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The aim of this study was to assess the influence of the non-selective fungicides mancozeb, 18 copper oxychloride and sulfur on the growth and capability for producing ochratoxin A (OTA) 19 of ochratoxigenic isolates of Aspergillus carbonarius and A. ochraceus in barley-based 20 medium. Lag phases and growth rates were determined for each fungicide at different doses, 21 at 15 ºC and 25 ºC and at 0.97 a w . Mancozeb at 40 mg L -1 inhibited fungal growth and 22 provided lag phases > 24 days at 10-20 mg L -1 and 15 ºC. OTA was observed only at 25 ºC 23 and doses <10 mg L -1 . At 15 ºC, copper oxychloride proved inhibitory at 800 mg L -1 while at 24 25 ºC growth was not delayed and only high doses decreased OTA levels. Sulfur was 25 inhibitory or provided large lag phases at 5-8 g L -1 (at 15 ºC) while at 25 ºC growth took place 26 even at 8 g L -1 although OTA levels were low or undetectable. The antifungal activity 27 decreased in the order mancozeb > copper oxychloride > sulfur and was lower at 25 ºC than 28 at 15ºC. OTA accumulation was affected by the type of fungicide, dose, temperature and 29 time. The efficacy of these fungicides on the growth of A. carbonarius and A. ochraceus and 30 OTA production in barley-based medium is assessed for the first time.

 2009a, 2009b;Belli et al. 2004;Kapetanakou et al. 2009;Romero et al. 2007). Culture 79 nutrients affect OTA production by Aspergillus spp. [START_REF] Medina | Influence of 557 nitrogen and carbon sources on the production of ochratoxin A by ochratoxigenic isolates 558 of Aspergillus spp. isolated from grapes[END_REF] and OTA 80 biosynthetic genes in A. ochraceus are differentially regulated by pH and nutritional stimuli 81 (O'Callaghan et al. 2006). In many cases, usually during pre-harvest, the use of fungicides is 82 the only efficient, cost-effective and often successful way to prevent mould growth 83 (Munimbaz et al. 1997) thus being an attractive strategy to prevent mycotoxin production 84 (FAO/WHO/UNEP 1999). However, fungicides must be applied carefully since some of them, 85 such as carbendazim, can reduce fungal growth but can also stimulate OTA production Mycelial extension rates were measured over time. Lag phase was considered as the 170 time (days) to reach a colony five mm diameter [START_REF] Bellí | Influence of water activity and temperature on 458 growth of isolates of Aspergillus section Nigri obtained from grapes[END_REF]Medina et al. 2007a; 171 Astoreca et al. 2009aAstoreca et al. , 2009b;;Samapundo et al. 2007). For each treatment, 15 plates were 172 prepared and two right-angled diameters of the colonies were randomly chosen and 173 measured every day until the colony filled the dish or the cultures were used for OTA 174 determination. The sum of two diameters was divided by four to calculate the mean radius.

175

These measurements were then averaged over the number of measured dishes. The slope 176 of the line obtained by linear regression of colony radius against time (days elapsed from the 177 lag time) was used to determine growth rates (mm day -1 ). For OTA determination, 20 g of culture (substrate plus fungal biomass) was cut into small 196 pieces, homogenised in a stomacher, extracted with methanol (50 mL) and analyzed using As there were 15 replicates per treatment, the remaining three ones were carried out for 203 safety.

204

The LC system was a Waters 600E system controller, a Millipore Waters 717 plus 205 autosampler and a Waters 470 scanning fluorescence detector (Waters, Milford, MA, USA).

206

Excitation and emission wavelengths were 330 and 460 nm, respectively. The samples were 207 separated using a C18 Phenomenex Gemini ® column (150 × 4.6 mm, 5 µm particle size)

208

(Phenomenex, Macclesfield, UK), with a guard column of the same material. Run time for 209 samples was 20 min with OTA being detected at about 12 min. The flow rate of the mobile 210 phase (acetonitrile/water/acetic acid, 44:55:1, v/v/v) was 1 mL min -1 . Measurements were 211 processed using the Millennium ® 4.0 software (Waters).

212

The limit of detection was 0.5 ng OTA g -1 culture, based on a signal-to-noise ratio of 3:1.

