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Abstract

:

Spraying parameters are important factors when spraying wheat heads against fusarium head blight (FHB) to control the deoxynivalenol level in the grain and to obtain high and quality yields. In 2019 and 2020, field trials were conducted in order to establish the effect of the spraying pressure (2 bar, 4 bar, and 6 bar) of special nozzles with a variable flow rate Agrotop VR 1.5 on the head fungicide coverage, yield parameters, and the deoxynivalenol (DON) value in the grain. The coverage of the front and rear sides of wheat heads increased with the increase of spraying pressure from 2 to 6 bar. In 2019, when the infection with FHB was more severe, no significant differences appeared in the yield and the hectoliter weight at a lower spraying pressure, while the DON value at this pressure approached the maximum permissible level. In that year, the DON value exponentially fell with the increase of spraying pressure. In 2019, the thousand grain weight was higher at the spraying pressure of 6 bar than at the pressures of 2 and 4 bar. The results show that also a lower spraying pressure (2 bar) and a volume application rate (117 L/ha) below the recommended one suffice to retain the DON value in the grain below the maximum permissible level, even in years with more severe infection.
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1. Introduction


Fusarium head blight (FHB) is one of the most important wheat diseases, as it causes the contamination of grain with mycotoxins. This reduces the yield and diminishes the quality of grain [1,2]. The spray deposition of a fungicide on wheat heads is an important factor of FHB suppression. Wheat heads are difficult to spray with a fungicide in a way to achieve its even coverage. Different studies show that uneven spray deposition occurs at the front and the rear sides of wheat heads [3]. At the front side of heads, the achieved coverage is 20%, while at the rear side of heads, it is approximately 10% [4]. The new spraying technologies rarely achieve more than 10% head fungicide coverage, while spraying with an airplane achieves only from 1 to 3% [5]. Turbo FloodJet nozzles, which turn alternatively forward and back on the spray boom, can achieve 30% coverage, both at the front and the rear of wheat heads. In a three-year study, this nozzle achieved higher efficiency against FHB than the standard nozzles with a vertical jet [6,7]. The authors in [2] established a 1.30–1.43-fold higher content of the active ingredient in heads after spraying with double nozzles, and a 1.08–1.34-fold higher content of the active ingredient in heads after spraying with the Turbo FloodJet nozzles, in comparison with the standard nozzles with a vertical jet. The application of nozzles with a backward spray jet and symmetric and asymmetric double flat fan nozzles achieved better coverage on the front and the rear side of wheat heads [8,9,10,11].



FHB can reduce yield by up to 30%, while the grain becomes infected with mycotoxins, particularly with deoxynivalenol (DON) [12]. Conditions favourable to FHB can diminish the quality of grain, lower the absolute thousand grain weight, and bring about a higher percentage of tiny, scabby, and colored grain. The application of a fungicide with the active ingredients prothioconazole and tebuconazole can lower the DON value in the grain by 22–72% [13,14,15]. The timely application of azole fungicides, which contain the active ingredients tebuconazole, metconazole, and prothioconazole, can reduce infections by 50–70% and mycotoxin content by 50–80%. In the experiment [16], azole fungicide was used to lower the DON value in the grain of both common and durum wheat, the latter being more susceptible to FHB [12]. It is reasonable to spray plants with fungicides up to 11 days after flowering if the inoculum is present at the time of spraying [17].



The aim of this trial was to establish the effects of a low-volume application rate on the head fungicide coverage, the DON content in wheat grain, and yield. In the trial, an artificial inoculum was made with F. graminearum. The hypothesis was posed that a lower spraying pressure (2 bar), and consequently a lower volume application rate (117 L/ha), will produce a lower fungicide coverage of heads and leaves when spraying with a special TD VR nozzle with a bypass valve. This will result in lower yield, poorer grain quality, and higher mycotoxin DON content in the grain. We were interested in how insufficient head fungicide coverage influenced the DON value in the grain, and what the lower limit of volume application rate was when spraying wheat heads.




2. Results


2.1. Quality of Spray Deposition on the Heads and Leaves of Wheat


The front side of heads at the spraying pressure of 6 bar displayed a higher head fungicide coverage value than at the pressure of 2 bar in both years of the experiment (Table 1). In 2019, there were no differences in head coverage between the spraying pressures of 2 and 4 bar. On the rear side of heads, the coverage value significantly increased with a higher spraying pressure. Regardless of the spraying pressure, the coverage value on the rear side of heads was higher than on the front side of the heads in both years of the experiment. On the flag leaf (Leaf 1) in 2019, the coverage value increased with a higher spraying pressure, while in the following year the head fungicide coverage at the pressure of 6 bar was significantly higher than at the pressure of 2 bar. The coverage value on Leaf 2 in 2019 at the pressure of 6 bar was higher than at the remaining two spraying pressures, while in 2020 the coverage at the pressures of 4 and 6 bar was higher than at the pressure of 2 bar. In 2020, the lower Leaf 3 had higher coverage value at the pressure of 6 bar than at the remaining two spraying pressures, while in 2019 there were no differences in the coverage value.




2.2. Tracer Deposit


In 2019, the wheat heads at the pressure of 6 bar had a higher tracer deposit than at the remaining two spraying pressures, the heads in 2020 at the pressure of 6 bar had a higher tracer deposit than at the pressure of 2 bar (Table 2). In both years of the experiment, at the pressures of 4 and 6 bar, the filter paper on the front side had a higher tracer deposit in comparison with the spraying pressure of 2 bar. On the rear side, the tracer deposit significantly increased with a higher spraying pressure in both years of the experiment. In general, the tracer deposit on the filter paper on the rear side was higher than on the front side regardless of the spraying pressure.



