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Abstract

:

The levels of deoxynivalenol (DON)—a mycotoxin produced by Fusarium graminearum—in maize for food and feed are subject to European Union regulations. Obtaining a compliant harvest requires the identification of agronomic and climatic risk factors related to higher fungal contamination and DON production. A national, multiyear database for maize was created, based on field survey data collected from 2004 to 2020. This database contains information about agricultural practices, climatic sequences and DON content at harvest for a total of 2032 maize fields localized in the French maize-growing regions. A linear mixed-model approach highlighted the presence of borers, late harvest and inadequate crop residue management, normal-to-cold temperatures in March, humidity in August and the absence of a hot end of the maize development cycle with a dry August as creating conditions favoring maize contamination with DON. The various possible associations between these risky climatic conditions and agricultural practices were compared, grouped and ranked as related to very low to high DON concentrations. Some combinations may even exceed the regulatory threshold. The national prevention tool, created for producers and agricultural cooperatives, is informative and easy-to-use to control the sanitary quality of their harvest.
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Key Contribution: This study introduces, for the first time, a prevention tool for estimating the DON risk in maize fields before harvest, combining both agronomic and climatic risk factors. The various crop systems and climatic sequences encountered in France are grouped into a single DON prevention tool.










1. Introduction


France is the second largest producer of maize in Europe, with a harvest of 13 million tonnes from an area of 1.5 million hectares in 2020 [1]. Mycotoxins, produced by fungi, can commonly contaminate maize, before harvest, but also during grain storage. Deoxynivalenol (DON) is the most widespread trichothecene mycotoxin, a group of mycotoxins frequently found in food and feed, and is one of the most important mycotoxins affecting the sanitary quality of maize in the European Union (EU) [2]. In France, DON is produced principally by Fusarium graminearum, from the genus Gibberella. DON, also known as vomitoxin, may have strong emetic effects if consumed in high quantities [3], and it also decreases grain yield [4]. Its presence in maize is, therefore, a major health and safety concern [3,5]. Similar to many other countries worldwide, the EU has imposed regulations for the levels of DON permissible in food, based on the health risk associated with DON consumption (Commission Regulation 1126/2007). The maximum permissible level of DON in unprocessed maize intended for human consumption is currently 1750 µg/kg. As regards feed, Commission Recommendation 2006/576/EC on the presence mycotoxins in products intended for animal feed recommends a guidance value of 8000 µg/kg for cereals, including maize. Advances in knowledge and technology have enabled producers and processors to improve maize production, treatment and storage methods, to decrease the likelihood of mycotoxins exceeding regulatory thresholds in their produce [6,7,8,9]. Plant breeding has been touted as the safest and most effective way to reduce DON contamination in maize crops [10,11,12]. Until now, no maize genotypes highly resistant to infection with F. graminearum or to DON contamination have been produced yet [11]. Moreover, France has banned the cultivation of genetically modified organisms (GMOs) on its territory [13]. In this context, there is a need for more effective management strategies to prevent contamination with this mycotoxin. In particular, preharvest strategies could be used to prevent, or at least limit, DON contamination in the field [14]. Such approaches require the identification of risk factors influencing contamination and the production of DON by F. graminearum in the field, which can then be targeted by maize producers and processors.



Fusarium graminearum infection and growth, and DON production, are dependent on favorable agronomic conditions. These include kernel damage due to borer insects, related to higher DON accumulation [15,16]. The wounds created by insects provide a route of entry for the fungus, distributing fungal propagules as they feed and proliferate, and for microconidia or mycelia already present on the ear tissues [17]. In North America and Europe, kernel infection, closely correlated with insect injury, appears to be a major infection pathway [18,19,20]. Harvest date has also been highlighted as a risk factor for DON contamination. Experiments in Europe and in New Zealand have shown that the risk of DON contamination tends to increase with later harvest dates [21,22,23]. This may reflect the longer time period available for F. graminearum to grow and produce toxins [23]. A late harvest may also shift the susceptible stages to more favorable climatic periods for F. graminearum growth, such as late rains, which provide moisture, favoring fungal development [24]. The presence of large amounts of residues from previous crops, such as maize stalks and grains, is considered to constitute a major source of inoculum for F. graminearum [25]. The fungus can survive as a saprophyte on the residues of previous crops for two or more years [26]. In this context, leaving unaltered infected residues on the surface can increase fungal survival. Any practices resulting in the removal, destruction or burial of infected residues, such as crushing and ploughing, is likely to reduce the amount of inoculum [23,27,28,29]. The management of these residues, mostly through soil tillage (ploughing), is therefore a key element of the cropping practices for decreasing the density of infected residues on the soil surface, making it possible to decrease (1) inoculum production, (2) the number of spores available for dispersal and (3) dispersal itself [30]. These three agronomic practices (removal, destruction and burial of infected residues) create unfavorable conditions for the growth and development of F. graminearum, and for DON production. A better understanding of their particular and cumulative impacts would make it possible to adapt agricultural management in the field [22,30]. In addition, climatic factors can create favorable conditions for fungal growth and mycotoxin production at particular times in the plant development cycle. It is, therefore, necessary to identify high-risk climatic sequences to adapt the preventive strategy in the field.



