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Abstract

:

Winter oilseed rape (Brassica napus L.) is the main source of domestic oil in central and northern Europe, bringing profits to farmers, but the plants are often damaged by stem canker, caused by two fungal species belonging to the genus Leptosphaeria. Due to environmental concerns, the benefits of fungicide applications must outweigh disadvantages. The aim of this work was to determine the effect of stem canker on seed yield and its quality and find out the best timing of fungicide application. The multi-year field experiments were done at two sites in south-west Poland, where the disease is regarded as a serious problem. The fungicide treatments with the azole-containing preparation followed the same scheme each year; a single application was made at one-week intervals, starting in late September through mid-November for a total of eight treatments. Seed yield, oil and protein content, mass of thousand seeds as well as indole-and alkenyl-glucosinolate contents in seeds were statistically unrelated with the incidence and severity of phoma leaf spotting and stem canker symptoms. The significant decrease of the seed yield was observed in three (site × year combinations) of eight, in which phoma leaf spotting and stem canker were severe. Yield loss was noted only in years with warm and wet autumns, when cumulative mean temperatures between BBCH14 and BBCH19 plant growth stages exceeded 60 °C and precipitation in this period exceeded 110 mm of rain. Under these conditions, fungicide treatments were highly effective when they were done between BBCH15–BBC16 growth stages (5–6 true leaves).
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1. Introduction


Common concern about food security as well as supporting a healthy environment make plant protection a difficult task. From one side, the human population is growing fast and needs a substantial supply of food, and from the other side, citizens demand food, air, soil, and water to be free from unwanted xenobiotics. Nowadays, the requirement is to find optimal solutions for pesticide use in agricultural crops.



Winter oilseed rape (Brassica napus L.) is the main source of domestic oil in central and northern Europe. There have been many attempts to introduce other oil crops such as soybean (Glycine max L.) or sunflower (Helianthus annuus L.), but the thermal conditions favour crops that can grow in temperate zone, such as oilseed rape. Considerable efforts of plant breeders have resulted in numerous cultivars of oilseed rape that can withstand winter frosts, provided that the plants are subjected to the proper acclimation. On the other hand, spring droughts often affects yield of spring oilseed rape. Consequently, winter oilseed rape is predominant and the processing industry is built around this crop. The consumption of oilseed rape oil has been growing in Europe [1,2] and globally [3]. This oil is desirable for human consumption, due to its comparatively low content of saturated fatty acids and high level of mono- and poly- unsaturated fatty acids. A diet high in these fats is linked to the health benefits from reduced cholesterol and increased cardioprotection [4]. Moreover, the oil of oilseed rape contains other healthy compounds, such as sterols, carotenoids, vitamin K, and tocopherols [5]. Cake resulting from processing of oil provides high energy and valuable nutrients to animal feed, including some oil, crude proteins [6], and sulfur-containing amino acids and lysine [7]. The popularity of oilseed rape cultivation, due to its profitability for the farmers and important role in cereal-based crop rotations, combined with its very long vegetation growth period (11 months in the field) are associated with high disease pressure [8].



Among the main diseases of oilseed rape worldwide are phoma leaf spotting and stem canker (blackleg), caused by the fungi Leptosphaeria maculans and L. biglobosa. Yield losses of millions of tons of oilseed rape in Europe, North America, Australia, and Africa may occur [9]. Populations of L. maculans and L. biglobosa can be reduced by plant resistance as well as chemical and agronomical control methods such as tillage, changes of sowing date, decrease of plant density, or nitrogen management [10]. The main source of plant infections are ascospores originating from fruiting bodies of the sexual stage, produced on oilseed rape stubble from previous seasons [11], although in some countries, the expansion of the disease is also attributed to pycnidiospore dispersal [12]. Sexual recombination is important in the pathogen life cycle as it generates a high genetic variation and increases the risk of plant resistance genes being overcome rapidly [13]. Ascospores are mainly transmitted by the wind, thus they can travel long distances. Conversely, pycnidiospores are transported by rain-splash and move to much shorter distances, but they can be dispersed further in gusts of wind. In Canada, the recommended distance in order to minimize inoculum dissemination between fields is 50–100 m [12] whereas in Australia, the recommended distance between the fields is more than 400 m [14]. In both countries, the spring form of oilseed rape is cultivated. The pathogens causing stem canker survive on plant material in the soil as long as the crop residues remain. If there is a series of dry years, stubble decomposition lasts up to 4 years [15]. This period of dormancy of oilseed rape residues can vary due to the conditions causing the breakdown of the stubble.



