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The quality of harvested wheat grain can deteriorate markedly during the post-harvest 27 management stages. The biotic factors such as grain type and ripeness, coupled with the 28 prevailing abiotic factors such as water content and temperature, and also preservative 29 concentration will influence the safe storage life and the level of contamination with 30 mycotoxins such as deoxynivalenol (DON) produced pre-harvest and zearalenone (ZEA) 31 produced post-harvest by Fusarium graminearum and Fusarium poae respectively, 32 ochratoxin (OTA) produced by Penicillium verrucosum post-harvest in cool damp northern 33 European climates, and perhaps T-2 and HT-2 toxins produced by Fusarium langsethiae. 34 This review presents recent data on the relationship between dry matter losses caused by F. 35 graminearum under different environmental regimes (water activities, temperatures) and the 36 level of contamination with DON. This is important as poor post-harvest drying and storage 37 management may exacerbate DON contamination already present pre-harvest. It is thus 38 critical to relate the environmental factors in stored wheat grain during storage, especially of 39 intergranular relative humidity (RH) and temperature, to safe storage periods without 40 spoilage or risk from increased DON contamination. The growth/no growth and DON/no 41 DON (F. graminearum) and OTA/no toxin production (P. verrucosum) have been used to 42 build a model with a simple interface to link the temperature and RH values to the potential 43 risk level which may allow growth or toxin production. This paper also considers the use of 44 modified atmospheres, preservatives and biocontrol to minimise DON and OTA in moist 45 wheat grain. These approaches together with clear monitoring criteria and hygiene could 46 contribute to better post-harvest management of stored temperate cereals and ensure that 47 mycotoxin contamination is minimised during this key phase in the food/feed chain.

 Aldred, 2007). This approach may 114 be beneficial for combining dry matter losses in relation to m.c.s during drying and initial 115 storage with the range of potential risk conditions for OTA and DON, relative to the EU 116 legislative limits. Previous comprehensive respiration data sets in relation to a w and 117 temperature of stored wheat, have been used to develop the possible relationship between the 118 variables. Thus, the results obtained as O 2 d -1 kg -1 dry grain (R) was divided by the incubation 119 temperature ( ) to give units of O 2 d -1 kg -1 dry matter o C -1 . There was a linear relationship 120 (r 2 =0.9594) between R/ and a w (Figure 2, Lacey et al., 1997). This is based on O2 121 consumption, while our new data is based on CO2 production. Thus some conversion will be 122 required to relate our new data to the previous data. However, it may be possible to relate our 123 present data to the risk of exceeding the EU legislative limits for mycotoxigenic fungi. This Measurements can be made within stored grain silos to measure the changes in temperature 142 and relative humidity in the inter-granular air spaces in the grain during drying and storage.
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This has been done at the top and in the middle of a flat bed store. Generally, any leaks or 144 even small openings via damage to the structure can lead to an increase in temperature and 145 intergranular m.c. This can often occur during the early periods after drying and storage 146 phase (5-10 days) where both these parameters can increase, especially in the top layers 147 which can increase the risk from spoilage and mycotoxin contamination [START_REF] Aldred | Environmental factors affect efficacy of 332 some essential oils and resveratrol to control growth and ochratoxin A production by 333 Penicillium verrucosum and A. westerdijkiae on wheat grain[END_REF]. et al., 2004;[START_REF] Cairns-Fuller | Water, temperature and gas composition 336 interactions affect growth and ochratoxin A production by isolates of Penicillium 337 verrucosum on wheat grain[END_REF]. This data is useful as a guide to conditions 152 where there may be a risk of growth and toxin production. A polynomial equation has been 153 used to model these growth/no growth and toxin/no toxin boundaries. Figure 3 2004). They developed very useful models which relate the potential for exceeding the 170 EU legislative limit for OTA in cereals to the CFUs isolated from grain. They showed that 171 >10 3 CFUS g -1 on a selective medium for P. verrucosum would represent a risk of OTA 172 contamination >5 µg kg -1 stored grain which is the EU legislative limit. They also developed suggest that mycotoxins such as DON, have a spatial structure in the store and thus a regular 290 grid may be more precise than using a random sampling approach. This may not be the case 291 for other mycotoxins and in other commodities and thus further work is imperative to enable 292 more accurate representative samples to be taken and improve the accuracy of such sampling.
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We believe that there are new technologies which need to be utilised in the future to improve 295 the strategies to minimise mycotoxins in temperate cereals. As has been mentioned earlier the 296 potential for using remote sensing especially in silos linked to post-harvest models of 

