatment and differ from individual treatment. However, the oxidative action against conidia 409 

might not have increased due to interference from the rigid cell wall structure in terms of 410 

permeating the cell wall and then acting within the cell to effectively damage cell functions. The 411 

change from a synchronized combination (as described above) to a successive process of 365-412 

nm irradiation followed by FA treatment produced an additive effect, i.e., the effect of 413 

irradiation was added to that of FA addition, which strongly suppressed DON yields and 414 

reduced fungal biomass. This result is interesting in that the ability for both growth and DON 415 
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production deteriorated more than for the other treatments tested including the synchronized 416 

treatment. Oxidative damage by exposure to UV-A light is known to induce membrane 417 

dysfunction and increase the membrane permeability of bacteria (Bosshard et al., 2010). UV-A 418 

irradiation induced bacterial cells to incorporate more gallic acid into the cells (Wang et al., 419 

2017b). Therefore, in addition to inhibition of cell functions, UV-A irradiation prior to FA 420 

treatment contributed oxidative damage to conidial cell walls, thereby increasing the uptake of 421 

FA to conidia. The fungal metabolism for both growth and DON biosynthesis might have been 422 

altered by the additive oxidative action of the incorporated FA into conidia since phenolic acids 423 

such as FA have a prooxidant effect to induce ROS generation (Gomes, 2003). For instance, the 424 

single treatment with FA decreased ATP content in yeast cells (Shirai et al., 2022b). It was 425 

suggested that the intracellular localization of FA plays an important role in its action on fungal 426 

metabolism in conjunction with the oxidative effects of ROS, even if ROS generation was 427 

promoted when FA was exposed to 365-nm light. Indeed, oxidative damage to cytosolic proteins 428 

rather than loss of membrane integrity was observed using FA and UV-A in combination for 429 

inactivation of yeast cells (Shirai et al., 2022b). Further studies are required to elucidate the 430 

mechanism of the successive treatment effects, focusing on the increased incorporation of FA 431 

molecules and subsequent ROS generation within conidia, as well as from the perspective of the 432 

expression level of Tri gene transcripts in the DON biosynthetic pathway. 433 

 434 

5. Conclusion 435 

 436 

The time-course change in DON concentration in response to three light wavelengths (365, 437 

385, and 405 nm) combined with FA varied depending on the wavelength used; the combination 438 
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with 365-nm light decreased the DON concentration effectively. The reduction in DON 439 

concentration by photo-treatment with 365-nm light was investigated by varying the FA 440 

concentration employed (50, 100, 200, and 400 mg/L). We applied a pseudo-first-order model to 441 

analyze the reaction with photo-treatment on DON and concluded that the rate constant of DON 442 

decrease is correlated to the FA concentration, suggesting that FA photoreaction, which 443 

generates excessive ROS, contributed to the reduction in DON. Cytotoxicity data revealed 444 

detoxification of DON after treatment with the combination of FA and 365-nm light, indicating 445 

its chemical degradation or modification during the FA photoreaction. The most effective 446 

combination to reduce the concentration and cytotoxicity of DON did not show additive or 447 

synergistic inhibition against fungal biomass and DON yields in a strain of F. graminearum 448 

cultivated. However, a novel successive process, in which the conidia were subjected to 365-nm 449 

light followed by FA treatment, was observed to suppress DON production and fungal growth. 450 

The results of this study present the alternative application of FA and 365-nm light as a potential 451 

approach for the protection of environmental water quality and decontamination of food and 452 

feed. 453 
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 472 

Fig. A.1. A regression line generated from plots of the detected area assigned as DON by HPLC 473 

analysis against known concentrations of DON: detected area assigned as DON = -1446.3 + 474 

71277 × (DON conc.) (r2 = 0.9988). Plot data are presented as means ± SD (n=3). 475 

 476 

Fig. B.1. Time-course change in residual FA ratios (C/C0) in samples exposed to different light 477 

wavelengths (365 (○), 385 (), and 405 (□) nm) for each irradiation time. FA contents were 478 

measured at the same time as DON analysis by HPLC, corresponding to Fig. 1 (A). C0 and C 479 

represent the area of FA detected with HPLC analysis before and after light irradiation, 480 

respectively. Plot data are presented as means ± SD (n=3). 481 

 482 

Fig. C.1. Time-course change in residual FA ratios (C/C0) in samples exposed to different FA 483 

concentrations (50 (×), 100 (), 200 (○), and 400 (□) mg/L) for each irradiation time. FA 484 
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contents were measured at the same time as DON analysis by HPLC, corresponding to Fig. 2 485 

(A). C0 and C represent the area of FA detected with HPLC analysis before and after light 486 

irradiation, respectively. Data are presented as means ± SD (n=3). 487 

 488 

Fig. C.2. Pseudo-first order kinetics corresponding to Fig. 2 (A). Symbols represent 50 (×), 100 489 

(), 200 (○), and 400 (□) mg/L FA. Data are presented as means ± SD (n=3). 490 

 491 

Figure captions 492 

 493 

Fig. 1. Changes in DON contents under different light wavelengths (365 (○), 385 (), and 405 494 

(□) nm), in the photo-treatment of 10 mg/L DON. Panels A and B show the ratios of DON 495 

concentration (C/C0) after treatments with each light exposure combined with 200 mg/L FA 496 

(panel A) and with irradiation alone in addition to FA alone (+) (panel B), respectively. C0 497 

represents the initial concentration of DON and C is the residual DON concentration in samples 498 

subjected to irradiation or incubation at each time point. Data are presented as means ± SD 499 

(n=3). 500 

 501 

Fig. 2. Changes in DON contents under different FA concentrations (50 (×), 100 (), 200 (○), 502 

and 400 (□) mg/L), with 365-nm irradiation in the photo-treatment of 10 mg/L DON. Panels A 503 

and B show the ratios of DON concentration (C/C0) after the photo-treatments combined with 504 

each FA concentration (panel A) and a regression line between the logarithms of the rate 505 

constant of DON decrease, k (h-1), and of the tested FA concentration, CFA (mg/L) (panel B), 506 

respectively: log k = -2.8097 + 0.81418 × (log CFA) (r2 = 0.9789). Data are presented as means ± 507 
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SD (n=3). 508 

 509 

Fig. 3. Effect of DON samples before and after each treatment on HepG2 cell viability. DON 510 

(20 mg/L) was treated with 365-nm irradiation alone, 200-mg/L FA alone, and their combination 511 

for 6 h each; shaded bars, initial samples before each treatment; open bars, samples after each 6-512 

h treatment. Control samples were neither light exposure nor FA addition. Data are presented as 513 

means ± SD. Significant differences (**P < 0.01; two-tailed, unpaired t-test) were calculated 514 

based on comparisons of viability between the initial and 6-h treatment. n.s., not significant. 515 

 516 

Fig. 4. Effects of each treatment on fungal biomass (A) and DON yield (B). F. graminearum 517 

conidia were treated with each condition for 90 min as follows: 1, control (without both light 518 

and FA); 2, 365-nm light alone; 3, 200-mg/L FA alone; 4, the combination of light and FA; 5, 519 

successive process (exposure to 365-nm light for 90 min followed by FA treatment for 90 min in 520 

the dark). Data are presented as means ± SD (n=3). Different letters above the columns refer to 521 

significant differences between groups (P < 0.01 and only P < 0.05 between samples 2 and 5 in 522 

panel A, P < 0.01 in panel B; one-way ANOVA). 523 
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