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Abstract

:

The application of fungicides in maize by the commonly used overhead spraying technique is more challenging than in small-grain cereals. Especially in later development stages, when the plant has reached a considerable height, lower plant organs (e.g., ears) may be insufficiently protected, since a large part of the applied fungicide is deposited on the upper leaves. In contrast, lower plant organs can be reached by the dropleg spraying technique, which allows sub-canopy applications. This study investigated the efficacy of fungicide applications during flowering in forage maize using the overhead and dropleg spraying techniques as well as a combination for the control of Kabatiella zeae and mycotoxin-producing Fusarium species, which can affect leaves and ears, respectively. The efficacy was evaluated in field trials under natural K. zeae and artificial Fusarium inoculum conditions in Northern Germany by measuring disease severities of K. zeae on maize leaves, dry matter yields, and concentrations of the Fusarium mycotoxins deoxynivalenol (DON) and zearalenone (ZEN) at harvest. Fusarium inoculations of main ears at full flowering resulted in significantly higher DON and ZEN concentrations compared to natural Fusarium infections, whereas the dry matter yield was not affected. The strongest disease progressions of K. zeae were determined after flowering on the upper leaves and leaves around the main ear. Disease severities were significantly reduced on the upper leaves by the overhead application and the combination of the overhead and dropleg spraying technique, whereby the three spraying techniques were equally able to decrease the infestation on the yield-essential leaves around the main ear. No differences in dry matter yield were found between the application techniques, but they were significantly higher than in the untreated control. The contamination with DON and ZEN was most effectively reduced by sub-canopy applications using the dropleg technique, whether as a solo application or in combination with the overhead technique. The main ears were reached better with the applied fungicide, reducing Fusarium infections, and therefore, contamination with mycotoxins. The dropleg technique offers an opportunity for improved protection of lower plant organs, especially in tall growing crops. In combination with the overhead spraying technique, the protection of various plant organs along the entire plant with the applied fungicide could be advantageous, especially when different parts of the plant are affected by different fungal diseases.






Keywords:


eyespot; disease severity; ear rot; deoxynivalenol; zearalenone; fungicide application; overhead spraying technique; dropleg spraying technique; yield












1. Introduction


The management of fungal leaf and ear diseases in cereal crops is often based on the foliar application of fungicides [1,2,3,4,5]. These pesticides are commonly applied by overhead application. This spraying technique uses nozzles on a horizontal boom that spray from above the crop in a basically vertical direction down into the crop [6]. In small-grain cereals, important plant organs such as ears and the uppermost, yield-essential leaves that are closely located to the spray boom, can easily be reached by this application technique. However, fungicide applications in maize using the overhead spraying technique are more challenging. Especially in later stages of plant development (e.g., flowering), the overhead application reaches its limits since the plant height increases drastically with an increasing distance between nozzles on the spray boom and the target site of application, and an increasing leaf density [7] due to the large number of leaves along the maize plant [8]. Several plant organs such as main ears, and rudimentary and lower inserted leaves are located under a dense canopy of the upper leaves. Consequently, a large part of the applied pesticide is deposited on the upper leaves, whereby less pesticide reaches the lower plant organs [7,9]. Therefore, this spraying technique may be insufficient for the adequate biological control of fungal pathogens that affects lower parts of the plant.



In contrast, the so-called dropleg technology offers an opportunity to reach lower plant organs of the maize plant with the fungicide, which are difficult to achieve with the overhead spraying technique. This spraying technique generally allows sub-canopy treatments with various pesticides, e.g., in row crops in horticulture [10,11] as well as field crops such as oilseed rape [11,12,13]. Compared to the overhead spraying technique, the nozzle carriers are not directly attached to the spray boom, but to the lower end of the dropleg, which are prolonged elastic nozzle holders that hang freely floating underneath the boom down into the crop canopy during spraying [12,13]. The spray of the nozzles is directed toward the ground and sideways. In contrast to the overhead technique, the dropleg technique avoids spraying the crop canopy, whereby the upper leaves are only insufficiently protected from fungal infections.



Nevertheless, for a maximum biological control efficacy of fungal diseases, a good coverage of various plant organs along the entire maize plant with the fungicide can be necessary, since important fungal pathogens such as Kabatiella zeae and Fusarium species are capable to affect different parts of the maize plant at the same time.



K. zeae is the causal agent of eyespot disease, a common foliar disease in many regions where maize is grown [14,15,16,17,18,19,20]. Symptoms are small, 1 to 4 mm, circular, tan-colored, necrotic spots, which are surrounded by a red-brown ring with a chlorotic yellow halo (Figure 1A). Eyespots are initially single, but can rapidly spread to cover large areas of the leaf (Figure 1B) resulting in large areas of necrotic leaf tissue (Figure 1C) [14,21].