In 2019, Leaf 1 (the flag leaf) had a higher tracer deposit at the pressure of 6 bar than at the lower spraying pressures of 2 and 4 bar (Table 3). The following year, on Leaf 1 a higher tracer deposit appeared at the pressures of 4 and 6 bar than at the pressure of 2 bar. Leaf 2 (immediately below the flag leaf) in 2019 did not display differences in the tracer deposit between the treatments, while in 2020 Leaf 2 displayed a tracer deposit that was lower at the pressure of 2 bar than at the pressures of 4 and 6 bar. In 2019, Leaf 3 (the third leaf from the top) showed a higher tracer deposit at the pressure of 6 bar than at the remaining two pressures. In 2020, a higher tracer deposit was observed on Leaf 3 at the pressures of 4 and 6 bar than at the pressure of 2 bar.




2.3. Yield


In 2019, the grain yield at the spraying pressures of 4 and 6 bar was significantly higher than in the control, which was not sprayed with the fungicide (Table 4). In that year, there were no differences in the grain yield between the control and the spraying pressure of 2 bar. There were also no differences in the grain yield between the spraying pressures of 2 bar, 4 bar, and 6 bar. In 2020, the plots sprayed with a pressure of 2 bar had a significantly higher yield than the untreated control. There were also no significant differences in the grain yield between the control and the spraying pressures of 4 and 6 bar at 14% moisture.




2.4. DON Content


In 2019, DON content in the control (without spraying of heads) was significantly higher than at the plots sprayed with the pressures of 4 and 6 bar (Table 5). There were no significant differences in the DON value in the grain between the control and the spraying pressure of 2 bar. Moreover, no significant differences appeared in the DON value in the grain between the spraying pressures of 2 bar, 4 bar, and 6 bar. The control in 2019 exceeded the maximum level of DON in the grain, which was 1250 µg/kg, while the DON value at the pressure of 2 bar was close to this maximum level. In 2020, the DON value in the grain was very low regardless of treatment.



In 2019, the relationship between the DON content in the grain and the spraying pressure was depicted with an exponential regression model. The equation of the fitted model is DON = exp (7.40374 − 0.343659 * pressure). R-squared is 71.1%, while the correlation coefficient is −0.84. The 0 bar pressure on the chart is the control plot, at which the heads were not sprayed with the fungicide (Figure 1).




2.5. Grain Quality


In 2019, the hectoliter weight in the control was significantly lower than at the plots sprayed with the pressures of 4 bar and 6 bar (Table 6). There were no differences in the hectoliter weight between the control and the spraying pressure of 2 bar in that year. In the following year, no differences appeared in the hectoliter weight between the treatments. In both years of the experiment, there were no significant differences in the protein content in the grain. In 2019, the protein content was higher than in 2020, regardless of treatment. In both years of the experiment, no differences were found in falling number and in sedimentation value. In 2019, the sedimentation value was higher than in 2020 at all treatments.




2.6. Thousand Grain Weight


In 2019, the control had a lower thousand grain weight than the plots sprayed at different pressures (Table 7). At the spraying pressure of 6 bar, the thousand grain weight was significantly higher than at the spraying pressures of 2 and 4 bar. The last two pressures did not display any significant differences in 2019. In 2020, the control had a significantly lower thousand grain weight in comparison to different spraying pressures. In 2020, the thousand grain weight was in general higher, regardless of treatment, than in 2019.




2.7. Grain Size


No grain was larger than 4 mm in any year of the experiment. In 2020, there was a significantly higher percentage of grain sized 3–4 mm at the pressure of 2 bar than in the control, while in 2019 there were no differences between the treatments in this grain size range (Table 8). In 2019, at the size of grain 2.5–3 mm, there were no differences, while in 2020 the control had a higher percentage of grain sized 2.5–3 mm than at the spraying pressure of 2 bar. In 2020, the control had a higher percentage of grain sized 2.0–2.5 mm than at the plots sprayed at the pressures of 2 and 4 bar. In 2019, there were no differences in this grain size range between the treatments. In 2019, in the smallest grain size range of <2 mm, there were no differences between the treatments, while in 2020 the control had a higher percentage of grains <2 mm than at the spraying pressures of 2 and 6 bar.




2.8. Correlation Matrix


According to Roemer–Orphal’s scale, a strong correlation exists when the correlation coefficient is between 0.5 and 0.75, and very strong correlation when it is between 0.75 and 0.9 [18]. There was a negative linear correlation between the head coverage and the DON content in the grain. A strong positive linear correlation appeared between the head coverage and the tracer deposit, between the yield and the thousand grain weight, between the thousand grain weight and the hectoliter weight, between the DON content and the proteins, between the DON content and the sedimentation value, between the protein content and the sedimentation value, and between the falling number and the sedimentation value (Table 9). There was a strong negative correlation between the yield and the DON content, between the yield and the protein content, between the yield and the sedimentation value, between the thousand grain weight and the DON content, between the thousand grain weight and the proteins, between the thousand grain weight and the falling number, between the DON content and the hectoliter weight, between the hectoliter weight and the protein content, and between the hectoliter weight and sedimentation value. A very strong positive correlation appeared between the yield and the hectoliter weight and between the protein content and the sedimentation value, which was expected. A very strong negative correlation appeared between the thousand grain weight and the sedimentation value.





