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Introduction

The agricultural intensive production model is currently questioned because of agronomic, environmental, public health and sometimes socio-economic issues [START_REF] Van Der Werf | Assessing the impact of pesticides on the environment[END_REF][START_REF] Loyce | Growing winter wheat cultivars under different management intensities in France: A multicriteria assessment based on economic, energetic and environmental indicators[END_REF][START_REF] Bourguet | The hidden and external costs of pesticide use[END_REF]. In this context, reducing the reliance of agriculture on external inputs constitutes a priority to achieve more sustainable models of production.

However, an alternative model such as organic farming has been questioned for several decades about its ability to ensure food safety [START_REF] Magkos | Organic food: buying more safety or just peace of mind? A critical review of the literature[END_REF][START_REF] Lairon | Nutritional quality and safety of organic food. A review[END_REF][START_REF] Garcia | Organic versus conventional food: A comparison regarding food safety[END_REF]. Currently, organic farming is characterized by an increasing consumer demand, which requires paying attention to the sanitary quality of food production, including mycotoxin contamination [START_REF] Brodal | Mycotoxins in organically versus conventionally produced cereal grains and some other crops in temperate regions[END_REF]. This is particularly the case for bread wheat for which grain can be contaminated by several genera of mycotoxin-producing fungi [START_REF] Brodal | Mycotoxins in organically versus conventionally produced cereal grains and some other crops in temperate regions[END_REF], especially by different species of Fusarium causing head blight. This plant disease results from a complex of species belonging to the Fusarium genus [START_REF] Parry | Fusarium ear blight (scab) in small grain cerealsa review[END_REF]. Fusarium head blight (FHB) leads to important economic consequences worldwide, important yield losses and reduction in quality production leading to the destruction of contaminated grain lots, as well as potential contamination by a range of harmful mycotoxins to human and animal health [START_REF] Reddy | An overview of mycotoxin contamination in foods and its implications for human health[END_REF]). These mycotoxins, amongst others deoxynivalenol and zearalenone, are produced by several Fusarium species, especially Fusarium graminearum [START_REF] Reddy | An overview of mycotoxin contamination in foods and its implications for human health[END_REF][START_REF] Dean | The Top 10 fungal pathogens in molecular plant pathology[END_REF].

The mycotoxins are subject to government regulation in the EU, i.e., defined limits in cereals for human consumption (Commission Regulation (EC) No 1881/2006).

Speculation has arisen about the potential higher contamination level of mycotoxins produced by Fusarium species in organic compared to conventional production model, and a set of studies have investigated this issue. However, in the current state of knowledge, organic farming seems usually able to maintain a low level of contamination by mycotoxins, comparable or lower than in conventional farming [START_REF] Brodal | Mycotoxins in organically versus conventionally produced cereal grains and some other crops in temperate regions[END_REF]. The hypothesis that several agricultural practices would be less favourable for the development of Fusarium species causing FHB in organic farming has been proposed. In fact, a low level of nitrogen supply and a crop sequence including fewer cereals reduce the severity of FHB and the level of mycotoxins (Dill-Macky and Jones 2000; [START_REF] Lemmens | The effect of nitrogen fertilization on Fusarium head blight development and deoxynivalenol contamination in wheat[END_REF][START_REF] Heier | Influence of N-fertilization and fungicide strategies on Fusarium head blight severity and mycotoxin content in winter wheat[END_REF][START_REF] Bernhoft | Influence of agronomic and climatic factors on Fusarium infestation and mycotoxin contamination of cereals in Norway[END_REF].

While many studies have focused on the level of mycotoxins in organic and conventional farming (see e.g., [START_REF] Edwards | Fusarium mycotoxin content of UK organic and conventional wheat[END_REF][START_REF] Bernhoft | Influence of agronomic and climatic factors on Fusarium infestation and mycotoxin contamination of cereals in Norway[END_REF][START_REF] Brodal | Mycotoxins in organically versus conventionally produced cereal grains and some other crops in temperate regions[END_REF], only few have considered the incidence of different fungal genera in/on the grain of bread wheat. These latter studies have shown a low incidence of Fusarium species on organically produced grain, while the fungal community was dominated by other fungal genera [START_REF] Lazzaro | Organic vs conventional farming: Differences in infection by mycotoxin-producing fungi on maize and wheat in Northern and Central Italy[END_REF][START_REF] Lenc | Fusarium head blight (FHB) and Fusarium populations in grain of winter wheat grown in different cultivation systems[END_REF].