213

The average recovery rate for OTA from the agar-based medium was 89 %. were about 3 days at 1-10 mg L -1 , about 6 days at 20 mg L -1 and about 9 days at 30 mg L -1 ; 231 however, at 15 ºC, lag phases lasted 25 -40 days at 10 -20 mg L -1 (Figure 1A). The lag 232 phase of A. carbonarius also increased with mancozeb dose but they were higher than lag 233 phases observed in A. ochraceus cultures under the same conditions. Sulfur also increased the lag phase more at 15 ºC than at 25 ºC (Figure 1E). At 25 ºC, 297 sulfur had no ability to significantly delay fungal development up to a dose of 8 g L -1 . At 15 298 ºC, a dose of 3 g L -1 resulted in lag phases of about 21 days for both isolates, which were 299 much longer than lag phases attained at doses ≤ 1 g L -1 , while 5 g L -1 prevented fungal 300 growth. Temperature, dose and cross interactions, but not the fungi, significantly influenced 301 the lag-times. Tukey-HSD test found six homogeneous groups concerning dose (P < 0.05).

302

Growth rates 303 Growth rates were higher at 25 ºC than at 15 ºC at the same dose (Figure 1F). At 25 ºC, 304 the growth rate of A. ochraceus at 8 g L -1 was lower than rates observed at 3 -5 g L -1 . At this 305 temperature, in the case of A. carbonarius, there were not significant differences concerning 306 growth rate between controls and cultures at 3 g L -1 . At 15 ºC, however, growth rates 307 decreased by 25%. The ANOVA revealed that temperature, fungi and dose and their 308 interactions, except the interaction fungi × temperature, were significant (P < 0.05). Tukey-309 HSD test found six homogeneous groups related to sulfur dose (P < 0.05).

310

OTA levels 311

At 25 ºC, OTA was not detectable in cultures of A. ochraceus at <1 g L -1 or at 8 g L -1 312 (Table 1). However, OTA accumulation was high at 3 g L -1 . At 15 ºC, OTA levels were 313 significantly higher than those found in controls in cultures containing 0.2 -3 g sulfur L -1 314 (Table 2).

315

At 25 ºC OTA level in cultures of A. carbonarius was low at intermediate/high sulfur 316 doses. The highest toxin level was found in control and at the dose of 10 mg L -1 (Table 1) 317 while at 15 ºC, OTA was not detected (Table 2) and was not assayed when growth was 318 negligible. The influence of temperature, dose and time on OTA accumulation was significant In the present study, two ochratoxigenic isolates, one of A. carbonarius and another of A. 323 ochraceus, were selected to investigate the effect of three antifungal agents on fungal growth 324 and OTA production when the fungi were cultured on barley-based medium at 15 ºC and 25 325 ºC and at 0.97 a w .

326

The doses of the fungicides were chosen on the basis of preliminary experiments 327 performed in our laboratory, which had shown that growth of these isolates in BMEA was 328 inhibited at doses above those used in the present study (data not shown). Sub-inhibitory 329 doses were assayed because mycotoxin production may be stimulated when stressing 330 environmental conditions and low fungicide doses are maintained during growth of 331 mycotoxin-producing fungi (D' Mello et al. 1998;Magan et al. 2002;Medina et al. 2007b;332 Nesci et al. 2003). This hypothesis is supported by the results obtained in this work.

333

The lowest assayed temperature (15 ºC) was less favorable than 25ºC to the growth of production of OTA but also to minimize the toxic effects of ETU in humans and animals.

376

Any of the assayed doses of copper oxychloride proved inhibitory at 25 ºC. However, at 377 15 ºC fungal growth was inhibited at 0.8 g L -1 . This fungicide produced shorter lag phases 378 and slower growth rates than mancozeb at the same doses, especially in the case of A. 379 carbonarius. At 25ºC, OTA levels were undetectable or unquantifiable at doses higher than 380 500 mg L -1 in cultures of A. ochraceus and higher than 10 mg L -1 in cultures of A. 387 of this antifungal agent [START_REF] Gharieb | Transformation of copper oxychloride fungicide into 503 copper oxalate by tolerant fungi and the effect of nitrogen source on tolerance[END_REF] or that 8 g L -1 are needed to completely inhibit 388 the growth of A. flavus [START_REF] Mishra | Evaluation of some essential oils for their toxicity against fungi 560 causing deterioration of stored food commodities[END_REF]. But up to now its effectiveness for 389 controlling the production of OTA in ochratoxigenic species from barley has not been 390 assessed.