3. Discussion


3.1. Coverage of Heads and Leaves


In line with the posed hypothesis, it turned out that the fungicide coverage on the front and the rear of wheat heads was lower at the pressure of 2 bar than at the spraying pressures of 4 bar and 6 bar. This is connected primarily with the higher volume application rate per hectare at the spraying pressures of 4 bar and 6 bar, while the speed of spraying was constantly 7 km/h. The ratio in the volume application rate between the pressures of 6 bar and 2 bar was 2.32, which is considerably higher than that of the standard nozzles, i.e., 1.73. The nozzle TD VR 1.5 is able to do this by a special bypass valve, which opens an additional hole to boost the flow rate. This is a special feature of the nozzle. That is why this nozzle is used for higher volume application rates in the ratio 3:1 or even 4:1, while the standard nozzles only achieve the ratio 2:1. The results of the head fungicide coverage show better efficiency on the rear side of the heads. We believe that a 10° angle of a spraying jet forward in relation to the vertical is too small for droplets to sufficiently reach the front side of the heads, as they hit primarily lower leaves. In general, at the spraying pressure of 2 bar, a low percentage of head fungicide coverage was achieved, both on the front and rear sides of heads, and did not exceed 11.4%. Our results do not match the findings of [4], which established a 10% coverage of the front side of heads and a 20% coverage of the rear side of heads, but a different type of nozzle was used compared to our experiment. In our research, the coverage of the rear side of the heads was better because an asymmetric double flat fan nozzle was used. Our results to a lesser extent agree with the results of the authors of [5,19], who reported that the coverage of the rear side of wheat heads did not exceed 10%. In our research, at the pressures of 4 and 6 bar, a coverage from 18.1 to 31.6% was achieved on the rear side of the wheat heads.



By using flood flat fan TurboFloodJet nozzles and at a volume application rate of 250 L/ha, a 37% head fungicide coverage was achieved, while the standard nozzle XR only reached a 12% coverage [7]. The results in our study show that an increased spraying pressure increases the head fungicide coverage, which is compatible with the findings of [20]. The authors of [3] also reported a twofold higher head fungicide coverage at a twofold higher volume application rate per hectare. At the spraying pressure of 6 bar, the first leaf (the flag leaf) had a higher fungicide coverage than at the spraying pressure of 2 bar. A similar effect was observed on the second leaf. At the pressures of 4 bar, the coverage on the first and second leaves was higher than at the pressure of 2 bar (2019—the first leaf; 2020—the second leaf); in the other cases, it was not. In 2020, the coverage on the third leaf was higher at the pressure of 6 bar than at the remaining two spraying pressures. These results show that the coverage of the first three leaves is higher primarily at the pressure of 6 bar than at the pressures of 2 and 4 bar. It was expected that the pressure of 4 bar would produce a significantly higher coverage than the pressure of 2 bar on the first two leaves, but this was not confirmed.



The tracer deposit on heads and leaves displayed trends similar to those observed in the coverage value. At the pressure of 6 bar, a higher tracer deposit on heads was established than at the remaining two spraying pressures. On the front of the filter paper, which was used to establish the amount of tracer deposit on the front side of heads, the deposit per cm2 was at the spraying pressures of 4 and 6 bar higher than at the pressure of 2 bar. On the back side of the filter paper, the tracer deposit per cm2 increased with the increased spraying pressure. As with the coverage value, the tracer deposit per cm2 on the rear filter paper was higher than on the front side, which was expected. The results of the tracer on the leaves show that the pressure of 6 bar produces a higher tracer deposit per cm2 of the leaf than the pressure of 2 bar on Leaves 1, 2, and 3. It was observed that the upper leaf had the highest tracer deposit regardless of the spraying pressure, while Leaves 2 and 3 had lower deposits. Thus, it is obvious that, with a higher spraying pressure, with the VR nozzle, a better spray deposition on the flag leaf and on the two leaves below can be achieved. Some authors say that certain improvements in spraying technology, such as the slope of the nozzle, the volume median diameter, and the volume application rate, can increase the head fungicide coverage and the retention [2,21]. The results in our study correspond to these findings, since the maximum permissible level of deoxynivalenol was not exceeded with an increased spraying pressure and consequently an increased volume application rate. In [22], it was found that spraying wheat with an unmanned aerial vehicle and mist sprayers was efficient in suppressing FHB.




3.2. Yield


In 2019, the control had a significantly lower grain yield than at the spraying pressures of 4 and 6 bar. This was to a great extent caused by the rainy weather in the time of wheat flowering in 2019 and the increased infection of heads with FHB. In 2020, the grain yield in the control was significantly lower than at the plot sprayed with the pressure of 2 bar, and this was not expected. It was expected, that the grain yield at the spraying pressures of 4 and 6 bar would be significantly higher compared to control, because of higher fungicide coverage of wheat heads at these two spraying pressures, compared to spraying pressure of 2 bar. However, no significant differences appeared. The grain yield in 2020 was much higher than in 2019, which means that there were considerably more infections with FHB in 2019. This is confirmed also by the mycotoxin DON values and the quality of the grain. Different studies report as much as a 74% reduction in grain yield [23,24,25]. In our experiment, the grain yield in 2019 was on average lower by approximately 30% in comparison to the year 2020. In [26], a 26% higher yield, in comparison with an untreated control, was achieved on average over three years at plots sprayed in wheat heads.