Fusarium graminearum infection and growth and DON production result from the complex interaction of several climatic factors at key periods of the maize development cycle. F. graminearum first forms perithecia (fruiting bodies) on the residue. These structures can develop over a wide range of temperatures (5–30 °C) [31]. They then forcibly discharge ascospores into the air [10], this process having an optimal temperature of 16 °C [32,33]. Finally, the sporulation, germination and growth of F. graminearum are optimal at 24–26 °C [10,34], whereas DON production is optimal between 28 and 30 °C [35]. F. graminearum infects maize kernels principally via the silks, which makes flowering a sensitive period for plant infection [36]. Wounds on the plant, such as those created by borers, can act as points of entry for the fungus [20], leading to contamination during phenological stages other than flowering. Climatic conditions during flowering, including humidity levels in particular, therefore play an important role in maize infection [31,37]. In Serbia, following a period of extremely rainy weather, almost 50% of the samples analyzed were contaminated with DON at concentrations exceeding 1750 µg/kg [38]. Indeed, rain plays an important role in the dispersal of the fungus: spores are splash-dispersed during rainfall events, enabling them to reach plant spikes and spread over the canopy [39]. DON production follows the same trend as fungal growth, increasing during a cool and wet growing season [40], however, its dependence on weather conditions during the final maize ripening period is different, particularly as concerns the occurrence of rain [41]. Ripening is, therefore, also a very sensitive period for contamination and fungal development. Combination of favorable agronomic and climatic conditions can create a prosperous environment for both fungal contamination and DON production during the sensitive periods of the plant. In the field, risky situations must be highlighted during maize development. Indeed, their early identification makes it possible to develop appropriate preventive strategies before harvesting.



DON may further accumulate during the post-harvest period, mostly during grain transportation and storage [6], but the implementation of good practices involving drying and storage management has been shown to prevent the further production and accumulation of DON after harvest [9]. Preharvest management in the field can reduce the amount of contaminated maize, by separating contaminated batches from clean batches at harvest. The use of a preventive strategy in the field can facilitate this approach, through targeting of the maize fields most likely to have high levels of DON concentrations. The aim of this work was, therefore, to identify easy-to-target combinations of agronomic and climatic risk factors promoting high DON content in maize, possibly exceeding regulatory thresholds, which could then be used in the development of preharvest management tools for use in the field.




2. Results


2.1. Association of Agronomic Factors Influencing DON Concentrations


An analysis of variance (ANOVA) was performed on DON concentrations, at the national scale, in France. The presence of borers and the categories of sowing and harvest dates were the only agronomic factors found to have independent significant effects (p-value < 0.001, for the three).



The presence of borers in agricultural plots significantly increased the adjusted mean DON concentration (value multiplied by 1.5 relative to plots without borers) (Figure 1a). Late harvesting significantly increased susceptibility to DON contamination (multiplied by 1.6) relative to normal harvesting dates (Figure 1b).



Inadequate residue management appeared to increase the risk of DON contamination (value multiplied by 1.18 compared to plots with adequate residue management), but this effect was not significant (p-value > 0.05, ANOVA).



The combination for the three agronomic factors had a significant impact on DON contamination (R2 = 0.02, p-value < 0.001). Adjusted mean DON concentration increased as soon as one of the three factors was in the “at risk” category, with the largest increases for an individual factor observed for harvest date. The largest increase was observed when all three factors were in the “at risk” category (Figure 2). Thus, plots infested with borers that were harvested late, with inadequate residue management were at the highest risk, with an adjusted mean DON concentration of 1330 µg/kg. The combination of these three risk factors therefore multiplied the risk of DON contamination by 2.5 (Figure 2).



Late sowing significantly increased the adjusted mean DON concentration, by a factor of three relative to early sowing (Figure 3).




2.2. Association of Climatic Factors at Sensitive Periods Influencing DON Concentrations


This multiyear study of the effects of more than 450 climatic variables on DON contamination risk during the maize development cycle revealed a main effect of climate, particularly for temperature and humidity during three key periods: March, August and the two months immediately preceding harvest (p-value < 0.001 for both temperature and humidity, ANOVA). In France, March is the month before sowing (conservation of fungal inoculum on crop residues), August is the month in which maize post-flowering development occurs and the two months immediately preceding harvest correspond to the ripening period (F. graminearum growth and development during the two periods).



2.2.1. Temperature and Humidity during the Pre-Sowing and Post-Flowering Periods


We calculated and compared the adjusted means for each category of mean maximum monthly temperature in March and humidity plot environment in August (Table 1).



Mean maximum monthly temperature in March and humidity in August had significant effects on the risk of DON contamination in maize at the national scale in France (p-value < 0.001 for both climatic factors, ANOVA) (Table 1 and Figure 4). Lower DON concentration (divided by 8.5) was observed for a hot March, which corresponds to favorable temperature conditions for peritheces maturation, leading to earlier ascospores discharge, before maize flowering (Table 1 and Figure 4a). With August considered to be wet, favorable conditions for the fungal growth, DON concentration was multiplied by 3.7 relative to dry conditions (Table 1 and Figure 4b).



The combination of the two climatic factors had a significant impact on DON contamination (R2 = 0.10, p-value < 0.001). Adjusted mean DON concentration increased as soon as the two factors were in the “at risk” category, and this increase was larger if both factors were in the “at risk” category (Figure 5). The plots with a wet August and normal-to-cold March were at the highest risk, these conditions multiplying the adjusted mean DON concentration by 6.6 (Figure 5).




2.2.2. Characterization of a Hot End to the Maize Development Cycle


The individual effect of temperature at the end of the cycle, corresponding to grain filling and ripening in France, on the risk of DON contamination was significant (p-value < 0.001, ANOVA). Normal temperatures, favorable to fungal growth, at the end of the maize development cycle significantly increased the risk of DON concentration, multiplying the adjusted mean DON concentration by 7.5 (Table 2 and Figure 6).



The combination of a hot end to the maize development cycle and a dry August, unfavorable conditions for fungal growth in plants, slightly but not significantly decreased DON content by 1.4 (p-value > 0.05, test ANOVA, Figure 7). The combination of a hot end to the cycle and normal or wet weather during August were not encountered in our database.





2.3. Combinations of Categories for the Agronomic and Climatic Factors Can Create Definitions Determining Whether the EU Regulatory Limits for DON in Maize Are Respected


For a tool to be easy to use, the number of variables included must be limited. We chose not to retain sowing date, which is partly linked to harvest date, as the later the maize is sown, the later it is likely to be harvested.