Infections can occur throughout the growing season, whereby the disease progressed generally very slowly in the early vegetation period until flowering. From then on, the level of disease can increase rapidly. The strongest disease progressions are mainly observed on the leaves of the upper and middle parts of the plant [14,18,22,23]. The disease causes premature drying and maturity of leaves, and therefore, when much of the leaf area is blighted, decreases the yield of both grain and forage maize [16,18,19,23].



Fungi of the genus Fusarium causes various rot diseases of ears (ear rot; Figure 2A), rudimentary ears (Figure 2B), and stalks (stalk rot; Figure 2C). Symptoms are characterized by a white or reddish discoloration with rotting symptoms on the ears and inside the stalk [24].



Along with Fusarium infections, mycotoxins accumulated in affected tissues, which could pose a significant health risk for animals and humans [25]. In many maize production areas, the often co-occurring mycotoxins deoxynivalenol (DON) and zearalenone (ZEN), both produced by F. graminearum and F. culmorum, are among the most important Fusarium mycotoxins due to their frequent occurrence in toxicologically relevant concentrations [26]. Compared to contaminated stalks and rudimentary ears, the main ears are responsible for the highest amount of mycotoxins in forage maize (harvested whole plant) due to the high proportion of ears in the total aboveground dry matter at silage maturity, whereas the mycotoxin contamination of grain maize is only caused by ear rot. Infections of maize ears mainly result from fungal entry via silks at the stage of flowering [24,27,28].



Due to the late occurrence and late increase in infestation of important fungal pathogens such as K. zeae and Fusarium species during plant development, when the maize plant has already reached a considerable height with a large number of leaves, the choice of a suitable spraying technique is of particular interest for the application of fungicides to protect different plant organs along the entire maize plant for the prevention of quantitative (e.g., yield) and qualitative losses (e.g., accumulation of mycotoxins).



The present study investigated the efficacy of different fungicide spraying techniques, namely the overhead and dropleg spraying technique as well as their combination for the control of K. zeae and Fusarium in forage maize by applying fungicides at flowering. For this purpose, field trials were carried out under natural K. zeae and artificial Fusarium inoculum conditions in Northern Germany. In order to evaluate the efficacy of the different fungicide spraying techniques, disease severities of K. zeae as well as dry matter yields and Fusarium mycotoxin concentrations (DON, ZEN) in harvested whole-crop plants at silage maturity were analyzed.




2. Materials and Methods


2.1. Experimental Sites and Fungicide Spraying Treatments


Field trials were conducted in a one-year study at three locations in the northernmost federal state of Germany, Schleswig-Holstein (Table 1). The region between the Baltic and the North Sea is characterized by maritime weather conditions, with an average annual temperature of 8.9 °C and an annual precipitation of 823 L/m2 [29]. Arable crops were grown on 651,000 ha in 2017 with winter wheat and forage maize as dominant crops in crop rotation, accounting for 28.9% and 24.7% of the arable land, respectively, followed by winter oilseed rape (14.9%) and winter barley (10.3%) [30].



At all trial locations the commercial forage maize cultivar “SY Werena” was cultivated after pre-crop maize, more precisely, forage maize was the only crop in crop rotation (continuous maize). In Barkhorn and Hohenschulen trials were established in reduced tillage fields, whereas in Hemdingen soil cultivation was conducted by plowing (Table 1). Forage maize was sown at the end of April and the beginning of May, respectively, with a sowing density of nine plants/m2. Harvest took place at silage maturity in mid-October. Fertilization as well as weed management were based on common agricultural practices.



All locations were set up under natural K. zeae inoculum conditions, whereas artificial Fusarium inoculations were conducted according to Reid et al. [31], in order to ensure, infection, and therefore a contamination of forage maize with mycotoxins. Approximately ten days prior to inoculation a macroconidia spore suspension of the two DON- and ZEN-producing F. culmorum isolates VIII 18 (isolated from wheat in Northern Germany 2012) and Fu 13 (isolated from forage maize in Northern Germany 2012) [32] was prepared as described by Reid et al. [31]. Two milliliters of the prepared spore suspension with a concentration of 5 × 105 conidia/mL were injected into the silk channel of maize main ears seven days after silk emergence using a self-filling vaccinator [31].



At each location, field trials were arranged in a randomized complete block design with five treatments (T1–T5) and four replications (plots) per treatment. Each field plot had a size of 30 m2 (3 × 10 m) and consisted of four rows with a row spacing of 0.75 m. For Fusarium inoculations, each main ear of all maize plants of the two middle rows were considered. Disease assessment of K. zeae, harvest and sampling for mycotoxin analysis was performed on the two middle rows of each plot. All trials were integrated into the farmers’ fields.