3.3. DON Content


In 2019, the results of the DON value in the grain were partly in accordance with the hypothesis that a better fungicide spray deposition would lower that value. This was confirmed at the spraying pressures of 4 and 6 bar in comparison to the control, but not at the spraying pressure of 2 bar. At this spraying pressure, the DON value in the grain was 1000 µg/kg, which is very close to the maximum level, but there was no significant difference. In that year, the wheat flowering phase had a higher amount of precipitation, which caused infection and the spread of disease. Some authors arrived at similar findings [27,28]. In 2020, there was very little DON content in the grain, which can be explained by the low amount of precipitation in the wheat flowering phase and the lower possibility of grain infection with DON. These results suggest that, even with a low pressure and a low volume application rate, the DON value can be maintained at a very low level. The reduction of the DON value in 2019 ranged from 45.2% at the spraying pressure of 2 bar to 88% at the spraying pressure of 6 bar, in comparison to the control. Many authors have reported reductions in the DON value from 22 to 72% [13,14,15,29,30]. In 2019, the relationship between DON and spraying pressure was expressed with an exponent regression model. This model shows that, with an increase in the spraying pressure, the DON value decreases with the acquired exponent function. At the pressure of 2 bar and at a low volume application rate (117 L/ha), the DON value approached the allowed maximum level in the grain, which was 1250 µg/kg. However, the recommended volume application rate for the prevention of FHB is between 250 and 300 L/ha, which is considerably more than at the pressures of 2 bar (117 L/ha) and 4 bar (207 L/ha) in our study.




3.4. Grain Quality


In 2019, with regard to the parameters of grain quality, a significant difference was established between treatments only in hectoliter weight. In that year, the control had a lower hectoliter weight than at the plots sprayed at the pressures of 4 and 6 bar. The hectoliter weight is connected to flour yield. The higher the hectoliter weight is, the higher the flour yield is when the grain is ground, and vice versa. A higher hectoliter weight is influenced by surface smoothness and grain compactness. A lower hectoliter weight is influenced by grain surface scabbiness and by long, narrow, and floury grain. From this it was concluded that in 2019 there was more scabby grain due to the lower hectoliter weight. In 2020, the hectoliter weight of grain was higher than the year before in all treatments, which suggests that there were fewer infections with FHB [31]. There were no differences in the protein content in the grain, the falling number, or the sedimentation value between the treatments in both years of the experiment. The protein content was in 2019 higher than in 2020. As a rule, lower yields mean a higher protein content, and vice versa [32]. The authors of [33] reported about the increased protein content in infected grains with FHB. This might be the reason that in 2019, when infection with FHB took place, the protein content in the grain was higher than the following year, but this is also influenced by other factors.



A falling number between 250 and 300 is optimal for baking. It depends on the cultivar, weather conditions in the time of ripening, lodging, and nitrogen fertilizing. It is influenced most by rainy weather when wheat has already ripened, which causes a reduction in the falling number. In our experiment, this did not happen, as the lowest falling number was 296 (2019), and the highest was 359 (2020). It has been reported [12] that fungal enzymes of α-amylase decompose starch in grain, which can lower the falling number. This did not happen in any year of our experiment.



The higher the sedimentation value is, the higher the quality of proteins is. In 2019, the sedimentation value was higher than in 2020. This is connected to the higher protein content in 2019 and the lower content in the following year. If a cultivar is able to synthesize proteins, the protein content and the sedimentation value will increase with intensive nitrogen fertilization; otherwise, they do not [34].




3.5. Thousand Grain Weight


The infection of grain with FHB primarily lowers the thousand grain weight [12]. This was confirmed in our research. In 2019, there was a significant increase in the thousand grain weight from the control to the spraying pressure of 6 bar. The thousand grain weight at the spraying pressure of 6 bar, in particular, was higher than at the pressures of 2 and 4 bar. We believe this was due to the improved spray deposition of the fungicide onto the wheat heads. The authors of [1] reported that the reduction of yield occurs due to the sterility of infected spikelets and the reduction in grain size. In 2020, the thousand grain weight was higher in the plots sprayed with different pressures than in the control. In 2020, the thousand grain weight was higher than the year before, primarily due to a lesser infection with FHB, which is demonstrated by the DON results and the yield in that year.




3.6. Grain Size


In 2019, there was on average a lower percentage of grain sizes 3–4 mm and a higher percentage of grain sizes 2.5–3 mm than in 2020. This can be linked to the results of the thousand grain weight, which was in 2019 lower than in 2020 regardless of treatment. In 2019, there were differences in the percentages of grain in regard to the size ranges between individual treatments. This suggests that, in years with more intense infections with FHB, there are a larger amount of tiny and scabby grains, as reported by several authors [12,23,25]. Particularly in 2020, there was a higher percentage of grain sizes 3–4 mm at the pressure of 6 bar than in the control, while at the same pressure, there was a lower percentage of grain sizes 2.5–3 mm than in the control.




3.7. Correlation


A negative correlation between the head fungicide coverage and the DON content in the grain was established. This testifies to the importance of good head fungicide coverage in lowering the DON content in the grain. In this study, the grain yield was strongly influenced by the thousand grain weight, and even more by the hectoliter weight, which is demonstrated by a strong positive linear correlation (r = 0.8998). The yield was negatively influenced by the DON value, which is in line with the findings of several studies [12,26,35]. Other parameters of grain quality, such as the protein content, the sedimentation value, and the falling number, have a negative linear correlation with the yield. The positive linear correlation is between the DON content in the grain and the protein content, and between the DON content and the sedimentation value. At this point, our findings correspond to [33], the authors of which state that FHB-infected grain has a higher protein content. Another study [32] reported that, in addition to a higher DON content, FHB infection caused lower yields, and this in general means a higher protein content. There was a negative linear correlation between the DON content in the grain and the hectoliter weight, as was expected.