The development of stem canker epidemics is greatly affected by the environmental conditions prevalent during the growing season [8,16,17,18,19]. The climates of particular continents differ substantially and intracontinental differences in temperature and rainfall have been implicated as major factors affecting the incidence and severity of stem canker. The local microclimate plays a key role in formation of ascospores and their release [20]. Pseudothecial maturation and ascospore release are dependent on temperature and rainfall [21]. Pérès et al. [22] reported that the optimum conditions for pseudothecia maturation in France was 14 °C with frequent heavy rainfall (2.3 mm every 3–4 days). In Canada, the optimum temperature for ascospore formation was 15 °C, although at 20 °C the peak sporulation occurred earlier in the season, and at 10 °C, it lasted longer [23]. The frequency of days with rainfall was more important than the total rainfall. In the UK, pseudothecia of L. maculans and L. biglobosa matured in a temperature range between 5 and 20 °C; the higher the temperature, the faster the pseudothecia maturation [24]. Huang et al. [25] reported that the optimum temperature for pseudothecia maturation was 14–15 °C. In Poland, cumulative precipitation in the last 10 days of September directly affected the ascospore release and resulted in higher stem canker epidemics [8].



The pathogen species L. maculans and L. biglobosa have a worldwide distribution. The current geographic range of these two species may reflect their worldwide spread through infected seeds [9]. The biological and epidemiological differences between L. maculans and L. biglobosa allow the two species to coexist through occupation of different ecological niches due to differences in time and site of infection or distinct infection strategy (lesion type) [11]. A mixed population of L. maculans and L. biglobosa occurs in the western European countries including France, Germany, Lithuania, Poland, and the UK, but regional variations in the frequencies of the two species have been reported [26,27,28,29]. In Canada, where L. biglobosa was initially widespread, the first isolation of L. maculans was recorded in Saskatchewan in 1975 [30]. However, by 1984, L. maculans had moved westwards to Alberta and an increase in severity of epidemics was associated with this spread [18]. Both L. maculans and L. biglobosa have been identified in the USA [9], Mexico [31], Brazil [32], and Argentina [33]. In Poland, there are differences in the Leptosphaeria pathogen population structure between regions and seasons [34]. The regional variation in the incidence of phoma stem canker may be related to differences in climate, as disease incidence is greater in the western part of Poland where the climate is milder as compared to the east of the country, which is associated with a cold climate [8].



According to previous studies, azole fungicides are very valuable for protecting oilseed rape against L. maculans and L. biglobosa, but are effective for the limited period of time due to the degradation of active ingredients, leaf expansion, and the production of new untreated leaves [35,36,37,38,39,40,41]. However, the toxicity of some fungicides makes them dangerous for the environment, including direct impacts on humans [42], animals [43], plants [44], soil [45], water [46], and air [47]. At present, the fungicide applications against stem canker of winter oilseed rape are arbitrarily done from one to three times in the autumn at different growth stages of winter oilseed rape and the time of fungicide application mainly depends on the use of plant growth regulators (PGRs) suppressing the shoot growth before the winter pause. In the context of the most recent EU policy called European Green Deal [48] with the aim of improving the well-being of people, numerous pesticides have already been or will soon be withdrawn. The idea is to replace toxic compounds with less or none-toxic, thus protecting our natural habitat and providing the farmers with disease forecasting systems, helping to pinpoint the optimal time of their application.



The aim of this work was to determine: (1) the effect of weather in the autumn period on disease incidence and severity before winter pause (phoma leaf spotting) and before harvest (stem canker), (2) the impact of stem canker on seed yield and quality of winter oilseed rape, (3) the best period of the azole fungicide application to manage stem canker of winter oilseed rape, (4) the frequency of L. maculans and L. biglobosa species isolated from phoma leaf spotting and stem canker symptoms (composition of Leptosphaeria population within a plant of oilseed rape). To achieve this goal, we performed multi-year field experiments at two sites in south-west Poland, where stem canker is usually severe. The experiments followed the same regime of fungicide treatments (eight single sprays at weekly intervals in the autumn and an unsprayed control). We observed disease symptoms in late autumn and before harvest, compared disease incidence and severity with seed yield and seed quality. The results are discussed in relation to meteorological data in the autumn, which is the crucial period for the onset of plant infection, i.e., phoma leaf spotting, leading to the stem canker phase before harvest in the following summer.