Treatments T1 and T2 were both fungicide-untreated controls, whereby T1 was the only treatment of the five investigated treatments (T1–T5) which was not inoculated with Fusarium spores in order to measure the success of the silk channel inoculation by comparing DON and ZEN concentrations between the two fungicide-untreated controls T1 (natural mycotoxin contamination) and T2. In addition to these two untreated controls, three fungicide treatments were established using different spraying techniques, namely overhead spraying technique (T3), dropleg spraying technique (T4), and the combination of the overhead and dropleg spraying technique (T5) (Table 2). In each of these three treatments the fungicide Prosaro®, containing the two systemic triazoles (demethylation inhibitors) tebuconazole and prothioconazole, was applied once two days after silk channel inoculation corresponding to full flowering, at BBCH stage 65 (for further details of BBCH stages, see Lancashire et al. [33]). Fungicides were applied with 0.125 kg a.i./ha each (corresponding to 1 L of commercial product per ha) and a spray volume of 400 L/ha. The fungicide applications were performed using a self-propelled ground-based boom sprayer with an adjustable working height of the mounted horizontal spray boom from 0.7 to 4.0 m [23]. The application speed was 4 km/h.



The fungicide application of treatment T3 was carried out by a commonly used standard overhead application technique with a distance of 0.5 m between the spray boom and the top of the crop (Figure 3(AI,AII)). Flat-fan nozzles (IDK 120-03; spray angle 120°; Lechler GmbH, Metzingen, Germany) with a standard nozzle spacing of 0.5 m on the spray boom were used to spray the application volume of 400 L/ha at a pressure of 2.1 bar from above the crop in a vertical direction down into the crop (Table 2).



The dropleg spraying technique (Lechler GmbH) was used for the fungicide application of treatment T4. These prolonged elastic nozzle holders hang freely floating underneath the boom of the sprayer down into the crop (Figure 3(BI,BII)). Droplegs were installed on the spray boom due to a universal mounting plate with a distance of 0.75 m from each other. With this attachment, the droplegs can only move sideways, but not in the direction of forward and backward movement. Droplegs were guided centrally between two maize rows. At the lower end of the dropleg, two flood nozzles (2 × FT 1.5-408; Lechler GmbH) were installed in a twin-spray-cap (Lechler GmbH). The spray of both nozzles was directed toward the ground and sideways with a spray angle of 140°. The distance between the spray boom and the two nozzles at the lower end of the dropleg was 1.0 m (dropleg length: 0.9 m, mounting plate length: 0.1 m). The application volume of 400 L/ha was applied at a pressure of 2.0 bar (Table 2).



The fungicide application of treatment T5 was carried out as a combination of treatments T3 and T4 (Table 2). With each of the techniques, a spray volume of 200 L/ha with a fungicide amount of 0.5 L/ha was applied, resulting in a total application volume of 400 L/ha and a fungicide amount of 1 L/ha, respectively. Both flat-fan nozzles (overhead; IDK 120-02; Lechler GmbH) and flood nozzles (dropleg; 2 × FT 0.75-348; Lechler GmbH) were used at a pressure of 2.1 bar.



Treatments T3 to T5 were compared with the fungicide-untreated control T2 in order to determine the efficacy of the different fungicide spraying techniques on disease severities of K. zeae, dry matter yield, and concentrations of DON and ZEN.




2.2. Disease Assessment of Kabatiella zeae


Ten plants per plot of treatments T2, T3, T4 and T5 were visually evaluated during flowering at BBCH 65, during fruit development at BBCH 75 and ripening immediately before harvest at BBCH 85 (silage maturity) in order to establish the disease severity of K. zeae. In accordance with the EPPO guideline PP 1/272 (2) [34], disease assessment was made on five labeled successive plants in the center of each of the two inner rows in each plot, whereby every plant was divided into three leaf segments. The middle leaf segment was defined by the main ear and five leaves around the main ear, consisting of the main ear leaf (L0), two leaves above the main ear (L+1, L+2), and two below (L-1, L-2). The lower and upper leaf segments were below and above the middle segment of the plant, respectively. The visual rating for the disease severity of Kabatiella eyespot, i.e., the percentage of leaf area affected by symptoms of K. zeae, was conducted following the scheme from the EPPO guideline PP 1/272 (2) [34]. All leaves of the upper, middle and lower leaf segments were separately assessed for symptoms of K. zeae and a mean disease severity value was estimated for each leaf segment considering all leaves of the corresponding segment.




2.3. Harvest, Yield Assessment and Sample Preparation


The two middle rows of each plot of treatments T1 to T5 were harvested at silage maturity (BBCH 85) using a Haldrup forage harvester. The freshly harvested and chopped material from each plot was weighed automatically by the harvester to determine plot yields, which were converted into dt/ha fresh matter yield. In addition, a sample of approximately 1000 g was taken from the freshly harvested material of each plot, weighed and immediately dried for 48 h in an oven at 60 °C for the determination of dry matter yields [8]. The dry matter percentage calculated for each plot was used for converting dt/ha fresh matter yield into dt/ha dry matter yield. Dried samples were ground in a mill (Fritsch, Idar-Oberstein, Germany) to 1 mm particle size for further mycotoxin analysis.




2.4. Analysis of Mycotoxins


All dried forage maize samples were analyzed for their concentrations of DON and ZEN by SYNLAB Analytics and Services Germany GmbH (now: SGS Analytics Germany GmbH; Jena, Germany) according to the method described by Sulyok et al. [35].