  a w , and lower at 0.85-0.90 a w and 25 o C (Magan and

  a valuable practical aid if developed for different grains and nuts prone to 125 contamination with different mycotoxins. that grain is effectively dried immediately after harvest. Often heated air drying 131 is used to achieve the target safe moisture content of about 14.5%. However, sometimes in 132 the harvesting season grain is left for short periods of time before drying because of logistical 133 issues. In some European countries ambient air drying is always used. Where heated drying is 134 used the grain is less affected by the prevailing weather conditions, especially in damp 135 autumn seasons in northern Europe. In the UK, where ambient drying is often used, this can 136 result in slow drying with a moist front moving vertically up through the grain bed, especially 137 in flat bed dryers/stores. This can result in grain at the top of the store being rewetted, while 138 grain at the bottom can become over dried. This can lead to layers of mouldy grain with the 139 potential for increased DON or OTA contamination.140 141
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  We have previously developed boundary layer contour maps for growth and DON and OTA 150 production by F. culmorum and F. graminearum and for P. verrucosum (Hope and Magan, 151 2003; Hope

  shows an 154 example of the data for F.graminearum in relation to minimal growth rates (0.1 mm day -1 ) 155 and for DON production (0.01 ppm).

Figure 3

 3 Figure3shows the simple front end diagram which can be used for this purpose. This would

  also been developed for P.verrucosum and OTA production by Lindblad 169 et al. (

  , chemical preservation systems and biocontrol 180Moist grain, especially for animal feed use is sometimes stored in sealed silos to enable the 181 natural respiration of the grain to increase the CO 2 concentration and inhibit spoilage moulds 182 and the potential for mycotoxin formation post-harvest. However, if there are any leaks or the 183 conditions remain micro-aerophilic then there is potential for both growth and mycotoxin 184 formation. Studies suggest that increasing concentrations of CO 2 to 25 or 50% has little effect 185 on growth or OTA production by P. verrucosum or indeed Aspergillus ochraceus 186 (=Aspergillus westerdijkiae). Spore germination of these two fungi is unaffected, although 187 germ tube extension and growth can be affected by up to 75% CO 2(Cairns-Fuller, 2004; 188[START_REF] Cairns-Fuller | Water, temperature and gas composition 336 interactions affect growth and ochratoxin A production by isolates of Penicillium 337 verrucosum on wheat grain[END_REF]. However, this does not mean that mycotoxin production is 189 significantly affected. While inhibition of OTA did occur when a w and CO 2 were increased, 190 the effect was not synergistic and sometimes inhibition was not to a level below the 191 legislative limits. 192 193 The effect of modified atmosphere on F. culmorum and other species has been examined and 194 showed that they are micro-aerophilic and thus very tolerant of very low O 2 concentrations 195 (Magan & Lacey, 1984). Paster (2000) has reviewed the effect of modified atmospheres on 196 mycotoxigenic and other moulds and this has shown that there is very little information on 197 mycotoxigenic Fusaria. Work has been carried out with Fusarium sporotrichioides and this 198 demonstrated that T-2 toxin was reduced by 80% in the presence of 50% CO 2 /20%O 2 but that 199 added to moist grain, especially for grain destined for animal feed. 203 Commercial products are mainly based on mixtures of salts of aliphatic acids such as 204 propionic, sorbic and benzoic acids. However, these are all fungistats and require effective 205 contact with the product. Thus mixing is very important to ensure that inhibition of spoilage 206 is maintained. Work has been carried out to try and identify alternative compounds which 207 may be used to replace these aliphatic acid based products. Since P. verrucosum often causes 208 problems post-harvest then the use of natural and novel preservatives may have an impact on 209 OTA contamination. Aldred et al. (2008) screened a number of essential oils and antioxidants 210 for control of both growth and OTA production by both P. verrucosum and A. ochraceus.211They found that while essential oils such as clove, cinnamon and thyme were effective in 212 vitro, in situ on grain they were relatively ineffective. This may perhaps be due to binding of 213 the essential oil components to grain constituents. However, they did find that anti-oxidants, 214 such as butylhydroxyanisole (BHA), propyl paraben, and especially resveratrol, were 215 effective on naturally contaminated and grain artificially inoculated with P. verrucosum. 216 217 A range of essential oils (23) and 6 antioxidants were screened for control of growth and 218 DON and NIV production by F. culmorum, DON production by F. graminearum and T-2 and 219 HT-2 by F. langsethiae (Hope, 2004). Of these, three essential oils (bay, clove, cinnamon oil) 220 and two antioxidants (propyl paraben and hydroxymethylanisole) were found to be effective 221 in controlling growth of these species in the range 50-200 ppm at 15 and 25 o C at 0.995 and 222 0.955 a w in vitro on wheat-based media. More detailed studies on stored wheat grain at 15 223 and 25°C and essential oil/antioxidants treatments (100ppm; 500ppm) were carried out. This 224 approach is beneficial if you have the exact grid positions of the samples in three 288 dimensions, it can then be used on any scale. Recent studies by Rivas et al. (2009 a, b) 289