2. Materials and Methods


2.1. Location of Experimental Sites


The study was conducted in the Opole Region. The field experiments were designed to compare a single fungicide application, done at weekly intervals over 8 weeks, for efficacy against stem canker of winter oilseed rape over four consecutive growing seasons (from 2009/2010 to 2012/2013). Each vegetative growing season started at sowing time (mid- to end-August) and ended in the following summer (harvest in July). The field experiments were located in Glubczyce (50°12′0.339″N, 17°49′45.552″E) and Toszek (50°27′18.383″N, 18°31′5.017″E) located 65 km apart.




2.2. Meteorological Data


Meteorological data covering years of studies were provided by the weather station located close to the field (300–500 m, depending on the year and the experimental site). Selected meteorological variables were examined in this study, i.e., mean, maximal, minimal air temperature at 2 m, and rainfall.




2.3. Field Experiments


The field experiments were done using the winter oilseed rape hybrid cultivar PR46W10 (Pioneer Hi-Bred, Solihull, UK). According to previous studies, this cultivar is susceptible to stem canker [49]. The individual plots were 1.5-wide and 10-m long, replicated 3 times. The distance between rows was 30 cm and the sowing rate was 45 seeds m−2. Seeds were commercially pre-treated by Cruiser 322 FS (Syngenta Crop Protection AG, Bazylea, Switzerland). Each year, there were eight single fungicide treatments applied at weekly intervals in the autumn on individual plots. The starting point for fungicide applications was the fourth fully developed true leaf (BBCH 14) according to Zadoks [50] which was at late September (BBCH14), through 8 subsequent weeks (BBCH 14, 8 weeks), which lasted to mid-November when the growth stage of oilseed rape plants was 9 or more fully developed true leaves (BBCH 19), as shown in Figure 1 and Table 1. During this period, the plants of winter oilseed rape get infected with ascospores of L. maculans and L. biglobosa [51]. A fungicide containing 250 g/L flusilazole (Capitan 250 EW) at the dose of 0.5 L·ha−1 was prepared. This preparation was officially registered during field experiments and now is withdrawn from the market. The fungicides that are most commonly used in Europe to protect oilseed rape from the stem canker contain azole-based active substances, including flusilazole. In the event of rain, applications were shifted 1–2 days later.



The control variant was not treated with the fungicide. For each variant, the disease incidence (percent of infected plants) and disease severity (intensity of disease symptoms) were assessed on 30 randomly selected plants in each of three replicates. Before the winter vegetation pause (mid-November), phoma leaf spotting was evaluated according to the scale from 0 to 4, where 0 was no visible disease symptoms and 4 was numerous (over 10) leaf spots per plant [52]. The stem canker symptoms were assessed ca. 2 weeks before the harvest, according to a scale from 0 to 9, where 0 was no visible symptoms and 9 was a plant totally damaged by the disease i.e., dry, with visible crown canker (plant lying on the soil or easy to pull out by hand from the soil) [53]. Moreover, the percentage of plants with phoma leaf spotting in the autumn as well as plants with stem canker before harvest were also calculated and expressed as a percentage of infected plants (disease incidence). Before harvest, the borders of 0.5 m were removed from both ends of field plots by the combined harvester and the seeds were harvested from the area of 1.5 × 9 m.




2.4. Study of Seed Quality


Apart from seed yield, the mass of one thousand seeds was measured for each plot and re-calculated to 90% of dry matter content. Chemical analyses of seeds included oil content—measured with the Soxhlet method [54], and total protein content—measured based on the nitrogen content, using the Kjeldahl method [55]. Glucosinolates were extracted from whole seeds of oilseed rape using methanol and then applied to a DEAE A25 Sephadex column (Sigma Aldrich, St. Louis, MO, USA) where they were desulfated after the addition of the enzyme H1-type sulfatase (Merck Life Science UK Limited, Dorset, UK). The liquid phase was evaporated and, after silylation, the glucosinolates were determined by gas chromatography on Agilent 6890 chromatograph with FID detector and ChemStation software (Agilent Technologies, Santa Clara, CA, USA). The DB-23 capillary column working at 200 °C, with hydrogen as gas carrier, was applied (Agilent Technologies, Santa Clara, CA, USA). The injector and detector temperature was set to 220 °C. The internal standard was glucotropeoline (Merck Life Science UK Limited, Dorset, UK).