4. Conclusions


The experiment confirmed the hypothesis that head fungicide coverage increases at higher pressures. This holds true both in regard to the quality of spray deposition and the quantity of spray deposition on heads. At the pressure of 2 bar, in particular, a very low head fungicide coverage was achieved, both at the front and rear sides. Despite the poorer spray deposition on heads at the pressure of 2 bar, there were no significant differences in grain yield with the remaining spraying pressures, which is not in accordance with our hypothesis. Similarly, in the year 2019, with a more intense infection with FHB, at a poorer head fungicide coverage, and at a lower spraying pressure of 2 bar, no significant differences appeared in the DON value at the remaining spraying pressures. At the pressure of 2 bar, the DON value approached a maximum level, 1250 µg/kg, in 2019. Despite this, the DON value in the grain tended to decrease at an increased spraying pressure with an exponent function in 2019. In the grain quality parameters, the spraying pressure had no significant influence, so our hypothesis was not confirmed. However, a poorer spray deposition on heads lowered the thousand grain weight. This is manifested particularly in years with more intense infection. On the basis of the study, it is concluded that the choice of spraying pressures with a special double nozzle with a variable injector should be made according to climatic conditions during sensitive wheat growing stages (heading and flowering). Low spraying pressures and water volumes should be used when weather conditions are not favourable to FHB spreading. When weather conditions are suitable for FHB infection higher spraying pressures and water volumes should be applied. In order to confirm our results, future experiments should continue with a volume application rate even lower than 100 L/ha and with the application of a symmetric double flat fan nozzle.




5. Materials and Methods


5.1. Field Trial


In 2019 and 2020, a field trial was carried out at the laboratory field of the Biotechnical Faculty in Ljubljana, Slovenia. The experimental spraying against FHB involved variable injector nozzles with the double asymmetrical jet TurboDrop VR 1.5 produced by Agrotop. This nozzle has a special bypass valve, which constantly changes the intersection of outlet and thus the volume flow rate at the ratio 1:3 at the pressures from 2 to 8 bar, and at the ratio 1:6 at the pressures from 1 to 6 bar. The standard nozzles have a ratio of volume flow rate of 1:2 at pressures from 2 to 8 bar. The angle of the spraying jet is 120°. The front jet is directed forward in the direction of driving at an angle of 10° in relation to the vertical, while the back is directed backward at an angle of 50° in relation to the vertical [36].



With these nozzles, three spraying pressures were applied, namely 2 bar, 4 bar, and 6 bar. At the spraying speed of 7 km/h and at the pressure of 2 bar, the volume application rate was 117 L/ha; it was 207 L/ha at the pressures of 4 bar, and it was 271 L/ha at the pressure of 6 bar. At the pressure of 2 bar, the volume median diameter (VMD) exceeded 550 µm, it ranged from 400 to 550 µm at the pressure of 4 bar, and it ranged from 350 to 400 µm (ASAE and BCPC) at the pressure of 6 bar.



The experimental design comprised random blocks with four repetitions. The trial involved three spraying pressures (2, 4, and 6 bar) and a control (untreated plants). The length of individual experimental unit was 19 m, and the width was 2.5 m. The spraying of wheat heads was carried out at the beginning of flowering (BBCH 61–63). In 2019, the spraying of heads was carried out on the 25th of May, and it was carried out on the 21st of May in the following year. During the spraying of heads in 2019, the precipitation was almost four times higher than in 2020, which meant significantly better conditions for the infection of heads with FHB (Table 10). Otherwise, the entire amount of precipitation in the period October–July was similar, around 1000 mm in both years of the trial (Table 11). The tractor sprayer Agromehanika AGS 600 EN was used, which was fitted with hydraulic spray booms. The driving speed during the spraying was 7 km/h. The spraying of heads involved the fungicide Prosaro with the active ingredients prothioconazole (125 g/L) and metconazole (125 g/L) at a dosage of 1 L/ha (Bayer AG, Germany). The wheat cultivar was Bastide, which is an awn wheat that is moderately susceptible to FHB. The precrop was winter wheat. In autumn, the plot was ploughed with a reversible plough.



Immediately before spraying, the water-sensitive papers (WSPs) were fixed to the front and the rear side of heads, on the flag leaf (Leaf 1), and on the two lower leaves (Leaves 2 and 3). Nine wheat heads, 9 flag leaves, 9 s leaves, and 9 third leaves were randomly chosen per plot. The spraying of heads was then carried out with the fungicide. With WSP, the quality of spray deposition on heads and on the first three leaves below the head was established.



Filter paper was placed on the front and the rear side of heads. The experimental plot was then sprayed with a colorant, a water solution of the colour Helios SC 500. First, the colour was dissolved in water in the sprayer’s tank via hydraulic mixing. The experimental plot was then sprayed as planned for the treatments. The procedure was repeated three times at each experimental unit. Thus, the amount of tracer deposit on the heads and the leaves of wheat was evaluated. The analysis of the deposit was performed at the Slovenian Institute of Hop Research and Brewing in Žalec.



All agrotechnical tasks in the trial were performed in line with good agricultural practice. They included soil cultivation, sowing, fertilizing, and chemical plant protection.




5.2. Artificial Inoculation and Inoculum Production


Two hours after spraying the heads with the fungicide, the artificial infection with Fusarium graminearum was performed. The seeds infected with the said fungus were soaked in water and then sprayed with the battery sprayer Solo 416 Li on the experimental plots. The entire area was watered with artificial rain so as to increase the possibility of infection.