However, these studies mainly relate to few years and a limited number of varieties, furthermore not identifying the main explanatory factors of the Fusarium incidence in the different production models.

In this study, we monitored, each year over a 13-year period in several sites in France and for a set of bread wheat genotypes, the incidence of four fungal genera on grain of bread wheats from both conventional and organic farming conditions.

More specifically, we addressed the following questions:

(1) What was the incidence of the four genera of fungi on the grain of bread wheat over the period and between sites in both conventional and organic farming systems?

(2) To what extent do year, site, genotype and their interactions explain differences in incidence of the genus Fusarium as well as other fungal genera in/on the grain of bread wheat in both conventional and organic farming systems?

Material and methods

Sample collection

Wheat samples were collected immediately after harvest from experimental field trials from 2007 to 2019 in three areas in France (Brittany, Ile-de-France and Poitou-Charentes) in both conventional and organic farming systems. In our study, conventional farming systems corresponded to low-input systems with no fungicide and growth regulator used, a lower sowing rate and a reduction of nitrogen application (based on N balance sheet minus 60 kgN/ha) but with herbicides used to suppress weeds (see Le Campion et al. 2014 for details).

For each site in low-input farming, when available, a site in organic farming located near the conventional farming site was chosen to limit variation due to large-scale environmental variables such as meteorological conditions (see Online Resource 1 for coordinates). However, no organic farming site was repeatedly available near the low-input site in Poitou-Charentes, so only two sites were monitored in organic farming conditions while three sites were monitored in low-input farming conditions. In each site and each year, four repetitions were carried out for each wheat genotype in plots of 8.5m² using a randomised block design.

Samples were made in conditions of natural contamination on a substantial list of genotypes representative of the winter bread wheat varieties sown in low-input and organic farming over the period considered, including susceptible to tolerant wheat genotypes to FHB. Fusarium graminearum was the main species of Fusarium in France during the period studied. Given the duration of the period studied, the genotypes monitored have been replaced over the years, representing 34 wheat genotypes under low-input conditions and 14 wheat genotypes under organic conditions, for a total of 289 wheat samples collected under low-input and 155 wheat samples collected under organic conditions. Only wheat genotypes monitored for at least two years were retained in this study. The kernels were harvested at maturity with 14% of moisture (0.5-1kg per sample), and sub-samples of 100 kernels were chosen randomly and stored in paper bags at room temperature with 13-15% humidity until analysed for about 6 months. Visible FHB contamination on spikes was not observed in the field during any of the years concerned in this study.

Morphological characterization of fungal colonies

To determine the incidence of the different fungal genera, one hundred kernels were randomly chosen from each sub-sample, surface disinfected with 1% NaClO solution for 2 min, rinsed 4 times with running water, and dried for 12h under laminar flow hood. The use of running water cannot exclude a contamination introducing fungal spores and/or bacteria on the grains. Ten kernels were evenly placed into 10 separate Petri dishes (Ø 55 mm) containing potato dextrose agar, and incubated for 5 days at room temperature under conventional lighting without daynight cycle. Each colony was identified on cultural and morphological criteria to genus level among four genera, i.e. Alternaria, Epicoccum, Fusarium and Microdochium based on pigmentation of aerial mycelium and growth rate of mycelium, especially following the descriptions proposed by [START_REF] Pitt | Fungi and food spoilage, 2nd edn[END_REF]. The incidence was considered as the proportion of kernels infected by fungi of these four genera. During this long-term monitoring, we used the same morphological characterization of fungal colonies. However, we point out that the results of this study are relative to the method used. In particular, it is possible that some fungal species can be overgrown by colonies of other fungal species growing more rapidly, even if the incubation time was intended to limit this type of bias.