2.5. Sampling, Isolation, and Identification of Leptosphaeria Isolates from Plants


Isolates of Leptosphaeria spp. were obtained from 20 arbitrarily selected leaves of oilseed rape with visible symptoms of phoma leaf spotting. The sampling was done each autumn from control plots. In addition, 20 stems of oilseed rape with visible symptoms of phoma stem canker were collected before harvest, during disease assessment. Tissue samples with disease symptoms were surface disinfected with 1% of sodium hypochlorite for 2 min, followed by three washings in sterile distilled water for 2 min each. Small parts of disinfected plant fragments were placed on a Potato Glucose Agar medium (PDA, Merck Life Science UK Limited, Dorset, UK) supplemented with a 0.02% solution of streptomycin sulphate (Merck Life Science UK Limited, Dorset, UK). Fungal isolates were subcultured until they were free of bacteria and other contaminants in a shaken culture of the isolate grown on Czapek–Dox liquid medium (A&A Biotechnology, Gdansk, Poland). A hyphal tip of each isolate was collected with a sterile needle and a dissecting microscope and subcultured on a fresh PDA medium. In total, 147 isolates were obtained from leaves and 145 isolates originated from stems of oilseed rape. The taxonomic identification was based on culture morphology. The colonies of L. biglobosa were regular, circular, and the dark brown pigment was partially excreted to the agar medium and partially oozing from the mycelium in a form of dark brown droplets; pycnidia were relatively sparse. The cultures of L. maculans were less regular, white-beige, and speckled with numerous pycnidia.




2.6. Statistical Analyses


The statistical analyses were done using the programme Statistica version 13.0 (StatSoft Inc., Warsaw, Poland). Inference about the significance of differences between treatments (fungicide application variant × experimental site × year/season) was conducted using one way ANOVA and was determined using a post hoc Tukey test (p ≤ 0.05). For all variables with the same letter, the difference between the means was not statistically significant. To compare disease incidence, disease severity, and seed yield, the Spearman’s rank correlation coefficient was calculated (p ≤ 0.05) after checking, with Shapiro–Wilk test, the null hypothesis that a sample originates from a normally distributed population.





3. Results


3.1. Meteorological Data


The meteorological measurements for the autumn seasons of 2009–2012 are presented in the figures and in the Supplementary Materials (Figure 2 and Table S1—Glubczyce; Figure 3 and Table S2—Toszek). The overall analysis of mean temperature and rainfall helped to divide autumn seasons into four categories: (1) cold and wet, (2) cold and dry, (3) warm and wet, and (4) warm and dry. The autumn was regarded as cold when the mean temperature in the period starting with the first spray (Spray 1) and ending one week after the last spray (Spray 8) was below 7.5 °C, whereas the autumn was regarded as warm, when the mean air temperature was 7.5 °C and over. Very contrasted temperatures among the study years allowed easy categorizations into cold and warm autumns.



Cold autumns were noted in Glubczyce 2009 and 2011 as well as Toszek 2009, the remaining autumn periods were classified as warm. Autumn was regarded as wet when the cumulative rainfall for the period starting with the first spray (Spray 1) and ending one week after the last spray (Spray 8) was over 100 mm, whereas autumn with rainfall below this value was classified as dry. Values for dry autumn were mostly in the range of 30–40 mm of rain. The exception was observed in 2010 at Glubczyce, where the very high rainfall was noted only at the very beginning and the end of the above mentioned period (Table S1); although it accounted for 104 mm, the autumn was mostly dry. Beside this case, dry autumns were noted in Glubczyce 2011 and Toszek 2011.



In summary, (1) cold and wet autumn periods were in Glubczyce 2009 and Toszek 2009, (2) cold and dry autumn was in Glubczyce 2011, (3) warm and wet autumn was in Glubczyce 2012, Toszek 2010, and Toszek 2012, and (4) warm and dry autumn was in Glubczyce 2010 and Toszek 2011.




3.2. Composition of the Pathogen Population


A total of 292 hyphal tip isolates were obtained from the lesions on the leaves (phoma leaf spots) and stems (crown cankers and upper parts of stems). Both L. maculans and L. biglobosa were isolated from the samples collected in Glubczyce and Toszek (Table 2). The proportions between the species strongly depended on the season. In the autumn, the predominant species causing leaf-spotting at both places was L. maculans (74.7%). Each summer, the dominant species on stems of oilseed rape was L. biglobosa; it was re-isolated from 72% of stem canker and upper stem symptoms.




3.3. Effect of Spray Time on Plant Health


A significantly higher disease incidence was observed on untreated plots or on plots where sprays were done late in the season (4–19 November). In the autumn in Glubczyce, the disease severity on leaves of untreated plants was from 2.7-fold (2011) to 45.7-fold (2010) higher than in plants treated by the fungicide (Table 3). At the same time in Toszek, the difference between the treated and untreated plots varied from 2.6 (2009) to 9.7 (2010), with more infection on control (untreated) plants.