2.5. Statistical Analysis


The statistical software R, version 4.0.1 (R Foundation for Statistical Computing, Vienna, Austria) [36], was used to evaluate the data. For each measurement variable (disease severity of K. zeae on the lower, middle and upper leaf segment; dry matter yield; DON and ZEN concentrations), the data evaluation started with the definition of an appropriate statistical mixed model [37,38]. The model included the treatment (T1–T5) as a fixed factor. The location and the block within the location were regarded as random factors. The residuals were assumed to be normally distributed and to be heteroscedastic. These assumptions are based on graphical residual analysis. Based on this model, a Pseudo R2 was calculated [39] and an analysis of variances (ANOVA) was conducted, followed by multiple contrast tests [40] in order to compare the several treatments. Statistical significance was evaluated at p ≤ 0.05.





3. Results


3.1. Effect of Artificial Fusarium Inoculations of Maize Main Ears on Dry Matter Yield, DON and ZEN Concentrations


Artificial Fusarium inoculations of maize main ears were carried out at BBCH 65 to ensure an infection, and therefore, a contamination of forage maize with mycotoxins. However, the inoculation of ears with F. culmorum did not affect dry matter yields compared to natural Fusarium infections (Figure 4A). In the non-inoculated (T1) and inoculated (T2) fungicide-untreated control similar dry matter yields of 167.0 and 167.8 dt/ha were determined. At all trial locations, dry matter yields were comparable between the two fungicide-untreated controls (Table S1). Under natural Fusarium inoculum conditions mean DON and ZEN concentrations of 3628 and 520 µg/kg were detected in forage maize samples at silage maturity of the fungicide-untreated control T1 (Figure 4B,C), ranging from 2598 to 4453 µg DON/kg and 478 to 585 µg ZEN/kg between locations (Table S1). In contrast, the silk channel inoculation of maize ears with F. culmorum seven days after silk emergence resulted in significantly higher DON and ZEN concentrations of 22,947 and 2160 µg/kg in the inoculated fungicide-untreated control T2 (Figure 4B,C). Between the three trial locations mean DON and ZEN concentrations ranged from 14,992 to 28,355 µg DON/kg and from 1966 to 2260 µg ZEN/kg, respectively (Table S1).




3.2. Effect of Different Fungicide Spraying Techniques on Disease Severities of Kabatiella zeae


The first disease assessment of K. zeae was performed at BBCH 65. At this development stage, the eyespot disease was detected in the fungicide-untreated control T2 with low mean disease severities of 1.2% on the upper, 1.9% on the middle, and 1.6% on the lower leaf segment (Figure 5).



On the upper leaf segment, the mean disease severity increased to 5.1% at BBCH 75 and 15.6% at BBCH 85. Mean disease severities ranged from 7.6 to 25.6% between locations at BBCH 85 (Table S2). The percentage of leaf area affected by symptoms of K. zeae on the middle leaf segment increased from 1.9% at BBCH 65 to 3.9% at BBCH 75 and to a mean maximum of 8.3% at BBCH 85 (Figure 3), ranging from 4.6 to 15.6% between the three trial locations (Table S2). In contrast to the upper and middle leaf segment, a significantly lower level of disease progression was observed in the lower leaf segment, reaching a mean disease severity of 3.8% at BBCH 85 (Figure 5, Table S2). In general, the strongest disease progression of K. zeae was determined on the upper leaf segment followed by the middle and lower leaf segments (Figure 5, Table S2).



The efficacy of the fungicide application at BBCH 65 on K. zeae disease severities at BBCH 85 using the three different fungicide spraying techniques is shown in Figure 6.



Compared to the fungicide-untreated control T2 with a mean disease severity of 15.6% on the upper leaf segment, the fungicide application with the overhead spraying technique (T3) and the combination of the overhead and dropleg spraying technique (T5) significantly reduced the disease severity to a similar extent by 53.6% (7.1% disease severity) and 54.9% (6.9%), respectively (Figure 6A). In contrast, the fungicide application using the dropleg spraying technique (T4) did not result in a significant reduction in K. zeae disease severities on the upper leaf segment, reaching a mean disease severity of 11.6% (reduction of 25.6%). This was observed at all trial locations (Table S2). As shown in Figure 6B, the fungicide application with the three different spraying techniques significantly lowered the disease severities on the middle leaf segment. The percentage of affected leaf area was reduced in a similar manner by 50.6% (T3; 4.1% disease severity), 51.8% (T4; 4.0%), and 60.2% (T5; 3.3%) compared to the untreated control T2 with a mean disease severity of 8.3%. On the lower leaf segment disease severities were significantly decreased by the three fungicide spraying techniques (Figure 6C). However, a significantly lower disease level was determined compared to the upper and middle leaf segment. Between the four treatments, T2 to T5 disease severities varied in a narrow range from 2.1 (T5) to 3.8% (T2) on the lower leaf segment.