391

Sulfur was unable to produce inhibition of the assayed fungi and its capacity to delay 392 growth was irrelevant at 25 ºC. At 15 ºC, doses equal or higher than 5 g sulfur L -1 were 393 needed to inhibit mycelial extension of both isolates. Therefore, sulfur does not appear 394 suitable to control these fungi. In addition, the results shown in the present report indicate 395 that sulfur can increase OTA production by the two species at sub-inhibitory doses, mainly in 396 cultures of A. ochraceus. It has been reported that sulfur can inhibit the growth of A. flavus at 397 7 g L -1 and 75% inhibition took place at 5 g L -1 (Mishra and Dubey 1994) but little is known 398 [START_REF] Bellí | Impact of fungicides on Aspergillus carbonarius 464 growth and ochratoxin A production on synthetic grape-like medium and on grapes[END_REF] about its effect on mycotoxin production by mycotoxigenic fungi at sub-399 inhibitory doses. Thus, this antifungal agent should be applied with caution.

400

The assayed fungi showed some differences concerning lag phase, growth rate and OTA 401 production with regard to the fungicide and its dose. Differences in lag phases are higher at the lowest temperature in cultures of the isolates of the two assayed species. In cultures 403 containing any of the three fungicides, at 15 ºC, A. ochraceus showed shorter lag phases and 404 higher growth rates than A. carbonarius with the three antifungal agents; at 25 ºC, the two 405 isolates showed similar lag phases, although growth rates were higher in cultures of A.

406

ochraceus, like at 15 ºC. Concerning OTA production, the isolate of A. ochraceus produced 407 more toxin that the isolate of A. carbonarius in controls, under the same conditions and, 408 generally, this behavior was observed in fungicide-containing cultures at 25 ºC. At 15 ºC, the 409 stress due to temperature significantly affected to OTA production in controls, mainly in those 410 of A. carbonarius. However, it is remarkable that at this temperature, less favorable for fungal 411 growth and toxin production, some doses of copper oxychloride and, especially sulfur, have a 412 positive impact on OTA production by A. ochraceus. This effect is also observed in cultures 413 at 25 ºC supplemented with certain doses of these two fungicides. Unfortunately, scarcity of 414 previous reports about these fungi and fungicides difficult the discussion of the results, 415 although it is generally known that interspecific and intraspecific differences in fungicide 416 susceptibility are frequent in fungi [START_REF] Antachopoulos | Use of high inoculum for 443 early metabolic signalling and rapid susceptibility testing of Aspergillus species[END_REF]Pell et al. 2001).

417

The effects of mancozeb, copper oxychloride and sulfur in isolates of A. carbonarius and 418 A. ochraceus from barley grown in Spain and cultured on BMEA have been studied for the 419 first time. On the basis of the results obtained in this study it seems that risk of barley 420 contamination with OTA might be higher on spring crops than on winter crops treated with 421 these fungicides at sub-inhibitory levels. Low fungicide doses combined con mild 

  , the mean temperatures recorded in Spanish crop areas (25 ºC and 15 ºC during 166 spring and winter crops, respectively), and previous studies on the growth of A. ochraceus in 167 fungicide-free barley medium.