The sprays done in November, i.e., late in the season, close to the winter pause, were the least effective. In this case, the percentage of infected plants ranged from 11.6% (2011) to 35% (2010) in Glubczyce and from 8% (2009) to 20.5% (2010) in Toszek.



Fungicide sprays with flusilazole had a significant impact on the severity of phoma leaf spotting and stem canker on winter oilseed rape plants. This effect was observed at both experimental sites, all years and seasons (autumn—phoma leaf spotting and summer—stem canker). The highest disease severity in a given season was always observed on all control variants, untreated with the fungicide. However, in some cases, namely Glubczyce 2010 and 2012 (Figure 4) as well as Toszek 2009, 2010, and 2012 (Figure 5), the severe symptoms of phoma leaf spotting were also observed on sprayed variants. The application of flusilazole at these times were not efficient. In the case of Glubczyce 2009 (Figure 4) and Toszek 2009 (Figure 5), the inefficient spray was S1, the earliest fungicide application in the season. The other cases concern the late (Toszek 2010, S5–S7) or the latest (Glubczyce 2012, S8) applications in the season. Similar effect of fungicide applications was found in respect to the symptoms of stem canker disease stage. The inefficient fungicide applications mostly concerned the same site × year combinations in Glubczyce (Figure 6) and Toszek (Figure 7).



The Spearman’s rank correlation coefficients between the incidence and severity of phoma leaf spotting ranged from 0.41 (Glubczyce, autumn 2009) to 0.86 (Toszek, autumn 2012) (Supplementary Materials, Table S3).



The results depended on the way of calculation and they were usually, but not always, higher when all assessed plants were considered (severity of all plants, with and without phoma leaf spotting), and slighly lower (by 0.09 on average) when the calculation concerned only the plants with disease symptoms (severity of infected plants). The Spearman’s rank correlation coefficients between the incidence and severity of stem canker symptoms ranged from 0.52 (Toszek, summer 2012) to 0.97 (Toszek, summer 2013) (Supplementary Materials, Table S3). The differences between the calculations for the severity of all observed plants (with and without the symptoms of stem canker) and the severity of plants with stem canker symptoms was slightly higher 0.13), and it ranged from 0.02 (Toszek, summer 2009) to 0.28 (Toszek, summer 2013) (Table S1).




3.4. Effect of Spray Time on Seed Yield


The relationship between the time of fungicide application and seed yield were significant in three out of eight site × year combinations (Glubczyce 2013, Toszek 2011, Toszek 2013). Significantly higher yield was obtained in the variants with the lowest percentage of infected plants and the lowest disease severity. In the summer 2013 in Glubczyce, the increase in yield in plots treated at the optimal time was 7.2 dt·ha−1 as compared to untreated controls (Table 4). In the summer 2011 in Toszek, the increase of yield was 5.2 dt·ha−1 (Table 5). The Spearman’s rank correlation coefficients between disease incidence and yield ranged from −0.09 (Glubczyce, summer 2012) to −0.93 (Toszek, autumn 2010) (Table S3). The highest correlations were obtained for Glubczyce vegetative season 2012/2013 as well as for Toszek 2010/2011 and Toszek 2012/2013. In these vegetative seasons, the autumn periods were always warm and wet (see the results presented in Section 3.1).




3.5. Effect of Spray Time on Seed Quality


Oil content in the seeds ranged from 46.01% to 48.57% in Glubczyce (Table 4) and from 44.13% to 48.62% in Toszek (Table 5). In comparison to seeds from untreated plots only in the season 2009/2010 in Glubczyce oil content from plots treated with the fungicide was significantly higher (Table 4). In all remaining site × year combinations tested, this parameter was not affected by the time of fungicide application.



Differences in seed protein concentration in relation to time of fungicide application were also statistically insignificant. Only in the season 2009/2010 in Glubczyce (Table 4) and 2010/2011 in Toszek (Table 5), the percent of proteins in seeds was significantly higher than in seeds from untreated plots. The effect of the fungicide application on the mass of thousand seeds was observed at one site-year. In season 2011/2012 in Toszek, the difference was very high and it reached 1.32 g per one thousand seeds (Table 5).



Fungicide treatments had no clear relation to the amount of glucosinolates in harvested seeds (Table 6 and Table 7). There were no statistically significant relationships between variants treated with flusilazole and the control. The level of indole glucosinolates was higher in a few variants treated with the fungicide as compared to control. For example, in Glubczyce, for seeds harvested in 2011 and 2012, fungicide treatment in few variants coincided with the lower content of gluconapine, and for seeds harvested in 2011, it was linked with less progoitine (Table 6). In some cases, fungicide treatment coincided with the lower content of alkenyl glucosinolates as compared to the control. In Glubczyce seeds harvested in 2010 and 2012 from fungicide-treated plots had lower levels of glucobrassicanapine and seeds harvested in 2011 had lower content of napoleiferine (Table 6). In Toszek, such relationship was not found (Table 7).