The possible associations between agronomic and climatic risk factors described above explained 14% of the variability of DON concentration observed over a period of 15 years at the national scale in France (R2 = 0.14, p-value < 0.001). The prevention grid indicates the possible combinations of the categories of these variables encountered in the multiyear and national database (Figure 8). Combinations between agricultural practices and climatic conditions with similar effects on DON contamination were grouped and ranked in five different groups: from A (very low risk) to E (critical risk) (Figure 8).



Class C, corresponding to a moderate DON risk, was the most represented class. From A to E, the risk gradually increased with combinations of different conducive agronomic and climatic risk factors (Figure 8). The high and critical risk classes corresponded to favorable climatic (i.e., normal-to-cold March and wet or normal August) factors combined with at least a late harvest and one of the other agronomic factors (the presence of borers and inadequate residue management) (Figure 8). In general, the presence of hot conditions at the end of the maize development cycle tended to decrease the risk class if August was considered “dry” (Figure 7).



The validation of this multiyear and national grid is illustrated in Figure 9. DON contamination was positively related to risk class (p-value < 0.001, ANOVA). Over the 15-year period for which data were analyzed, the distribution of DON values (mean, median, first and third quartiles) clearly increased from Class A to E (Figure 9). Extreme values were observed for each risk class (Figure 9). While 25% of the DON values for class D exceeded the maximum level of 1750 µg/kg allowed, this percentage increased to 31% for Class E (Figure 9).



The created DON risk classes accounted for 12% of the variability of DON concentration observed over the 15-year period (Table 3). This percentage fluctuated from year to year, from 0 to 40% (Table 3). The higher the percent, the more the risk classes explained the variability observed for annual DON concentrations. On the contrary, negative values, as in 2008, 2010 and 2017, indicated that the risk classes did not explain the trend of annual DON concentrations. In this latter case, this corresponded to harvest years with agronomic and climatic conditions concentrated in 2 or 3 consecutive risk classes, with often a large majority of plots assigned to 1 or 2 risk classes. The DON risk classes were consequently not significant.





3. Discussion


We identified and evaluated agronomic and climatic risk factors for DON contamination in the field with a 15-year database containing data from 2032 agricultural farm fields collected across all the French maize-growing regions. Such studies have been limited to date because preharvest strategies in maize fields mostly involve residue and pest management, fungicide application and the development of resistant hybrids [42]. Pest management was not included in the study due to the lack of information provided by farmers. In France, there is no Fusarium fungicide treatment on maize during cultivation for economic reasons. Most strategies for reducing DON risk in the field are based on the development of plants resistant to F. graminearum contamination and DON production [12,43]. In France, a varietal classification for DON susceptibility exists for maize, but the rate of variety turnover is very high in Europe, including France. Thus, many maize varieties are not evaluated for this criterion, which was therefore difficult to incorporate into our analysis without losing too many samples. GMOs are banned in France and cannot, therefore, be used as a tool for preventing DON contamination [13]. However, preventive measures that can be applied before and during the growth of the crop in the field are the first and foremost crucial step towards an effective integrated strategy for DON risk [14,44]. In this context, we provide a tool for the prevention of DON contamination based on the agronomic and climatic conditions encountered in French maize-growing areas (summarized in Figure 8). Each situation is associated with a DON risk class, from very low to critical.



We identified the presence of borers, residue management and sowing and harvest dates as agronomic factors associated with DON contamination. Several studies have already evaluated them as risk factors for preharvest DON contamination [15,16,21,22,27,28,30]. In particular, residue management, harvest dates and the presence of borers were included in a previous prevention matrix created by Arvalis-Institut du végétal in 2007 [24]. Some preharvest strategies have already been proposed, based on the use of agronomic practices related to lower DON contamination, such as the use of an appropriate selection of maize hybrids, appropriate residue management and avoiding late sowing and harvest dates, for example [22,30,41,45]. All of these proposals were developed on the basis of field experiments. In our study, we evaluated these factors in real production conditions, at a nationwide scale. Only three agronomic practices were identified as significantly associated with the risk of contamination: the presence of borers, sowing and harvest dates. Given the strong correlation between these last two variables, we decided to choose only the harvest date, most cited in the literature, to avoid complicating our prevention tool. In our study, residue management slightly increased, but not significantly, DON risk. The small number of plots with residue management considered as “inadequate” may not be large enough (20% of the data) to observe statistical differences. These agronomic risk factors explain a very small part (2%) of the variability of DON data around its average observed over 15 years at the national scale in France, compared to climatic conditions (11%). However, the part of the variability explained by all the agronomic factors does not prejudge the significance of their relationship with the DON content.