  OTA standard (2-1000 ng mL -1 ) were used to obtain a 180 calibration line by linear regression after injecting 100 µl into the liquid chromatography (LC) 181 system. These solutions were obtained by dissolution of the standard (Sigma-Aldrich, 182 Alcobendas, Spain) in chloroform and further dilution in dimethylsulfoxide (DMSO)/water 183 (60:40, v/v). 184 Recovery studies were performed by adding variable amounts of OTA standard, 185 dissolved in chloroform, at 45 ºC to Erlenmeyer flasks containing 20 g of autoclaved (115 ºC, 186 30 min) BMEA. The concentration range for recovery studies was 5-300 ng g -1 . After 187 homogenisation, the medium was poured in a Petri dish and let to cool at room temperature. 188 Twenty grams of solid medium was cut into small pieces and homogenised in a stomacher. A 189 fraction of about 1.5 g of the homogenate was taken and extracted with five milliliters of 190 methanol for one h using a rotating plate stirrer (model F-205, FALC Instruments S.R.L., 191Treviglio, Italy)[START_REF] Bragulat | An easy screening method for fungi producing 467 ochratoxin A in pure culture[END_REF]. Four mL of extract was filtered through filter paper 192 . 4) containing 5-10 g of Celite 545 (Sigma-Aldrich). The filtrate was dried 193 under a N 2 stream and re-dissolved in 0.50 mL ofDMSO/water (60:40, v/v). Finally, 100 µL of 194 solution was injected into the LC system.

  195

197

  the procedure indicated for recovery studies. Once the colony diameter reached 5 mm, the 198 OTA level in the cultures was determined. Samples were taken on days 5, 10, 15 and 20 199 when incubation temperature was 25 ºC and on days 20, 30, 40 and 60 when incubation 200 temperature was 15 ºC because previous experiments had shown that growth was favoured 201 at 25 ºC. This protocol was performed each time with three dishes from the same treatment.

  202

  Figure 1A. Lag phases were always longer at 15 ºC than at 25ºC under all the assayed

  319for both isolates. Concerning dose and time Tukey-HSD test found three and two

334

  the studied isolates. The impact of temperature on growth parameters agrees well with 335 studies performed with other strains of A. carbonarius(Barberis et al. 2009; Medina et al. 336 2007b; Romero et al. 2007) and A. ochraceus (Pardo et al. 2005; Ramos et al. 1998), even 337 though in all these studies the culture media, a w -values, presence of fungicides and hosts 338 were different.339OTA accumulation in BMEA was affected by temperature both in fungicide-containing 340 media and controls. Toxin levels were generally higher at 25 ºC than at 15 ºC at a given 341 fungicide dose. These results agree with those ofKapetanakou et al. (2009), who report that 342 OTA production by A. carbonarius and A. ochraceus in malt extract agar was higher at 25 ºC 343 than at 15, 20 or 30 ºC, although fungicides were not used and a w conditions were different 344 from those employed in the present study. However, other authors(Barberis et al. 2009) 345 have found that temperature is the factor of minor influence on OTA production by isolates in They can be very useful to control and to prevent the growth of Aspergilli and 375

381carbonarius.

  At 15ºC OTA production was inhibited at doses higher than 50 mg L -1 in cultures 382 of A. ochraceus and at all the assayed doses in cultures of A. carbonarius. This antifungal 383 agent, though not very effective to control the growth of the assayed species, plays a 384 relevant role in the inhibition of OTA production. Other authors have found that this fungicide 385 was scarcely effective to control Fusarium oxysporum f.sp. cubense(Nel et al. 2007), that A. 386 niger and Penicillium chrysogenum were able to grow in a medium containing up to 0.5 g kg -1

Figure 1 .

 1 Figure caption

Figure 1 .

 1 Figure 1. Effect of three fungicides on lag phase and radial growth rate of isolates of A. ochraceus and A. carbonarius cultured on BMEA at 0.97 aw. Mancozeb (A and B); Copper oxychloride (C and D); Sulfur (E and F). Line key: A. ochraceus: dotted line with white squares (15 ºC) or white rhombi (25 ºC); A. carbonarius: solid line with black circles (15 ºC) or black triangles (25 ºC). 234x303mm (600 x 600 DPI)

Table 1 .

 1 Mean concentration ± standard deviation of OTA (ng g -1 ) (N = 3) found in cultures of isolates of A. ochraceus and A. carbonarius carried out at 25 ºC and 0.97 a w on BMEA treated with three fungicides. No fungicide was added; ND, not detected; NQ, detected but not quantified (< 1.5 ng g

	Incubation time (days)

* 

Table 2 .

 2 Mean concentration ± standard deviation of OTA (ng g -1 ) (N = 3) found in cultures of isolates of A. ochraceus and A. carbonarius carried out at 15 ºC and 0.97a w on BMEA treated with three fungicides.

	Incubation time (days)
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