Incidence of different fungal genera on wheat grains in low-input and organic farming conditions The average incidence of each genus, or the absence of aerial mycelium development, is graphically represented per year and site, considering all bread wheat genotypes combined. This graphical representation constitutes a synthesis of the useful data for low-input and organic farming, i.e., 13 years × 3 sites × 5-16 genotypes per year for low-input farming conditions and 13 years × 2 sites × 5-8 genotypes per year in organic farming conditions. This graphical representation has not been subjected to statistical analysis due to the unbalanced design of the data, i.e., the lack of data in certain years on certain sites. The statistical analyses described hereafter were conducted on a suitable sub-dataset.

Sources of variability of the incidence of fungi on wheat grain per genus in low-input and organic farming conditions

For each fungal genus and farming condition separately, we assessed the effects of year, site, genotype and their interactions on the incidence of fungi on wheat grains using linear models.

First, some data were removed before applying statistical analyses, i.e., the genotypes tested in a single or two sites for low-input and a single site for organic farming conditions. The datasets focused on 7 years × 3 sites × 26 genotypes in low-input and 11 years × 2 sites × 13 genotypes in organic farming conditions (see Online Resource 2 for the list of genotypes).

Second, we implemented a full additive linear model including year, site, genotype and all second-order interactions, and we compared this full model with all other simpler additive models, including only a subset of the environmental variables. The comparison was based on the second-order Akaike information criterion (AICc; [START_REF] Sugiura | Further analysts of the data by akaike's information criterion and the finite corrections: Further analysts of the data by akaike's[END_REF], and considering all the explanatory variables as factors. We checked for homogeneity of variances (Bartlett test, visual inspection), normality of the residuals (Shapiro test, visual inspection) and influential points (Cook's distance). Sum to zero contrasts were applied prior to fitting models. We applied a transformation (log10+1, Box-Cox+1, Box and Cox 1964) or not on the response variable due to asymmetry in the data distribution depending on the fungal genus. Assumptions were met after transformation or not for the genera Fusarium, Epicoccum and Alternaria.

Third, the best model was retained, that corresponds to the most parsimonious model with the lowest AICc (AICbest). The best model was compared with the intercept-only model using AICc values, i.e., ΔAICc = AIC0 -AICbest in order to ensure the relevance of the best model (a value lower than 2 indicating that the best model was equivalent to the intercept-only model, [START_REF] Burnham | Multimodel inference: understanding AIC and BIC in model selection[END_REF]. The goodness of fit of the models was estimated using an adjusted R² (R²adj). We performed a type III ANOVA on the best model.

Concerning the genus Microdochium, no transformation was relevant to validate the assumptions. This result is due to the very strong asymmetry in the data distribution due to the absence of Microdochium observed in most cases (70% in low-input conditions, 52% in organic conditions), making the application of a linear model unsuitable. We have chosen not to present the results for the genus Microdochium in this study. First, this asymmetry requires the use of another type of model that would not be directly comparable with the results of the linear models (e.g. quasi-binomial generalized linear model). Then, there was non-independence of the four fungal genera in our study, the development of the aerial mycelium of a given fungal genus excluding the development of another genus (except in very rare exceptions), so showing the results of the four genera would lead to overinterpreting the data.

Statistical analyses were performed using R 4.0.1 (R Development Core Team 2022), its packages 'ggplot2' for graphical presentation, 'forecast' for Box-Cox transformation, 'AICcmodavg' for model selection based on AICc and 'car' for type III ANOVA.

Results

Incidence of different fungal genera on wheat grain in low-input and organic farming conditions

Data is based on 289 wheat samples collected under low-input and 155 wheat samples collected under organic farming conditions. Several main trends can be drawn from these long-term time monitoring. As stated above, it should be noted that the results are relative to the method used to characterize the fungal colonies.

First, the incidence of the genus Fusarium in bread wheat grains was generally low to nil, with a few rare exceptions (Fig. 1, Fig. 2). Indeed, the incidence of Fusarium was higher than 10% only in 2008 in organic conditions and in 2010 in low-input conditions, while lower than or equal to 1% in 61% of 'year × site' combinations in organic conditions and 64% of 'year × site' combinations in low-input conditions.

Second, the absence of aerial mycelium on bread wheat grain was not the most frequently observed case. Indeed, we observed a single combination with more than 50% of grains without fungal development in low-input conditions and no combination in organic farming conditions (Fig. 1, Fig. 2). On average, 89% of wheat grains were characterized by a fungal development in both low-input and organic conditions, with significant variability between 'year × site' combinations.