The climate is often unpredictable and difficult to modulate as a prevention tool. However, three critical periods before, during and at the end of the maize growing season favoring F. graminearum germination, infection, growth and DON contamination were identified and studied in detail: pre-sowing, flowering and kernel drying. Temperature influences the development of F. graminearum perithecia on crop residues [31]. Perithecia developed at temperatures between 12 and 28 °C, and maturation occurred only under warm conditions, around 16, 20 and 24 °C [31]. In France, March corresponds to the month before sowing. Warmer monthly conditions may create favorable conditions for an early fungus germination without plant hosts to infect. The rate of available inoculum potential can then be lowered for subsequent contaminations. High level of humidity increase F. graminearum infection rate, especially during the sensitive period of flowering corresponding to July in France [37,38]. This ambient humidity may facilitate post-contamination fungal growth by creating a favorable environment [46], for example, during the post-flowering period corresponding to August in France. Humidity may determine the ability of the fungus to grow after contamination and, consequently, also its ability to produce DON. F. graminearum grows best at temperatures between 24 and 26 °C [10,34], whereas Fusarium verticillioides continues to grow at temperatures above 28 °C [47]. A dry period with high temperatures before and during grain filling favors ear infection with F. verticillioides and F. temperatum, whereas the frequency of F. graminearum is higher at lower temperatures and in humid conditions [48]. A complex combination of competitive (F. graminearum was outcompeted in mixed inoculations) and facilitative (infection by F. verticillioides was facilitated by prior infection with F. graminearum) interactions shapes the F. graminearum–F. verticillioides community in maize [49]. In this context, higher temperatures in the two months immediately preceding harvesting, corresponding to the kernel drying period, may increase the levels of infection with other fungi at the expense of Fusarium graminearum. Our findings confirm the influence of temperature and moisture conditions on DON contamination during these three key periods of the maize development cycle. We went further, by defining the thresholds above which monthly temperatures and humidity in France can be considered “hot” and “wet”, respectively. Complicated climatic variables were simplified through their transformation into more easily usable variables. Our findings confirm the climatic and agronomic risk factors identified in previous studies. However, we went further by (1) constructing simple, easy-to-use agronomic and climatic explanatory variables and (2) creating a preharvest tool for the prevention of DON contamination in the field.



The national multiyear grid ranks associations between agronomic and climatic conditions from very low to critical in terms of DON contamination risk in French maize-growing areas. Several tools have been created for estimating the risk of DON contamination in wheat, but few such tools exist for maize [44,50]. This may be due to the greater variability of the silking period in maize, or the strong relationship between contamination and insect damage [44,51]. However, in the first decade of this century, a European tool was created to help farmers, agricultural cooperatives and processors to manage the DON contamination of silage maize in the Netherlands. Asselt et al. [51] developed a mechanistic model describing fungal infection and subsequent growth and the formation of DON in the Netherlands. Exclusively on the basis of climatic factors (temperature, rainfall, wind speed and relative humidity), the authors were able to classify the various years studied in terms of the risk of DON contamination, from a low to critical DON risk, for farm fields in the Netherlands from 2002 to 2007 [51]. The authors confirmed the major contribution of humidity and temperature conditions during flowering and later in the growing season to fungal growth and DON contamination in maize [51]. Temperature before sowing, humidity during post-flowering and temperature at the end of the maize development cycle provide less information about the climatic conditions than the factors included in this tool. We selected these three factors because they appeared to be the most easily understandable for use in an educational tool. Indeed, other agronomic factors, such as sowing date, and climatic factors were also found to have a significant effect on DON concentration. However, our target was to create an easy-to-use tool for farmers and agricultural cooperatives, and we therefore had to make choices about which variables to retain and which to discard. If our target had been to create a forecasting model, we would have considered a combination of all the significant agronomic and quantitative climatic factors. In our study, we made compromises to meet the expectations of the French agricultural sector. Despite the good results obtained, Asselt et al. pointed out that their tool had several limitations, including a lack of information about agricultural practices [51]. Notably, information about rotation and tillage were absent and would need to be included in further developments of tools of this type [51]. The authors considered insect damage to be absent due to their low abundance of borers in the Netherlands. However, this factor may need to be included in the future following increases in borer abundance due to climate change. Hooker et Schaafsma [52], with a database over 7 years in Ontario, observed that the effect due to year (or to weather, perhaps) accounted for 12% (p-value < 0.0001) of the variation in concentration of DON in maize, similar to the 11% for climatic conditions found in our study. By adding the hybrid factor, they created a prevention tool explaining 42% of DON variability over the 7 years. Our selection of variables accounts for 14% of the variability over the whole of France over a period of 15 years. One reason for this low percentage could be the existence of other factors not considered in our study but with a significant role, such as hybrid susceptibility [52]. Compared to existing models, the particularities of our tool are as follows: (1) a tool created over a 15-year study at a national scale, taking into account both changes in climate and agricultural practices; (2) using easy-to-target agronomic practices for farmers; (3) qualitative climatic factors adaptable by farmers according to their plot conditions; (4) estimation of the DON risk class before harvesting to adapt possible management.



The prevention tool assigned a risk class to each farm field over 15 years at the national scale. Differences in the significance of the risk class were observed from year to year. The number of observations differed between years, with more than 100 agricultural plots observed in some years, and fewer than 30 in others. The four risk classes also differed in terms of their representativeness, with the possible overrepresentation of certain risk classes at the expense of others. The prevention tool was developed and validated with data and information from agricultural farm fields in the various French maize-growing regions. The same approach has already been used to create a similar prevention tool for fumonisins (FUMO), mycotoxins produced by Fusarium verticillioides, in maize [53]. As with the tool created for FUMO, climatic quantitative variables were transformed into climatic qualitative ones, to facilitate their use by farmers who can adapt them to their own climatic conditions. Indeed, farmers characterize themselves if temperatures are considered as “hot” or “normal-to-cold” and if humidity is “dry” or “wet”. Farmers and agricultural cooperatives manage the variables themselves to correspond to their own field realities, which should help to reduce regional effects. While the climatic conditions favoring F. verticillioides growth and contamination are drought and heat, mild and humid conditions are highlighted for F. graminearum [10,31,54]. The presence of borers is related to higher DON and FUMO content, which highlights the importance of this factor for mycotoxin contamination in maize. For both tools, the association of a risk class with each combination of simplified categories of the factors considered explained between 10% and 12% of the variability observed for the two mycotoxins over the 15 years studied. This proportion decreases with the number of possible associations of risk factors (from 64 to 5, for example, for DON) due to a loss of information. The number of categories was decreased to combine similar field situations and to create an easier tool to interpret. In the two studies, although most of the plots were well-characterized over the 15-year period, some were considered to be at low-to-medium risk of FUMO or DON contamination while their mycotoxin concentrations exceeded the regulatory thresholds. One reason is probably the broader nature of the situations, based on the grouping together of different agronomic and environmental conditions into the same risk class. Our decision to decrease the number of categories had the consequence of decreasing the amount of variability explained, potentially leading to an underestimation of DON risk in some plots. As EU regulations for mycotoxins are continually tightened, the development and use of accurate tools for preventing the contamination of batches of maize grain will be essential. The good results obtained with this tool for DON, and with the previous tool for FUMO [53], for the 15-year period studied at nationwide level in France suggest the development of a similar approach in other countries and for other mycotoxins.