4. Discussion and Conclusions


In our study, in three out of eight site × year combinations, the seed yield of oilseed rape was significantly higher after a single fungicide treatment made in the autumn, at the plant rosette stage. The significant impact of stem canker on the decrease of winter oilseed rape yield was noted only in years with warm and wet autumn, when a cumulative mean temperature of the autumn weeks between BBCH14 and BBCH19 plant growth stages (8 weeks) exceeded 60 °C and the precipitation in this period exceeded 110 mm of rain. Stem canker affected seed yield only when these two parameters were combined. Under these conditions, the highest seed yield, significantly differing from the unsprayed control, was obtained two times when the application of the fungicide was done between BBCH14–BBCH16 (four to six true leaves) and one time when fungicide application was done between BBCH15–BBCH17 (five to seven true leaves). Fungicide applications at BBCH15–BBCH16 (5–6 true leaves) are recommended.



It is widely known that the weather directly affects plant disease development, and this phenomenon is also true for stem canker of winter oilseed rape [8,9]. In recent years, a lot of attention has been paid to the effects of climate change on the development of crop plant epidemics. In the UK, the predictions showed a high probability of much earlier start of the stem canker stage in 2050, as compared to 1990 [21]. Moreover, the predicted severities of stem canker at harvest increased to reach 2.3 in 2050, on the 0–4 scale. In Poland, the prolonged plant vegetation caused by higher air temperature has been increasing in the last years; in the period of 2000–2010, there were two years with an average autumn temperature higher than the multi-year average, whereas in 2011–2020, the number of warm autumns doubled as compared to the previous 10 years (https://www.imgw.pl/sites/default/files/2021-02/imgw-pib-klimat-polski-2020-opracowanie.pdf accessed on 7 June 2021). One may speculate that weather change, if continued in the current direction, will increase the risk of stem canker of oilseed rape in Poland, and generally in central and eastern Europe. By now, the disease was mitigated by cold autumns and winter frosts, whereas warmer autumns and mild winters, accompanied by rain and no snow cover, may dramatically increase the progression of the infections caused by L. maculans and L. biglobosa. It may also contribute to higher and longer periods of the inoculum occurrence. The evidence that warm and wet autumns will affect seed yield is supported by the observations that stem canker epidemics are most severe in countries with Mediterranean climates [9,21].



In our experiment, the incidence of phoma leaf spotting in the autumn, in the seasons when the seed yield increase resulting from plant treatment with azole fungicide was significant, ranged between 2 and 21% of infected plants, whereas in fungicide untreated controls, it ranged between 11 and 22% of infected plants. In general, the disease severity (percentage of infected plants) showed higher correlation with seed yield, as compared to the disease incidence, both in the case of phoma leaf spotting and stem canker stage. Phoma leaf spotting and stem canker symptoms, in five out of eight site x year combinations studied by our team, did not lead to the decrease of seed yield of winter oilseed rape.



High disease severity leads to high yield losses [56]. Fungicide application may decrease the severity of the disease, but it will not necessarily increase the seed yield [57]. Huang et al. [58] showed that fungicides applied to the plants with phoma leaf spotting prevented the pathogen from further developing and no hyphae was visible along the leaf petiole; these results were obtained in vitro and their transposition to field settings remain unclear. Studies done at different climatic regions of Poland demonstrated a very strong relationship between the fungicide treatments and health status of oilseed rape plants [41,59]. However, the best time for fungicide application varied from year to year and it differed between the weather zones [59].



In the UK, the application of fungicides significantly reduced the number of leaf lesions, when the incidence of L. maculans leaf spotting reached 10% of plants. Additional fungicide treatments further decreased the number of leaf lesions, but the effect was much smaller as compared to the earlier fungicide application [60]. In Poland, since 2017 the fungicide applications are recommended when 10% of oilseed rape plants show phoma leaf spots in the autumn or 15% of plants have such leaf lesions in the following spring [61]. However, in this study, even 30% of plants with phoma leaf spots did not lead to the significant yield loss, if the severity of leaf symptoms was low and the autumn was cold (as was the case of Glubczyce 2009/2010) or dry (Glubczyce 2010/2011). Spring droughts often encountered in Poland [62] can further change the severity of phoma stem canker.