3.3. Effect of Different Fungicide Spraying Techniques on Dry Matter Yield


The fungicide application at BBCH 65 with the three different fungicide spraying techniques (T3–T5) significantly increased the dry matter yield compared to the untreated control T2 with a mean dry matter yield of 167.8 dt/ha (Figure 7). The dry matter yield increased by 10.0% (184.7 dt/ha) using the overhead spraying technique (T3), by 8.8% (180.8 dt/ha) using the dropleg spraying technique (T4), and by 13.9% (191.1 dt/ha) using the combination of the overhead and dropleg spraying technique (T5). No significant differences were observed between the three spraying techniques. At all locations, the fungicide application with the three different spraying techniques resulted in higher dry matter yields compared to the untreated control T2 (Table S3).




3.4. Effect of Different Fungicide Spraying Techniques on DON and ZEN Concentrations


The fungicide application with the three different fungicide spraying techniques (T3–T5) two days after silk channel inoculation at BBCH 65 significantly reduced the DON and ZEN concentrations in harvested forage maize compared to the untreated control T2 with 22,947 µg DON/kg and 2160 µg ZEN/kg, respectively (Figure 8). Concentrations of DON and ZEN decreased by 56 and 53% using the overhead spraying technique (T3). The fungicide application with the dropleg spraying technique (T4) and the combination of the overhead and dropleg spraying technique (T5) significantly reduced the DON and ZEN content to a greater extent than the overhead spraying technique (T3), reducing DON concentrations by 81% (T4; 4320 µg/kg) and 78% (T5; 5021 µg/kg) compared to the untreated control T2 (Figure 8A), and ZEN concentrations by 76% (T4; 515 µg/kg) and 78% (T5; 484 µg/kg) (Figure 8B), respectively. At all trial locations, the highest DON and ZEN reductions were observed using the dropleg spraying technique (T4), and the combination of the overhead and dropleg spraying technique (T5) (Table S4).





4. Discussion


For a maximum biological control efficacy of the applied fungicide, good coverage of plant organs to be protected is required. This is especially important for non-systemic fungicides (e.g., multi-site inhibitors) that only act as protectants on the plant surface where they were deposited before the infection has been observed. On the other hand, a good coverage is also important for systemic fungicides, which get absorbed by the plant at the site of deposition and are translocated within the plant tissue, whereby they can act in a protective and especially curative way, thus affecting the fungal pathogen after infection. However, local-systemic fungicides are only redistributed over short distances within the plant tissue, whereas other systemic fungicides such as triazoles (e.g., tebuconazole, prothioconazole) are transported more extensively through the plant by xylem vessels, i.e., acropetal. Due to the upward translocation with the transpiration stream from the point of entry, xylem-mobile systems cannot protect deeper-located plant organs that have been insufficiently covered with the applied fungicide [3,41,42,43]. Only a few fungicides can be partially translocated basipetally in the phloem [43]. Nevertheless, foliar fungicides are commonly applied by the overhead spraying technique, spraying top-down [6]. This application technique may result in high deposits of active ingredients on the upper parts of the plant but in rather low deposits on the lower parts, where protection can also be necessary [7,9,10]. Due to the reduced coverage of deeper-located plant organs and the insufficient downward transport of systemic fungicides within the plant from the site of application, lower-located plant parts are generally insufficiently protected from fungal infections. In contrast, the dropleg spraying technique allows sub-canopy treatments, and therefore, an accumulation of active ingredients on plant parts that are difficult to achieve by the overhead spraying technique [10,11].



In our present study, we investigated the efficacy of the overhead and dropleg spraying technique as well as their combination for the control of important fungal pathogens in forage maize. The choice of a suitable spraying technique is of particular interest for the application of fungicides, especially in a tall-growing crop such as maize. This is due to the fact that several parts along the maize plant can be affected by fungal pathogens such as K. zeae, mainly affected affecting leaves, and mycotoxin-producing Fusarium species, which can cause various rot diseases of deeper located plant organs such as ears. Due to the late increase in infestation by the Kabatiella eyespot disease and the late occurrence of Fusarium diseases (especially ear rot) during the vegetation period of maize, fungicide applications are mainly useful at later stages of plant development, particularly at flowering, when the plant has already reached a considerable height with a large number of leaves along the maize plant and an increasing leaf density. Therefore, good coverage of various plant organs along the entire maize plant or deeper located plant organs with the applied fungicide can be necessary for a maximum biological control efficacy of fungal diseases in maize [7,44].