One perspective of this work is the possibility of extending the use of this tool to other EU countries. However, there are already large differences in systems and environments at the national scale in France and these differences would be even larger between different European countries. Jajić et al. [55] compared the levels of maize contamination with DON between several Eastern European countries and concluded that the observed differences were potentially related to specific agricultural factors and climatic conditions. The use of the prevention tool in a region or country other than that in which it was created would require an understanding of its regional component and adaptation of the tool to correspond to new regional realities [50]. In that context, our DON risk grid would be difficult to apply in its current state in other European countries, but it could be modified to deal with other field realities. The development of a similar approach could be used to select appropriate agronomic practices and meteorological conditions during the plant sensitive periods. The grid could also be fortified by considering the co-contamination of maize with other mycotoxins. Indeed, different fungi can co-contaminate the same maize plant and produce different mycotoxins, such as DON (produced by Fusarium graminearum) and fumonisins (produced by Fusarium verticillioides). Scientific interest in the biological effects of mycotoxin mixtures is increasing. Further studies on the nature of the relationship between the two fungi, and between their mycotoxins, are required [49,56]. F. graminearum and F. verticillioides can occur together and produce mycotoxins on the same plant following artificial infections, but the type of interaction may depend on weather conditions [49,56,57]. In the challenging scenario of climate change, the co-occurrence of mycotoxins in maize is problematic for the creation of accurate prevention tools, as the presence of one mycotoxin may affect the production of other mycotoxins. Further studies are required to incorporate this balance between co-contaminants into the prevention tool.




4. Conclusions


A national multiyear field survey was performed in French maize-growing areas, to study the relationship between DON contamination and agricultural practices and climatic conditions. Several agronomic and climatic factors were highlighted. However, for the creation of an easy-to-use tool for farmers and agricultural cooperatives, we selected the most understandable factors. We retained the following agronomic factors: the presence/absence of borers, a normal/late harvest date and adequate/inadequate residue management. We considered climatic conditions during three sensitive stages of maize development: temperature before sowing, humidity post-flowering and the presence of a hot end to the maize development cycle with a dry August. The effects of their various categories were evaluated, and the possible combinations of these categories with similar effects on DON content were grouped and ranked, to classify the risk in the field from very low to high. The riskiest situation was the combination of inadequate residue management with a late harvest date and the presence of borers, in farm fields with “normal-to-cold” temperatures in March and damp conditions in August. These risk factors have been highlighted in several studies, individually or in combination, but not all five together. Our DON prevention tool includes agronomic practices and climatic conditions during sensitive periods. The transformation of quantitative climatic variables into qualitative variables enabled the integration of easy-to-use climatic sequences into a field tool created for all stakeholders in the sector. The different realities of French maize-growing areas were integrated into a single prevention tool. A better understanding of the biotic relations between co-contaminants will make it possible to determine the balance between mycotoxins, for incorporation into future preventive tools.




5. Materials and Methods


5.1. Multiyear Field Surveys at the French National Scale


Maize is the second most produced cereal crop in France, with an annual mean area of 1.5 million hectares sown. With our national mycotoxin monitoring program for the maize harvest in France, we collected 2032 samples from 2032 maize fields at harvest from 2004 to 2020 (Table 4). We issued a call for volunteers among farmers in French maize-growing areas. On a multiyear basis over the entire study, the number and choice of farm fields included (1) the relative importance of each area to French maize production and (2) the relative importance of maize to French cereal production. The different number of farm fields studied each year depended on the annual internal budget available to fund this study: high enough for more than 100 samples (2018, 2019, etc.) and too low in some years to have any samples (2013, 2014) (Table 4).



The annual variations in the measured DON contents are summarized in Figure 10. Over the 15-year period, DON concentrations varied from high in some years (2006, 2008, etc.) to very low in others (2009, 2018, etc.).



The localization of the farm fields is illustrated in Figure 11. The spatial distribution, similar in all 15 years of the study, is representative of the main French maize-growing areas.




5.2. Sample Collection


At harvest, all farmers collected and prepared samples according to the following protocol: (a) avoid sampling field margins, (b) avoid static grain sampling and (c) sample moving grains during three different periods of emptying of the combine harvester. During harvest, three different subsamples of at least 1 kg were, therefore, collected manually from the moving grains. A 3 kg sample was finally obtained by combining these three subsamples for each farm field.




5.3. Sample Preparation for Analysis


A laboratory cleaner and separator (MINI-PETKUS 100 and 200, PETKUS Technologie GmbH, Rohr, France) removed all impurities from the kernels to obtain cleaned grain samples. A quantity of 1.5 kg of homogeneous sample was then selected for analysis. This sample was ground in a laboratory hammer mill fitted with a 1 mm screen (TITAN 2000, F.A.O., Vitré, France).




5.4. Deoxynivalenol Quantification


From 2003 to 2012, two accredited French laboratories analyzed DON by liquid chromatography with photometric detection (HPLC-UV). Samples were randomly shipped to either laboratory. The first laboratory took the limit of detection of 20 µg/kg, and the corresponding limit of quantification was 80 µg/kg. The second laboratory took the limit of detection of 45 µg/kg, and the corresponding limit of quantification was 183 µg/kg.