The F. graminearum isolate originated from the infected wheat seeds harvested in Slovenia in 2018. The pure fungal cultures were grown in petri dishes on one-third potato dextrose agar (PDA) with the pieces of filter paper placed at the surface of the medium to stimulate conidial production. Conidia were splashed from 14-day-old cultures with sterile tap water. The suspension was used to inoculate the sterilized wheat grains in glass containers. The inoculum was also transferred to petri dishes with the medium prepared as described above. After 16 days of incubation at 20–22 °C, exposed to natural light at the laboratory bench, sufficient sporulation was achieved. The grains and sporulating cultures were rinsed with sterile tap water, and the obtained conidial suspension was filtered through cheesecloth. The concentration of conidia was determined using a hemocytometer and adjusted to 2 × 105 conidia/mL.




5.3. WSP Analysis and Tracer Analysis


The analysis of WSPs was carried out with the Wise Node system, from the company Wise Technologies Ltd. Slovenia. The system consists of an industrial camera (Basler), which contains an accurate sensor (2 million pixels per picture; resolution: 1920 × 1080). The camera and the computer are connected via USB 3.0 cable. The camera is fixed on a mechanical structure. Three measurements were carried out on each measuring paper. On an individual measurement paper, the programme calculates the coverage value and the number of droplet impacts per 1 cm2. Thus, the quality of phytopharmaceutical product (PPP) deposition on the heads was established.



The method for measuring tracer deposit is based on determining the amount of the tracer Helios SC 500, which has fluorescent properties on collectors. An amount of 0.2 g of wheatears was cut by scissors cleaned with ethanol for each new individual sample in a beaker. Seven milliliters of solvent diethylene glycol monoethyl ether (Sigma-Aldrich, Germany) were added and extracted for 15 min in an ultrasonic bath (Bandelin Sonorex, Germany) at room temperature. Immediately after extraction, the liquid part was transferred into the vial and subjected to further analysis by HPLC.



Filter paper was cut by scissors cleaned with ethanol for each new individual sample in a beaker. Two milliliters of solvent 2-ethoxyethanol (Sigma-Aldrich Chemie GmbH, Munich, Germany) were added and extracted for 15 min in an ultrasonic bath (Bandelin electronic GmbH & Co. KG, Berlin, Germany) at room temperature. Immediately after extraction, the liquid part was transferred into the vial and subjected to further analysis by HPLC.



Approximately 0.2 g of wheat leaves were cut by scissors cleaned with ethanol for each new individual sample in a beaker. Two milliliters of solvent diethylene glycol monoethyl ether (Sigma-Aldrich Chemie GmbH, Munich, Germany) was added and extracted for 15 min in an ultrasonic bath (Bandelin electronic GmbH & Co. KG, Berlin, Germany) at room temperature. Immediately after extraction, the liquid part was transferred into the vial and subjected to further analysis by HPLC.



Ten microliters of the obtained extract was injected into the liquid chromatograph equipped with a fluorescence detector (Agilent Technologies, Inc. Headquarters, Santa Clara, CA, USA) and without any column. The isocratic mobile phase (2-ethoxyethanol for paper collectors and diethylene glycol monoethyl ether for plant tissues) with a flow of 0.7 mL/min was used. The excitation energy with a wavelength of 375 nm was used; emitted light was detected at a wavelength of 435 nm. The amount of tracer in the collector was calculated externally from the calibration curve prepared with standard solutions of tracer in solvents used for extraction.




5.4. Yield and Yield Parameters


The harvest was carried out with a Wintersteiger plot harvester with a working width of 1.5 m. The moisture of the grain was measured with the Pfeuffer HE 40 moisture meter. The yield was calculated at 14% moisture. On each experimental plot, 8 samples of 1000 kernels were weighted using the ABS-N Kern analytic scale with an accuracy of 0.1 mg to measure the thousand grain weight. In addition, 100 g of grain were poured through a sieve, and the percentages of grain sizes >4 mm, 3–4 mm, 2.5–3 mm, 2–2.5 mm, and <2 mm were calculated. The thousand grain weight and the percentages of grain sizes were established for each plot in eight repetitions. The parameters of grain quality, such as the hectoliter weight, the protein percentage, the falling number, and the sedimentation value, were established by the Institute Bureau Veritas, according to standards SIST ISO 1871, SIST ISO 7971-2, and SIST ISO 3093. One measurement per plot was done.




5.5. DON Analysis


The grain samples were collected manually from the heads before the harvest and flailed with a Wintersteiger thresher. The analysis of the DON was performed with the ROSA FAST5 DON Quantitative Test. A grain sample of 50 g is weighed, and 250 mL of deionized water is then added. The sample is then shaken for a maximum of 2 min and filtered through MN 615 filter paper. After that, a diluted extract is made of 100 µL of extract +1.0 mL of DONQ-FAST 5 dilution buffer. The test strips are placed in a ROSA incubator. The tape is peeled, and 300 µL of diluted extract is then pipetted into the sample compartment. The tape is resealed and incubated for 5 min. After that, the test strip is inserted into a ROSA-M Reader for measuring DON content. The test strip should be measured within 1 min after incubation. The measuring range is between 0 and 1.5 ppm. If the measured value is higher, another diluted extract is prepared from 300 µL of diluted extract + 1.0 mL of DONQ-FAST 5 dilution buffer. The subsequent procedure is the same and the measuring range is between 0 and 6 ppm (Charm Sciences, Inc. Headquarters, Lawrence, USA).