Optimization of the timing of fungicide application based on the percentage of affected plants relies upon regular disease assessments and there is a threat that the pathogen can quickly reach the stem [10,36]. Such case is likely, when a protective treatment is delayed, e.g., due to weather conditions that are not suitable for the fungicide spray. The use of accurate system to predict the risk of plant infection or the model to predict the onset of ascospores allow effective deployment of disease control measures [39]. The decision on fungicide applications should be made on a local or farm scale [34].



The application of flusilazole-based fungicide done in this study had little or no effect on seed quality parameters. The oil content increased in the seeds of winter oilseed rape after a fungicide application only in the season where the incidence of phoma leaf spotting and stem canker was the highest among the studied site × year combinations (over 30% of infected plants both in the autumn and at harvest time). However, there was a clear tendency to increase oil content after the azole-fungicide treatment. In contrast, McCartney and collaborators found that phoma stem canker may affect oil content in seeds of oilseed rape, but there were differences between double-low and high erucic acid cultivars [63]. Seeds harvested from the fungicide-untreated plots of double-low cultivars usually had lower oil contents (up to 5%) than corresponding fungicide-treated plots. Furthermore, severe disease symptoms caused changes in the fatty acid composition. Similarly to oil content, the changes depended on the cultivar, the local disease pattern, and harvesting year peculiarities [63].



The glucosinolate content depends on genetic factors [64], agrotechnical procedures [65,66], and environmental conditions [67]. Moreover, some authors pointed out that fungicide treatments had an effect on the amount of glucosinolates in harvested seeds [41,68]. Paclobutrazole significantly reduced glucosinolates in the seeds of oilseed rape in comparison with untreated control plants [68]. In our previous studies, fungicide treatment coincided with the increase of indole glucosinolates and decreased content of alkenyl glucosinolates [41]. In this study, such correlation was significant only in some cases.



This experiment confirmed our previous findings about the seasonal changes in the populations of L. maculans and L. biglobosa inhabiting plant tissues. Both studied species of Leptosphaeria were present at different frequencies, depending on the stage of disease development. In the autumn, L. maculans was predominant on leaves of oilseed rape plants (phoma leaf spotting stage) and the species L. biglobosa was more frequent on stems, which is a possible consequence of its faster progression from the leaf lamina to the stem [39,40]. Similar findings were obtained in the Polish province of Lower Silesia [41]. In the Czech Republic, in autumn seasons, the dominant pathogen was L. maculans. This was confirmed in 98% of samples of infected oilseed rape leaves [68]. In the UK, in 2001–2003, when isolates from stem cankers were visually identified as L. maculans or L. biglobosa based on cultural morphological characteristics, 70% were L. maculans and 30% were L. biglobosa [39]. The quantities of L. maculans DNA were greater in cankers from southern England and those of L. biglobosa DNA were greater in northern England [69]. Moreover, the use of fungicides affects pathogen populations, since L. maculans and L. biglobosa differ in their sensitivities to active substances present in fungicides, with L. biglobosa being less sensitive to fungicides than L. maculans [13,38,40]. This suggests that regional variation in regimes of fungicide application may affect the occurrence of L. maculans and L. biglobosa. Both species are distributed worldwide and they coexist in many regions [11]. There is evidence that L. maculans was invading areas previously colonized only by L. biglobosa [70]. In the 1990s in Poland, L. biglobosa prevailed (95%) [71], whereas in this study, both species populations were equal, but differed along the season, with L. maculans prevailing on leaves and L. biglobosa dominating on stems. Fitt and collaborators [9] concluded that L. biglobosa predates L. maculans in evolutionary terms, thus it may be adapted to a wider range of environmental conditions.



Although both species differ in their sensitivity to fungicides [38,39,40], they are sensitive to the same active substances. Sewell and collaborators [72] demonstrated that penthiopyrad used jointly with picoxystrobin and prothioconazole can decrease phoma stem canker of winter oilseed rape. In the studies done by Zamani-Noor and Knüfer [57], the disease severity was the lowest after the application of fluxapyroxad combined with tebuconazole. The application of these fungicides was the most effective treatment in reducing yield losses, but it did not significantly affect seed quality. Other studies in controlled environment and field conditions investigated effects of the fungicide containing flusilazole and carbendazim on the growth of L. maculans and L. biglobosa and great differences were found between the reactions of these two species [72]. In controlled environment experiments, fungicide treatment decreased the lesion size and amount of pathogen DNA in leaves, but only in the case of L. maculans. Similarly to our experiment, fungicide treatment decreased phoma leaf spotting and stem canker severity, but the yield increase was found only in three out of eight cases. Huang and collaborators [73] concluded that the interplay between L. maculans and L. biglobosa may impact the final disease symptoms. In general, our experiment as well as the experiment by Huang et al. [73] have demonstrated the efficacy of flusilazole. Unfortunately, recent studies proved its toxicity to the endocrine system [74].