As shown in our study, the Kabatiella eyespot disease progressed generally very slowly in the early vegetation period of maize, reaching low mean disease severities at flowering on the upper, middle and lower leaf segments. However, disease severities increased drastically with the end of flowering. These observations are in line with other studies analyzing the disease progression of K. zeae [14,15,18,22,23]. At this development stage, the translocation of soluble carbohydrates from leaves to the ears begins [45]. For certain perthotrophic pathogens, a low carbohydrate content in the leaf tissue is responsible for an increased susceptibility [46], which can also be expected for K. zeae. After flowering, the disease progression is mainly determined by weather conditions. The production of conidia and the development of the disease are favored by long periods of cool, wet weather conditions [14,16], so regions with cool, moist environments are most affected by the disease. In our field trials, the uppermost leaves of the plant were most severely affected by symptoms of K. zeae during fruit development and ripening, followed by leaves of the middle (i.e., around the main ear) and lower part of the plant. Thermal air currents within the plant crop, which transport spores formed on the lower leaves upwards by solar radiation after cool nights, are mentioned as an explanation for these differently occurring infestation levels along the maize plant. In addition, the nightly cooling will increase dew formation in the upper parts of the plant and contribute to the development of the pathogen [23]. Furthermore, the direct exposure of the upper leaf layers to the sunlight may be another factor for higher disease severities on the upper leaves. A number of photoactive toxins (e.g., cercosporin) have been described in the literature, which enables the colonization of the host tissue by phytopathogenic fungi. Cercosporin can be induced by light into an active state and, by reacting with oxygen, produce reactive oxygen species, which are capable of destroying the cell components of the plant [47,48]. A similar process is conceivable for K. zeae.



For the control of K. zeae a fungicide application with the overhead spraying technique should be suitable for an effective control of this pathogen on the upper leaves, which is confirmed by our results. The overhead spraying technique deposits the most active ingredient on the upper leaves, resulting in a higher biological control efficacy of the eyespot disease compared to the dropleg spraying technique. In all three analyzed leaf segments, namely upper, middle and lower, the investigated spraying techniques significantly reduced the disease severities compared to the untreated control, whereby the differences between the spraying techniques became greater the higher the leaf layer was inserted along the plant. The sole fungicide application with the dropleg spraying technique was less effective on the uppermost leaves compared to the overhead spraying technique, whereas the control efficacy was equal in the middle leaf segment around the main ear (L-2 to L+2). The fungicide application with the different spraying techniques significantly increased the dry matter yield compared to the untreated control, whereby no significant differences were observed between the overhead and dropleg spraying techniques, as well as their combination. This suggested that the yield effect of K. zeae on the uppermost leaves may be overestimated and the control of the pathogen on the leaf layers L-2 to L+2 is more important to avoid yield losses. Therefore, it seems to be irrelevant for the control of the eyespot disease which of the three spraying techniques is used. On the other hand, it can also be concluded that if no spraying technique provides significant advantages, no significant disadvantages arise from a specific technique. This provides greater flexibility in the choice of a suitable spraying technique if a certain technique is preferred for the effective control of other fungal diseases.



In contrast to K. zeae, fungi of the genus Fusarium generally affect the lower parts of the plant, causing various rot diseases of ears (ear rot), rudimentary ears and stalks (stalk rot). The primary infection pathway is via silks of maize ears, which are highly susceptible to Fusarium infections during the first week after emergence [24,27]. After spore germination on silks, the fungus enters the silk channel and subsequently infects the rachis from the tip towards the bottom as well as kernels connected to the rachis. Furthermore, rudimentary ears underneath the main ear, as well as adjacent stalk sections, can be colonized [24]. The main problem of Fusarium infections is the quality losses resulting from the accumulation of mycotoxins in affected tissues, which causes a potential health risk for animals and humans because their occurrence in feed and food is often associated with chronic or acute mycotoxicosis [25,49,50,51,52]. The co-occurring mycotoxins DON and ZEN are two of the most important Fusarium mycotoxins in maize production due to their frequent occurrence in toxicologically relevant concentrations [26]. These mycotoxins are produced by F. graminearum and F. culmorum, both associated with temperate and moist environmental conditions [53]. To avoid human and animal health risks, the European Union has defined maximum levels for DON and ZEN in foodstuffs [54] and guidance values for DON and ZEN in products intended for animal feeding [55]. In our study, DON and ZEN occurred with high concentrations in forage maize under natural Fusarium inoculum conditions, reaching concentrations near or above the guidance value of 5000 µg/kg for DON and 500 µg/kg for ZEN in complementary and complete feeding stuffs. These values were significantly exceeded by DON and ZEN concentrations resulting from silk channel inoculations of maize main ears seven days after silk emergence, reaching DON and ZEN concentrations of up to 28,355 µg/kg and 2260 µg/kg, respectively. Although these very high concentrations were caused by artificial infections, such high levels are also found more frequently after natural Fusarium infections in forage maize [56,57,58,59] as well as grain maize [59,60,61,62]. It is important to note that in forage maize, which is mainly used as feedstuff for dairy cows and beef cattle, all potentially Fusarium-infected, and therefore, mycotoxin-contaminated organs (ears, rudimentary ears, stalks) of the maize plant are included. Nevertheless, mycotoxin-contaminated ears are responsible for the greatest amount of mycotoxins in harvested whole plants due to the high proportion of the ears in the total aboveground dry matter yield at silage maturity [24]. Therefore, ear rot is of particular importance in affecting the toxicogenic quality of grain-based products used for animal and human nutrition. In consequence, the protection of maize ears from Fusarium infections is of major importance in order to prevent a risk to human and animal health from mycotoxins.