From 2015 to 2020, DON concentration was determined by liquid chromatography–tandem mass spectrometry at the second accredited laboratory in France. The limit of detection was 10 µg/kg, and the corresponding limit of quantification was 25 µg/kg.



In our study, for all DON contents below the limits of detection or quantification, we assigned a value corresponding to half of each limit. The change in these limits therefore had no impact since the DON levels concerned stay low, and all values were retained. Likewise, changes in the analysis method used have no impact because they are reference methods whose accuracy is checked by COFRAC accreditation.




5.5. Agronomic Factors


Each farmer completed a questionnaire developed by Arvalis-Institut du végétal with items concerning several agronomic parameters from sowing to harvest (including, in particular, residue management, sowing and harvest dates and whether or not borer insects were present on the ear or on the stem, etc.), location and soil type.



For each year, farmers indicated whether the sowing date was early, normal or late. Late harvests were defined using thresholds defined at the département (a French administrative unit similar to a county) level (Figure 12). These thresholds were chosen to correspond to the typical seasonal dates. Fields harvested before this limit are classified in the “normal” category and fields harvested after this limit correspond to late harvests.



Residue management was assessed on the basis of three items of information: previous crop, plowing and the crushing of residues (factors highlighted in both literature and field expertise). It was considered adequate (related to lower DON concentration) if there was plowing or if the residues were at least crushed with a previous crop that was neither maize nor sorghum (Table 5).




5.6. Climatic Factors


5.6.1. Quantitative Climatic Parameters


Spatialization of each farm field based on its Lambert coordinates, obtained with the town and zip code, was used to get meteorological data from the nearest weather station (Arvalis-Institut du végétal or Météo France). Nearly 700 weather stations, distributed throughout mainland France, were used to obtain spatialized climatic data. These data were then converted into daily parameters, used to obtain the studied weather variables [58].



Based on field expertise and previous studies, we selected more than 450 parameters to study, related to temperature, rainfall, and frost days, for example. The climatic conditions targeted were those considered favorable for the development of F. graminearum, but they were also linked to a greater sensitivity of the maize plant. These variables were calculated over specific periods of the plant cycle: calendar (March, August, etc.) or in relation to sensitive stages, such as flowering (date estimated by our internal phenological models).




5.6.2. Quantitative Climatic Parameters into Single Qualitative Variables


For the four selected quantitative climatic parameters, we transformed them into qualitative single variables.



One temperature threshold, the third quartile of all the values obtained in France over a period of 15 years, was used to transform the quantitative variables for March into a single qualitative variable (Table 6). The two categories differentiating a “hot” month from a “normal-to-cold” month were defined on the basis of their range of values for seasonal climatic variables (Table 6). Two thresholds, the first and third quartiles of all the values obtained in France over a period of 15 years, were used to transform the quantitative variables for August into a single qualitative variable (Table 6). The three categories differentiating a “dry” month from a “normal” or “wet” month were defined on the basis of their range of values for seasonal climatic variables (Table 6).



For the temperature 30–60 days before harvest and the number of days above 28 °C, 0–30 days before harvest, we used the third quartiles of all the values measured throughout France over a period of 15 years as thresholds to transform these quantitative variables into qualitative variables (Table 7). These two variables were then combined to form a temperature variable for the end of the maize development cycle: end of cycle, with “hot” and “normal” as possible values (Table 7).





5.7. Statistical Analyses


5.7.1. Selection of Climatic and Agronomic Risk Factors


A least absolute shrinkage and selection operator (LASSO) regression was used to get a first shortlist of climatic risk factors with a constraint of type L1 [59,60]. A random forest approach then made it possible to keep the most relevant variables [61].



With one linear mixed model, we analyzed individual and combined effects of the selected quantitative climatic factors and agronomic variables on DON content (as fixed effects), and year as a random effect. We performed analyses of variance (ANOVA) with the car package for R [62] to identify the significant risk factors.




5.7.2. Conversion of Climatic Quantitative Factors into Categorical Variables


The distribution of values for the four quantitative climatic factors selected over a period of 15 years was used to transform them into three qualitative variables (see Section 5.6.2). Each factor was first converted into qualitative variables with four balanced categories determined by its first, second and third quartiles. Four linear mixed models were used to test their individual effects on DON contamination (as fixed effects), with year as a random effect. We performed pairwise comparisons between the four categories, based on Tukey-adjusted least-squares means, with p-values < 0.05 considered significant, with the multcomp package for R [63]. We grouped the categories, which were not significantly different, to create two dichotomous variables (March and End of cycle) and one variable with three categories (August), with the third or both the first and the third as cutoffs.




5.7.3. Univariate and Multivariate Analyses


Univariate analyses were first performed on the selected agronomic and categorical climatic factors, to investigate their individual effects on DON content (Table 8). We then performed multivariate analyses to test the effects of combinations of risk factors on DON content (Table 8). Combinations of agricultural practices and climatic conditions with effects on DON contamination that were not significantly different were grouped and associated with a DON risk class tested by univariate analysis (Table 8).



With a linear mixed-model approach, we first analyzed individual risk factors and combinations of risk factors, with agronomic and/or climatic factors as fixed effects and year as a random effect (Table 8). Several analyses of variance (ANOVA), with the car package of R, were performed to assess the effects of individual risk factors and combinations of risk factors on DON content. We then calculated and analyzed the adjusted means with the emmeans package of R [64]. Finally, we evaluated with pairwise comparisons, based on Tukey-adjusted least-squares means with p-values < 0.05 considered significant, the statistical significance of differences between the categories of a risk factor, and between combinations of categories of different risk factors, using the multcomp package for R [63].