Third, in the vast majority of combinations considered, the genus Alternaria was dominant on wheat grains, i.e., in 89% of combinations in low-input conditions and 92% of combinations in organic conditions. The other genera showed a high incidence only in certain years and in certain sites. For instance, the genus Microdochium showed substantial development in Ile-de-France in 2016, while the genus Epicoccum was characterized by a higher incidence in 2012 (Fig. 1, Fig. 2). Considering the relevant sub-datasets and after confirmation that the prerequisites were met, a best model was identified for each case studied. This best model was always much more relevant than the intercept-only model, confirming that at least some explanatory variables are significantly explanatory for each case (Table 1). Moreover, R²adj was between 0.62 and 0.92, highlighting medium to high accuracies, depending on the model (Table 1). The statistical analyses carried out underlined that, for all the models tested, regardless of the fungal genus and the farming conditions, the year and the 'year × site' interaction had a large effect on the incidence of fungi on wheat grain. In contrast, the site effect was often non-significant or weakly significant, especially under organic conditions, and a low genotype effect was observed only for Alternaria in organic conditions (Table 1). It should be noted that a bias of the statistical analysis was related to the replacement of genotypes studied over time. Indeed, the long-term monitoring did not always characterize the same genotypes, this effect being then partially confused with the year effect, potentially explaining why the year effect is usually the only one significant in the analysis.

Table 1 Results of the best additive linear models indicating the effect of year, site, genotype and year × site second-order interaction on the incidence of the genera Fusarium, Epicoccum and Alternaria in both low-input and organic farming conditions considered separately. Box-Cox+1 and log10+1 refer to the Box-Cox transformation (transformation parameter λ = -1) and the base 10 logarithm after adding a constant (+1) to the raw values, respectively. AIC0 -AICbest corresponds to the difference of AICc between the best model and the interceptonly model. The goodness of fit of the models was estimated using an adjusted R² (R²adj). P-value estimation is based on F-test, *P < 0.05, ***P < 0.001, n.s., not significant. / indicates that the explanatory variable was not included in the best model. Degrees of freedom (df) vary between models applied on datasets in low-input and organic farming conditions 

Discussion

This long-term study focusing on the incidence of four fungal genera on bread wheat grain over a 13-year period in several sites on hundred samples collected in both conventional low-input and organic farming conditions led to conclude two general trends.

First, the incidence of the genus Fusarium in bread wheat grains was generally low to nil, both in low-input and organic farming conditions, as observed in previous studies [START_REF] Lazzaro | Organic vs conventional farming: Differences in infection by mycotoxin-producing fungi on maize and wheat in Northern and Central Italy[END_REF][START_REF] Lenc | Fusarium head blight (FHB) and Fusarium populations in grain of winter wheat grown in different cultivation systems[END_REF]. In the vast majority of situations studied, the genus Alternaria was dominant on wheat grain, while the other genera studied were generally few or not observed, except in atypical years, sometimes only in one site. In our case, these particular results could be explained by meteorological conditions favourable to the development of fungal genera associated with maize as preceding crop (van der Velde et al. 2020), as also observed in other studies during part of the period considered here [START_REF] Giraud | Fusarium head blight and associated mycotoxin occurrence on winter wheat in Luxembourg in 2007/2008[END_REF][START_REF] Chandelier | Fusarium species and DON contamination associated with head blight in winter wheat over a 7-year period (2003-2009) in Belgium[END_REF]). It should be noted that in 2008 in low-input conditions in Brittany, i.e., 1km away from the organic trial characterized by a incidence near 50% of the genus Fusarium, considering a similar sowing period but faba bean as preceding crop, the incidence of Fusarium was under 5%.

Second, the main explanatory factors of the incidence of fungi on wheat grain, independently of the genus and the farming conditions, were the year and the 'year × site' interaction, while the site and the genotype were less explanatory. These results appear consistent with the trends observed on the graphical representations, suggesting the dominant influence of the environmental conditions of the year and the site on the relative development of the fungal genera on wheat grains. If certain conditions are known to favour the genus Fusarium, their combination have been rarely observed during our study period, except in 2008 in Brittany.