Compared to the fungicide-untreated control, Fusarium infections, and therefore, the contamination with mycotoxins were significantly reduced by the three different fungicide spraying techniques. Concentrations of DON and ZEN were most effectively reduced by sub-canopy fungicide applications using the dropleg spraying technique, whether as a solo application or in combination with the overhead technique. Especially the main ears, which were inoculated with a macroconidia spore suspension of F. culmorum, were reached more effectively with the applied fungicide using the dropleg technique. It was possible to halve the amount of mycotoxins in the harvested crop with the same active ingredient content simply by changing the spraying technique. The dropleg technique generally deposits higher amounts of the applied fungicide on deeper located plant organs, whereas higher amounts of the fungicide are deposited on the upper leaves using the overhead spraying technique, whereby less active ingredient reaches the lower located plant organs [10]. Due to the reduced coverage of lower plant organs and the insufficient downward transport of the xylem-mobile systemics tebuconazole and prothioconazole within the plant from the site of application, the main ears are less protected from Fusarium infections using the overhead spraying technique. In addition to the main ears, other Fusarium-infected plant organs such as rudimentary ears, which are located underneath the main ear, can also contribute to the total mycotoxin contamination in forage maize. When the rudimentary ears are infected, mycotoxin concentrations may reach extraordinarily high levels compared to other parts of the maize plant including ears, kernels and stalks [63,64]. Non-germinated Fusarium spores on leaf blades as well as nutrient-rich pollen residues of the maize plant can be washed down into the leaf sheaths of the plant by rainwater after pollination. The rainwater cannot drain off as the leaf sheaths tightly enclose the maize stalk, resulting in constant moist conditions around the rudimentary ears, which offers favorable infection conditions for Fusarium in a persistent humid environment [24]. Fungal mycelium derived from infected rudimentary ears can infect adjacent stalk sections to subsequently colonize and contaminate the remaining stalk. Therefore, the use of the dropleg technique may lead to better protection by depositing higher amounts of active ingredients on these plant organs.




5. Conclusions


The dropleg spraying technique offers an opportunity to protect deeper-located plant organs more effectively by depositing larger amounts of active ingredients on plant parts that are difficult to achieve by the overhead spraying technique, especially in tall-growing row crops like maize. In combination with the overhead spraying technique the protection of various plant organs along the entire plant with the applied fungicide could be advantageous, especially when different parts along the plant are affected simultaneously by different fungal diseases.
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Figure 1. Symptoms of eyespot disease on maize leaves. (A) Typical eyespots caused by Kabatiella zeae. (B) Eyespots spread over the entire leaf during disease progression. (C) Eyespots join together into large necrotic areas causing premature drying and maturity of leaves. 
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Figure 2. Symptoms of Fusarium rot diseases in maize. (A) Ear rot—White-colored mold layers on main ear. (B) Rotted rudimentary ear. (C) Stalk rot—Disintegrated and reddish discolored pith of the stalk. 
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Figure 3. Schematic comparison between the (A) overhead and (B) dropleg spraying technique used for the fungicide applications in forage maize at BBCH 65. (AI,AII) In the conventional spraying treatment (T3) fungicides were applied from above the crop in a basically vertical direction down into the crop with a standard nozzle spacing of 0.5 m on a horizontal spray boom and a distance 0.5 m between spray boom and the top of the crop. (BI,BII) In the dropleg spraying treatment (T4) two nozzles in a twin-spray-cap at the lower end of the dropleg were guided in the crop centrally between two maize rows with a distance of 1 m underneath the spray boom spraying towards the ground and sideways. 
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Figure 4. Boxplots and means (yellow rhombus) of (A) dry matter yield (dt/ha), (B) DON and (C) ZEN concentrations (µg/kg) in forage maize samples at silage maturity of the cultivar “SY Werena” in the two fungicide-untreated controls without (T1) and with (T2) silk channel inoculation of main ears with macroconidia of Fusarium culmorum seven days after silk emergence at BBCH 65 summarized for the three trial locations. Five statistics are represented in each boxplot from bottom to top: The smallest observation, lower quartile, median, upper quartile, and largest observation, respectively. Different letters describe significant differences in dry matter yield, DON and ZEN concentrations between the non-inoculated (T1) and inoculated (T2) fungicide-untreated control. Statistical significance was evaluated at p ≤ 0.05. DON = deoxynivalenol; ZEN = zearalenone. 
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Figure 5. Boxplots and means (yellow rhombus) of disease severities of Kabatiella zeae (percentage of leaf area affected by symptoms) on the upper, middle and lower leaf segment of forage maize at BBCH 65, BBCH 75 and BBCH 85 of the cultivar “SY Werena” in the fungicide-untreated control (T2) summarized for the three trial locations. Five statistics are represented in each boxplot from bottom to top: The smallest observation, lower quartile, median, upper quartile, and largest observation, respectively. 
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Figure 6. Boxplots and means (yellow rhombus) of disease severities of Kabatiella zeae (percentage of leaf area affected by symptoms) on the (A) upper, (B) middle (L-2 to L+2) and (C) lower leaf segment of forage maize at BBCH 85 of the cultivar “SY Werena” depending on different fungicide spraying techniques (treatments T2–T5) summarized for the three trial locations. Treatments: T2—Fungicide-untreated control, T3—Overhead spraying technique, T4—Dropleg spraying technique, T5—Combination of T3 and T4. The fungicide Prosaro® was applied (T3–T5) with 1.0 L/ha and a spray volume of 400 L/ha at BBCH 65. Five statistics are represented in each boxplot from bottom to top: The smallest observation, lower quartile, median, upper quartile, and largest observation, respectively. Different letters describe significant differences in disease severities between treatments T2–T5. Statistical significance was evaluated at p ≤ 0.05. 
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Figure 7. Boxplots and means (yellow rhombus) of dry matter yield (dt/ha) of forage maize of the cultivar “SY Werena” depending on different fungicide spraying techniques (treatments T2–T5) summarized for the three trial locations. Treatments: T2—Fungicide-untreated control, T3—Overhead spraying technique, T4—Dropleg spraying technique, T5—Combination of T3 and T4. The fungicide Prosaro® was applied (T3–T5) with 1.0 L/ha and a spray volume of 400 L/ha at BBCH 65. Five statistics are represented in each boxplot from bottom to top: The smallest observation, lower quartile, median, upper quartile, and largest observation, respectively. Different letters describe significant differences in dry matter yield between treatments T2–T5. Statistical significance was evaluated at p ≤ 0.05. 
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Figure 8. Boxplots and means (yellow rhombus) of (A) DON and (B) ZEN concentrations (µg/kg) in forage maize samples at silage maturity of the cultivar “SY Werena” depending on different fungicide spraying techniques (treatments T2–T5) summarized for the three trial locations. Treatments: T2—Fungicide-untreated control, T3—Overhead spraying technique, T4—Dropleg spraying technique, T5—Combination of T3 and T4. The fungicide Prosaro® was applied (T3–T5) with 1.0 L/ha and a spray volume of 400 L/ha two days after silk channel inoculation of main ears with macroconidia of Fusarium culmorum at BBCH 65. Five statistics are represented in each boxplot from bottom to top: The smallest observation, lower quartile, median, upper quartile, and largest observation, respectively. Different letters describe significant differences in DON and ZEN concentrations between treatments T2–T5. Statistical significance was evaluated at p ≤ 0.05. DON = deoxynivalenol; ZEN = zearalenone. 
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[image: Agriculture 13 01269 g008]