All data processing and statistical analyses were performed with R, version 4.0.2 (R Development Core Team, 2020) [65].
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Figure 1. Mean deoxynivalenol (DON) concentration adjusted for agronomic factors, in maize. (a) Mean adjusted DON concentration in relation to the presence or absence of borers; (b) mean adjusted DON concentration according to harvest date. The two categories for the presence of borers (NO, YES) and for harvest date (NORMAL, LATE) are shown on the x-axis. The adjusted mean DON concentration obtained with a mixed linear model (lmer(DON ~ factor + (1|Year))) applied to a database of 2032 observations is plotted on the y-axis. Different letters (a and b) above the bars indicate significant differences (p-value <0.001) in ANOVA for each of the variables. 
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Figure 2. Adjusted mean DON concentrations, according to the presence of borers, residue management and harvest date. The presence of borers and the residue management are plotted along the x-axis (NO_ADEQUATE, NO_INADEQUATE, YES_ADEQUATE, YES_INADEQUATE) with bars of two colors corresponding to the two harvesting dates. Green bars correspond to plots with late harvest dates, whereas yellow bars correspond to plots with normal harvest dates. The adjusted mean DON concentration obtained by applying the mixed linear model (lmer(DON ~ Borers × Residue_management × Harvest + (1|Year))) to a database of 2032 observations is plotted on the y-axis. Different letters (a, b and c) above the bars indicate significant differences (p-value < 0.05) in Tukey’s multiple comparison test. 
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Figure 3. Mean adjusted DON concentration according to sowing date, in maize. The three categories of sowing date (EARLY, NORMAL, LATE) are shown on the x-axis. The adjusted mean DON concentration obtained with a mixed linear model (lmer(DON ~ sowing date + (1|Year))) applied to a database of 2027 observations is plotted on the y-axis. Different letters (a and b) above the bars indicate significant differences (p-value < 0.001) in ANOVA tests for each of the variables. 
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Figure 4. Mean adjusted DON concentration according to mean monthly temperature before sowing and after flowering. (a) Mean adjusted DON concentration according to mean maximum temperature in March; (b) mean adjusted DON concentration according to August humidity plot environment. The mean maximum monthly temperature category is indicated on the x-axis (HOT, NORMAL-TO-COLD). The humidity plot environment category is indicated on the x-axis (DRY, NORMAL, WET). The adjusted mean DON concentrations obtained by applying the mixed linear model (lmer(DON ~ March mean maximum monthly temperature/August humidity environment + (1|Year))) to a database of 2032 observations are plotted on the y-axis. Different letters (a, b and c) above bars indicate significant differences (p-value < 0.001) in ANOVA tests for each of the variables. 
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Figure 5. Adjusted mean DON concentration according to humidity plot environment at flowering and temperature before sowing. The humidity plot environment for August is shown on the x-axis (DRY, NORMAL, WET). The adjusted mean DON concentrations obtained by applying the mixed linear model (lmer(DON ~ August × March + (1|Year))) to a database of 2032 observations are shown on the y-axis. Blue bars correspond to observations for a normal-to-cold March, whereas red bars correspond to data for a hot March. Different letters above bars indicate significant differences (p-value < 0.05) in Tukey’s multiple comparison test. 
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Figure 6. Adjusted mean DON concentration according to the presence or absence of a hot end to the maize development cycle. The presence or absence of hot conditions at the end of the cycle is indicated on the x-axis (HOT, NORMAL). The adjusted mean DON concentrations obtained by applying the mixed linear model (lmer(DON ~ end of cycle + (1|Year))) to a database of 2032 observations are plotted on the y-axis. Different letters (a and b) above bars indicate significant differences (p-value < 0.001) in ANOVA. 
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Figure 7. Mean adjusted DON concentration according to climatic conditions at the end of the maize development cycle, humidity during August and temperature during March. Climatic conditions at the end of the cycle and the humidity plot environment for August category are indicated on the x-axis (DRY_HOT, DRY_NORMAL, NORMAL, WET). The adjusted mean DON concentrations obtained by applying the mixed linear model (lmer(DON ~ August × March × End of cycle + (1|Year))) to a database of 2032 observations are plotted on the y-axis. Blue bars correspond to observations for a normal-to-cold March, whereas red bars correspond to data for a hot March. Different letters (a, b and c) above bars indicate significant differences (p-value < 0.05) in Tukey’s multiple comparison test. 
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Figure 8. Grid based on the multiyear and national data illustrating the impact of combinations of agronomic and climatic risk factors on DON content in maize. Agronomic factors (residue management and borers) and harvest date are represented on the left of the grid. Climatic factors (mean monthly maximum temperatures in March, August humidity plot environment and temperature during the end of the cycle) are represented at the top of the grid. The possible associations were combined to create a common factor ITK. Their adjusted means were obtained by applying the mixed linear model (lmer(DON ~ ITK + (1|Year))) to a database of 2032 observations. These means were compared, grouped if not statistically different and then assigned to a DON risk class (A to E), as indicated by the different colors above. In ascending order, A corresponds to a very low risk (green), B to a low risk (blue), C to a moderate risk (orange), D to a high risk (purple) and E to a critical risk (red). 
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Figure 9. DON concentration according to risk class. The created DON risk classes are shown along the x-axis, in ascending order of risk, from left to right (A to E). The DON concentrations of the 2032 plots measured are shown on the y-axis. Colors distinguish the different risk classes: green for A, blue for B, orange for C, purple for D and red for E. The dashed line represents the maximum DON concentration authorized for maize for human consumption in the EU (1750 µg/kg). 
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Figure 10. Annual percentage of farm fields into DON concentration classes. Years are shown in chronological order. Four different concentration classes were specified: <500 µg/kg (dark green), 500–1000 µg/kg (light green), 1000–1750 µg/kg (orange) and >1750 µg/kg (red). The number of samples per year is indicated in Table 4. 
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Figure 11. Geographic distribution of field samples in France over the study period. 
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Figure 12. Département-level thresholds for a late harvest date. 
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Table 1. Adjusted Mean DON Concentrations for Each Category of the Two Selected Climatic Factors.
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Climatic Factors