5.6. Data Analysis


The statistical analysis was carried out with the programme Statgraph 4.0. The analysis of variance for random blocks was carried out. Duncan’s multiple comparison test was used for establishing the differences between means. The degree of risk was 0.05. The statistical differences between the treatments were presented with different letters. The relationship between the DON content in the grain and the spraying pressure was presented with a regression model. First, the most suitable model was determined. The individual parameters of the model were then calculated, and the analysis of variance was then applied. The F-test, the coefficient of determination, and the coefficient of correlation were calculated. The Pearson correlation coefficients were also calculated for different variables.
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Figure 1. An exponential model to describe the relationship between DON and pressure in the year 2019. Outer lines represent confidence limits. 
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Table 1. Coverage value at different spraying pressures in 2019 and 2020.






Table 1. Coverage value at different spraying pressures in 2019 and 2020.





	
Year

	
Spray Pressure

	
Coverage Value (%)




	
Head-Front

	
Head-Rear

	
Leaf 1

	
Leaf 2

	
Leaf 3






	
2019

	
2 bar

	
7.0 a,*

	
9.9 a

	
16.4 a

	
9.3 a

	
10.0 a




	
4 bar

	
9.7 a

	
18.1 b

	
29.2 b

	
9.3 a

	
10.5 a




	
6 bar

	
15.5 b

	
24.0 c

	
41.8 c

	
27.5 b

	
13.6 a




	
2020

	
2 bar

	
6.6 a

	
11.4 a

	
20.6 a

	
7.9 a

	
8.5 a




	
4 bar

	
10.7 b

	
20.4 b

	
26.5 ab

	
15.2 b

	
11.4 a




	
6 bar

	
12.3 b

	
31.6 c

	
30.0 b

	
14.0 b

	
15.5 b








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 2. Tracer deposit on wheat heads and on filter paper.






Table 2. Tracer deposit on wheat heads and on filter paper.





	
Year

	
Spray Pressure

	
Wheat Head (µg/g)

	
Filter Paper




	
Front (µg/cm2)

	
Rear (µg/cm2)






	
2019

	
2 bar

	
0.076 a,*

	
0.0102 a

	
0.0227 a




	
4 bar

	
0.122 a

	
0.0250 b

	
0.0383 b




	
6 bar

	
0.279 b

	
0.0236 b

	
0.0630 c




	
2020

	
2 bar

	
0.103 a

	
0.0052 a

	
0.0180 a




	
4 bar

	
0.158 ab

	
0.0202 b

	
0.0336 b




	
6 bar

	
0.190 b

	
0.0210 b

	
0.0529 c








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 3. Tracer deposit on wheat leaves.






Table 3. Tracer deposit on wheat leaves.





	
Year

	
Spray Pressure

	
Leaf (µg/cm2)




	
1

	
2

	
3






	
2019

	
2 bar

	
0.026 a,*

	
0.015 a

	
0.015 a




	
4 bar

	
0.036 a

	
0.021 a

	
0.017 a




	
6 bar

	
0.054 b

	
0.024 a

	
0.031 b




	
2020

	
2 bar

	
0.014 a

	
0.010 a

	
0.009 a




	
4 bar

	
0.030 b

	
0.020 b

	
0.021 b




	
6 bar

	
0.026 b

	
0.020 b

	
0.024 b








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 4. Grain yield at 14% moisture.






Table 4. Grain yield at 14% moisture.





	
Year

	
Spray Pressure

	
Yield (t/ha)






	
2019

	
2 bar

	
4.97 ab,*




	
4 bar

	
5.73 b




	
6 bar

	
5.72 b




	
control

	
4.59 a




	
2020

	
2 bar

	
8.64 b




	
4 bar

	
8.38 ab




	
6 bar

	
8.16 ab




	
control

	
7.64 a








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 5. Deoxynivalenol (DON) content in the grain (µg/kg).






Table 5. Deoxynivalenol (DON) content in the grain (µg/kg).





	
Year

	
Spray Pressure

	
DON (µg/kg)






	
2019

	
2 bar

	
1000 ab,*




	
4 bar

	
475 a




	
6 bar

	
225 a




	
control

	
1825 b




	
2020

	
2 bar

	
0 a




	
4 bar

	
0 a




	
6 bar

	
25 a




	
control

	
13 a








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 6. Quality parameters of the grain.






Table 6. Quality parameters of the grain.





	
Year

	
Spray Pressure

	
HW (kg/hL)

	
PC (%)

	
FN (s)

	
S (mL)






	
2019

	
2 bar

	
68.9 ab,*

	
12.7 a

	
352 a

	
50.5 a




	
4 bar

	
70.0 b

	
13.1 a

	
358 a

	
52.3 a




	
6 bar

	
70.2 b

	
13.3 a

	
359 a

	
50.3 a




	
control

	
66.3 a

	
13.4 a

	
348 a

	
55.5 a




	
2020

	
2 bar

	
74.2 a

	
11.2 a

	
305 a

	
34.3 a




	
4 bar

	
74.7 a

	
11.4 a

	
335 a

	
35.0 a




	
6 bar

	
74.1 a

	
11.0 a

	
296 a

	
33.3 a




	
control

	
73.4 a

	
11.5 a

	
330 a

	
37.5 a








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05). HW—hectoliter weight; PC—protein content; FN—falling number; S—sedimentation.
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Table 7. Thousand grain weight.






Table 7. Thousand grain weight.





	
Year

	
Spray Pressure

	
TGW (g)






	
2019

	
2 bar

	
38.6 b,*




	
4 bar

	
40.1 b




	
6 bar

	
41.7 c




	
control

	
35.2 a




	
2020

	
2 bar

	
45.6 b




	
4 bar

	
44.1 b




	
6 bar

	
44.3 b




	
control

	
41.9 a








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).













[image: Table] 





Table 8. Grain size.






Table 8. Grain size.