[image: Table] 





Table 1. Coordinates, agronomic practices (previous crop, soil cultivation), planting and harvest dates of forage maize of the three trial locations in Northern Germany.
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Parameter

	
Location




	
Barkhorn

	
Hemdingen

	
Hohenschulen






	
Coordinates 1

	
x

	
1,073,958

	
1,091,656

	
1,110,278




	
y

	
7,211,748

	
7,122,399

	
7,229,975




	
Previous crop

	
Forage maize

	
Forage maize

	
Forage maize




	
Soil cultivation

	
Reduced tillage

	
Plough

	
Reduced tillage




	
Planting date

	
24 April

	
3 May

	
2 May




	
Harvest date

	
17 October

	
16 October

	
9 October








1 Coordinate System: WGS 1984 Web Mercator Auxiliary Sphere (EPSG 3857).
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Table 2. Fungicide application parameters in forage maize at BBCH 65 (full flowering) using the overhead spraying technique (T3), dropleg spraying technique (T4), and the combination of the overhead and dropleg spraying technique (T5).
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Parameter

	
Treatment




	
T3—Overhead Spraying

	
T4—Dropleg Spraying

(Sub-Canopy)

	
T5—Combination of T3 and T4






	
Spray volume (L/ha)

	
400

	
400

	
200 1,2; 200 1,3




	
Amount of Prosaro® (L/ha)

	
1.0

	
1.0

	
0.5 1,2; 0.5 1,3




	
Nozzle

	
IDK 120-03

	
2 × FT 1.5-408 4

	
IDK 120-02 1,2; 2 × FT 0.75-348 1,3,4




	
Nozzle spray angle (°)

	
120

	
140

	
120 1,2; 140 1,3




	
Nozzle spacing (m)

	
0.50

	
0.75

	
0.50 1,2; 0.75 1,3




	
Spray pressure (bar)

	
2.1

	
2.0

	
2.1 1,2; 2.1 1,3




	
Nozzle output (L/min)

	
1.0

	
1.0 (2 × 0.5) 4

	
0.67 1,2; 0.5 (2 × 0.25) 1,3,4








1 Combination of 2 overhead (T3) and 3 dropleg spraying techniques (T4). 4 Two nozzles at the lower end of the dropleg.
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