	
Possible Values

	
Adjusted Mean DON Concentration (µg/kg)

	
Comparison of Means






	
March, mean maximum monthly temperature

	
Hot

	
103

	
a 1




	
Normal-to-cold

	
878

	
b 1




	
August, humidity plot environment

	
Dry

	
365

	
a 2




	
Normal

	
616

	
b 2




	
Wet

	
1343

	
c 2








1 Mean values in each row followed by different letters are significantly different (p-value < 0.001; ANOVA); 2 The same letters are used as for 1, but they do not correspond to the same groups.
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Table 2. Adjusted mean DON concentrations at the end of the maize development cycle.
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	End of Cycle
	Adjusted Mean DON Concentration (µg/kg)
	Comparison of Means





	Hot
	115
	a 1



	Normal
	858
	b 1







1 The mean values in each row followed by different letter are significantly different (p-value < 0.001; ANOVA).
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Table 3. Significance of the DON risk classes created and percentage of farm fields for each risk level, for each year studied. For each year, p-values and R2 are provided for the combinations of risk factors in linear fixed-effect models with risk class as the fixed effect.
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Harvest Year

	
n

	
p-Values

	
R2

	
Percentage of Farm Fields for Each Risk Level




	
A

	
B

	
C

	
D

	
E






	
2004

	
265

	
<0.001

	
0.06

	
3

	
3

	
25

	
41

	
28




	
2005

	
426

	
<0.001

	
0.08

	
1

	
31

	
52

	
14

	
2




	
2006

	
441

	
<0.001

	
0.13

	
0.5

	
14

	
32.5

	
48

	
5




	
2007

	
177

	
>0.05

	
0.02

	
0

	
0

	
24

	
73

	
3




	
2008

	
53

	
>0.05

	
−0.008

	
0

	
2

	
38

	
51

	
9




	
2009

	
28

	
>0.05

	
0.01

	
36

	
53

	
11

	
0

	
0




	
2010

	
20

	
>0.05

	
−0.01

	
5

	
0

	
85

	
10

	
0




	
2011

	
26

	
<0.01

	
0.43

	
4

	
31

	
58

	
7

	
0




	
2012

	
13

	
NA

	
NA

	
0

	
69

	
31

	
0

	
0




	
2015

	
50

	
<0.001

	
0.26

	
0

	
6

	
64

	
26

	
4




	
2016

	
64

	
<0.001

	
0.28

	
23

	
45

	
27

	
5

	
0




	
2017

	
69

	
>0.05

	
−0.003

	
10

	
70

	
20

	
0

	
0




	
2018

	
125

	
>0.05

	
0.04

	
47

	
18

	
32

	
3

	
0




	
2019

	
146

	
<0.001

	
0.10

	
15

	
46

	
32

	
6

	
1




	
2020

	
129

	
<0.001

	
0.1

	
50

	
18

	
27

	
5

	
0




	
2004–2020

	
2032

	
<0.001

	
0.12

	
9

	
21

	
35

	
29

	
6
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Table 4. Sampling for the field survey, by year.
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	Years
	Samples





	2004
	265



	2005
	426



	2006
	441



	2007
	177



	2008
	53



	2009
	28



	2010
	20



	2011
	26



	2012
	13



	2013
	0



	2014
	0



	2015
	50



	2016
	64



	2017
	69



	2018
	125



	2019
	146



	2020
	129
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Table 5. Qualification of residue management based on previous crop, the crushing of residues and plowing.
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Previous Crop

	
Plowing

	
Crushing of the Residues

	
Residue Management






	
Others

	
Yes

	
Yes

	
Adequate




	
No

	
Adequate




	
No

	
Yes

	
Adequate




	
No

	
Inadequate




	
Maize, Sorghum

	
Yes

	
Yes

	
Adequate




	
No

	
Adequate




	
No

	
Yes

	
Inadequate




	
No

	
Inadequate
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Table 6. Transformation of selected quantitative climatic parameters into qualitative variables.
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Quantitative Climatic Factors

	
Thresholds

	
Qualitative Climatic

Factors

	
Possible Values






	
March, mean maximum monthly temperature

	
>14.5 °C

	
March, mean maximum monthly temperature

	
Hot




	
<14.5 °C

	
Normal-to-cold




	
August, (Rain–ETP 1)

	
<−93.6

	
August, humidity plot environment

	
Dry




	
−93.6< … <−16.8

	
Normal




	
>−16.8

	
Wet








1 ETP is evapotranspiration.
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Table 7. Combination of the two quantitative variables during the 1–2 months preceding harvest into a single qualitative variable.
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	30–60 Days before Harvest,

Mean Maximum Monthly Temperature
	0–30 Days before Harvest, Number of Days with a Mean Maximum Daily Temperature Above 28 °C
	End of Cycle





	>26 °C
	>3
	Hot



	>26 °C
	<3
	



	<26 °C
	<3
	Normal



	<26 °C
	>3
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Table 8. The linear mixed model approach for testing the individual and combined effects of risk factors on DON content. The models are ordered according to the different stages of the process.
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	Linear Mixed Models
	Objectives





	[DON] = Agroi 1/Climj 2 + (1|Year)
	Individual effect



	[DON] = ∑(Agroi1/Climj1 × Agroi2/Climj2) + (1|Year)
	Combination of climatic or agronomic effects



	[DON] = ∑(Agroi × Climj) + (1|Year)
	Combination of agronomic and climatic effects



	[DON] = Risk classes + (1|Year)
	Individual effect of the DON risk class







1 Agroi is one of the selected agronomic variables (harvest date, residue management and presence of borers). 2 Climj is one of the selected climatic variables (March, August and end of the maize development cycle).
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