	
Year

	
Spray Pressure

	
Grain Size (%)




	
>4 mm

	
3–4 mm

	
2.5–3 mm

	
2.0–2.5 mm

	
<2 mm






	
2019

	
2 bar

	
0.1 a

	
28.4 a

	
61.7 a

	
7.4 a

	
2.4 a




	
4 bar

	
0.2 a

	
35.8 a

	
54.6 a

	
7.0 a

	
2.4 a




	
6 bar

	
0.1 a

	
33.8 a

	
57.6 a

	
6.4 a

	
2.0 a




	
control

	
0.1 a

	
27.6 a

	
59.9 a

	
9.3 a

	
2.8 a




	
2020

	
2 bar

	
0 a

	
60.7 b,*

	
31.0 a

	
6.4 a

	
1.6 a




	
4 bar

	
0 a

	
52.5 ab

	
37.9 ab

	
6.0 a

	
2.0 ab




	
6 bar

	
0 a

	
55.1 ab

	
36.2 ab

	
6.6 ab

	
1.8 a




	
control

	
0 a

	
31.3 a

	
44.8 b

	
9.0 b

	
2.4 b








* Different letters in the same column and the same year represent significant difference according to Duncan’s test (p < 0.05).
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Table 9. Pearson product moment correlations between each pair of variables (2 years mean).
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	C
	Y
	TGW
	DON
	HW
	PC
	FN
	S
	T





	C
	
	0.0896
	0.2194
	−0.3538
	0.1920
	0.0154
	0.0876
	−0.0516
	0.5513



	
	
	ns
	ns
	*
	ns
	ns
	ns
	ns
	**



	Y
	0.0896
	
	0.6428
	−0.6592
	0.8998
	−0.5144
	−0.4352
	−0.5708
	−0.4836



	
	ns
	
	**
	**
	**
	**
	*
	**
	*



	TGW
	0.2194
	0.6428
	
	−0.6705
	0.6555
	−0.7490
	−0.5726
	−0.7987
	−0.1678



	
	ns
	**
	
	**
	**
	**
	**
	**
	ns



	DON
	−0.3538
	−0.6592
	−0.6705
	
	−0.6677
	0.6120
	0.2379
	0.6192
	−0.0212



	
	*
	**
	**
	
	**
	**
	ns
	**
	ns



	HW
	0.1920
	0.8998
	0.6555
	−0.6677
	
	−0.5461
	−0.3614
	−0.5915
	−0.3365



	
	ns
	**
	**
	**
	
	**
	*
	**
	ns



	PC
	0.0154
	−0.5144
	−0.7490
	0.6120
	−0.5461
	
	0.5284
	0.9534
	0.4485



	
	ns
	*
	**
	**
	*
	
	*
	**
	*



	FN
	0.0876
	−0.4352
	−0.5726
	0.2379
	−0.3614
	0.5284
	
	0.5982
	0.3907



	
	ns
	*
	**
	ns
	*
	*
	
	**
	*



	S
	−0.0516
	−0.5708
	−0.7987
	0.6192
	−0.5915
	0.9534
	0.5982
	
	0.4210



	
	ns
	**
	**
	**
	**
	**
	**
	
	*



	T
	0.5513
	−0.4836
	−0.1678
	−0.0212
	−0.3365
	0.4485
	0.3907
	0.4210
	



	
	**
	*
	ns
	ns
	ns
	*
	*
	*
	







Correlation: ns—not significant. * p < 0.05; ** p < 0.001; C—head coverage; Y—yield; TGW—thousand grain weight; DON—DON content; HW—hectoliter weight; PC—protein content; FN—falling number; S—sedimentation; T—tracer deposit.
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Table 10. Precipitation in the head spraying period in the last decade of May 2019 and 2020 for Ljubljana, Bežigrad.
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	Date
	Precipitation (mm)
	Date
	Precipitation (mm)





	2019-05-20
	1.2
	2020-05-20
	8.8



	2019-05-21
	3.7
	2020-05-21
	0



	2019-05-22
	0.4
	2020-05-22
	0



	2019-05-23
	7.3
	2020-05-23
	0



	2019-05-24
	0
	2020-05-24
	25



	2019-05-25
	0
	2020-05-25
	0



	2019-05-26
	5.7
	2020-05-26
	2



	2019-05-27
	2.7
	2020-05-27
	0



	2019-05-28
	15.3
	2020-05-28
	0



	2019-05-29
	75.6
	2020-05-29
	0



	2019-05-30
	16.5
	2020-05-30
	0



	2019-05-31
	1.7
	2020-05-31
	0



	Sum
	130.1
	
	35.8
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Table 11. Weather information for the crop season of 2018/2019 and 2019/2020 for Ljubljana, Bežigrad.
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	Year/Month
	T (°C)
	Precipitation (mm)
	Year/Month
	T (°C)
	Precipitation (mm)





	2018/10
	13.2
	125
	2019/10
	13.2
	76



	2018/11
	8.3
	109
	2019/11
	8.8
	188



	2018/12
	2.2
	12
	2019/12
	3.6
	130



	2019/01
	0.7
	66
	2020/01
	1.9
	14



	2019/02
	4.9
	98
	2020/02
	6.8
	42



	2019/03
	9.0
	48
	2020/03
	7.2
	105



	2019/04
	11.6
	89
	2020/04
	13
	25



	2019/05
	12.9
	239
	2020/05
	15.3
	115



	2019/06
	23.5
	46
	2020/06
	19.6
	147



	2019/07
	22.9
	142
	2020/07
	21.8
	160



	Sum
	
	1002
	
	
	974
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