Indeed, in organic farming but also in low-input conditions, both the low level of nitrogen supply and a crop sequence including fewer cereals with maize rarely as the preceding crop, reduce the risk of FHBdevelopment (Dill-Macky and Jones 2000; [START_REF] Lemmens | The effect of nitrogen fertilization on Fusarium head blight development and deoxynivalenol contamination in wheat[END_REF][START_REF] Heier | Influence of N-fertilization and fungicide strategies on Fusarium head blight severity and mycotoxin content in winter wheat[END_REF][START_REF] Osborne | Epidemiology of Fusarium head blight on small-grain cereals[END_REF][START_REF] Bernhoft | Influence of agronomic and climatic factors on Fusarium infestation and mycotoxin contamination of cereals in Norway[END_REF]. Moreover, the main conducive weather conditions to FHB development are known, i.e., usually warm and moist conditions near and during the flowering period of winter wheat [START_REF] Osborne | Epidemiology of Fusarium head blight on small-grain cereals[END_REF]. However, the best predictors and window frames identified are partially different among studies [START_REF] Kriss | Relationship between yearly fluctuations in Fusarium head blight intensity and environmental variables: a window-pane analysis[END_REF][START_REF] Bernhoft | Influence of agronomic and climatic factors on Fusarium infestation and mycotoxin contamination of cereals in Norway[END_REF][START_REF] Landschoot | An empirical analysis of explanatory variables affecting Fusarium head blight infection and deoxynivalenol content in wheat[END_REF][START_REF] Shah | Predicting Fusarium head blight epidemics with weather-driven pre-and post-anthesis logistic regression models[END_REF]). In the absence of these conditions, the genus Alternaria predominated very frequently in our conditions.

Conclusions

Even though it should be noted that the results of this study are relative to the particular method used to characterize the fungal colonies, these results confirm the low to nil incidence of the genus Fusarium in most years in organic farming, just as in low-input farming conditions. These results are in accordance with previously published studies highlighting the low contamination level of mycotoxins, comparable or lower in organic than in conventional farming [START_REF] Brodal | Mycotoxins in organically versus conventionally produced cereal grains and some other crops in temperate regions[END_REF]. Moreover, from a breeder's point of view, this low incidence of FHB largely dependent on environmental conditions and agronomic choices [START_REF] Osborne | Epidemiology of Fusarium head blight on small-grain cereals[END_REF], makes phenotypic selection of more resistant genotypes in fields both more complex and less effective than for other diseases in northwestern Europe. Indeed, resistance testing appears to be more efficient under uniform and intermediate to high disease pressure, as usually achieved using artificial inoculation, and marker-assisted selection is widely put forward for FHB resistance [START_REF] Buerstmayr | Breeding for Fusarium head blight resistance in wheat -Progress and challenges[END_REF]). However, some additional morphological characteristics may also be considered in a breeding scheme, with taller plants characterized by anther extrusion being frequently more resistant to FHB [START_REF] Buerstmayr | Breeding for Fusarium head blight resistance in wheat -Progress and challenges[END_REF]. The results of the survey support that organic and low-input production of bread wheat does not represent a significant risk for the development of FHB in France. To go further in the characterization of Fusarium graminearum for future studies aimed at improving resistance to FHB, we strongly recommend the use of other methods [START_REF] Horevaj | A real-time qPCR assay to quantify Fusarium graminearum biomass in wheat kernels[END_REF][START_REF] Kumar | Real-time quantitative PCR based method for the quantification of fungal biomass to discriminate quantitative resistance in barley and wheat genotypes to Fusarium head blight[END_REF].

Fig. 1

 1 Fig. 1 Average incidence of the four different fungal genera on bread wheat grain in low-input farming between 2007 and 2019 at three sites are represented by the following shades of gray from bottom to top: Fusarium in black, Microdochium in dark gray, Epicoccum in gray, Alternaria in light gray, and absence of aerial mycelium observed in white. All bread wheat genotypes per year and site have been used to compute the average incidence, i.e., between 5 and 16 genotypes depending on the year considered. NA indicates an absence of data monitored concerning the particular 'year × site' combination. Bri = Brittany, IdF = Ile-de-France, P-C = Poitou-Charentes
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