  with the legislative limits could be very useful. There are 298 now many useful molecular-based techniques which could be applied effectively post-299 harvest. For example,Schmidt-Heydt et al. (2000) utilised the expression of the OTA 300 polyketide synthase (otapksPV) to examine temporal colonisation of stored wheat grain of 301 different moisture contents (14-24%) and this was correlated with OTA production analysed 302 by HPLC and populations by CFUs. Thus the RT-PCR approach could be used as a sensitive 303 measure of the quality status with regard to OTA contamination in wheat during 3 months 304 storage. These powerful molecular tools have been applied pre-harvest but not widely post-305 harvest. This is supported by the recent work by Suanthe et al. (2009) who have developed 306 multiplex RT-PCR for detection and quantification of mycotoxigenic Aspergillus, Penicillium 307 and Fusarium species.

  another important potential impact is that environmental change. This may have 310 an impact on the relative importance of different mycotoxins in different geographical 311 regions. This may become important and have a significant impact on which mycotoxins may 312 become important in the next 5-10 years. There is a lack of data on the impact that twice or 313 three times the existing CO 2 concentrations combined with 2-3 o C elevation in temperature 314 might have on colonisation and mycotoxin production. A certain amount of this information 315 can be generated by modelling approaches. However, the potential for stimulation of 316 mycotoxin production is more difficult to predict. In conclusion, while this paper has dealt 317 with post-harvest issues in temperate cereals it has to be seen in the context of a more holistic 318 food chain systems approach with better and more effective management post-harvest being 319 just one component of this.
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 142523 Figure legends

  Table1. Effect of 500 ppm of three essential oils (extracts of bay leaf (Bay), cinnamon (Cin) and clove) and two anti-oxidants (butylhydroxyanisole (BHA), propyl paraben (PP) on (a) deoxynivalenol (DON, ppm) production by F.graminearum at 15, 25 o C and 0.995 and 0.95 water activity, and (b) T-2 and HT-2 (ppm) by F.langsethiae on stored wheat grain at 15, 25 o C and 0.95 water activity. (a) F.graminearum DON (PPM)____________
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 13 Figure 1: Magan et al.

  These are very useful practically for the cereal industry. Studies by Jonsson et al. 175 (2000) suggest that the maximum storage time without any visible moulding was probably 176 reduced by 50% if the mc at harvest was decreased by 1-3% (=0.05 a w ) or if the storage 177 temperature was increased by 5 o C, for example in a mild autumn year, in temperate cereals.
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173 models of toxin free storage times under different temperature and moisture content 8 conditions.
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