Due to their effectiveness toward L. maculans and L. biglobosa, azole fungicides that are less toxic to the environment remain a useful component of the integrated control of phoma stem canker [72]. Apart from flusilazole, used in this study, and tebuconazole, mentioned above [57], there are several other azole fungicides, including difenoconazole, prothioconazole, metconazole, paclobutrazole, and tetraconazole currently registered to protect oilseed rape against the stem canker. They all belong to the same group of active substances and their common target is lanosterol 14-α demethylase—a key enzyme in the biosynthesis of ergosterol in fungi. Sewell and coauthors [72] hypothesized that different sensitivity to azoles plays a role in pathogen frequency change in crops. The authors compared homologous protein models, identified highly conserved residues, particularly at the azole binding site, and only minor differences were found in sensitivity checked in vitro and in planta. The authors [72] concluded that both proteins are similarly sensitive to azole fungicides.



Based on our findings, we concluded that seed yield loss caused by phoma stem canker of oilseed rape was significant only in the years with warm and wet autumn. Many fungicide treatments against stem canker of winter oilseed rape could be avoided if the fungicide applications were made based on accurate local weather predictions. The precise pesticide applications can help maintain the profitability and sustainability of winter oilseed rape. Currently, much hope is also attributed to resistance breeding, as the specific resistance loci in plants (Rlm resistance genes) are highly efficient in controlling the pathogen populations, but improved resistance management for durable disease control is in demand [75]. Due to the ban of several substances—active against Leptosphaeria species, there are also great hopes and expectations connected with the new bio-based formulations.
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Figure 1. Field experiment scheme, showing eight single application timings of winter oilseed rape cv. PR46W10 with the fungicide Capitan 250 EW at the dose of 0.5 L·ha−1, containing 250 g·L−1 flusilazole. The sprays were done at weekly intervals. Control was not treated with the fungicide. 
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Figure 2. Meteorological data obtained at Glubczyce experimental site in the autumn. Grey line—temperature (°C), black bars—rainfall (mm). Numbers in circles point out the days of fungicide sprays (flusilazole 250 g·L−1) against stem canker (Leptosphaeria maculans, L. biglobosa). Each experiment variant was a single application, and the sprays were done on winter oilseed rape cv. PR46W10, at weekly intervals. 
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Figure 3. Meteorological data obtained at Toszek experimental site in the autumn. Grey line—temperature (°C), black bars—rainfall (mm). Numbers in circles point out the days of fungicide sprays (flusilazole 250 g·L−1) against stem canker (Leptosphaeria maculans, L. biglobosa). Each experiment variant was a single application, and the sprays were done on winter oilseed rape cv. PR46W10, at weekly intervals. 
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Figure 4. Severity of phoma leaf spot (autumn 2009–autumn 2012), caused by Leptosphaeria maculans and L. biglobosa in Glubczyce (Opole Region, Poland) in response to fungicide applications (flusilazole 250 g·L−1) on winter oilseed rape plants (cv. PR46W10). Each spray (S1–S8) was a single application made at one-week intervals, starting from late September (BBCH 14) through mid-November (BBCH19) (see Figure 1 for experiment scheme and Table 1 for spray dates). The severity of phoma leaf spot was evaluated using a 1–4 scale (1: 1–2 leaf spots per plant, 2: 3–5 leaf spots per plant, 3: 6–9 leaf spots per plant, and 4: >10 leaf spots per plant). Control plants were not sprayed with the fungicide. 
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Figure 5. Severity of phoma leaf spotting (autumn 2009–autumn 2012), caused by Leptosphaeria maculans and L. biglobosa in Toszek (Opole Region, Poland) in response to fungicide applications (flusilazole 250 g·L−1) on winter oilseed rape plants (cv. PR46W10). Each spray (S1–S8) was a single application made at one-week intervals, starting from late September (BBCH 14) through mid-November (BBCH 19) (see Figure 1 for experiment scheme and Table 1 for spray dates). The severity of phoma leaf spot was evaluated using a 1–4 scale (1: 1–2 leaf spots per plant, 2: 3–5 leaf spots per plant, 3: 6–9 leaf spots per plant, and 4: >10 leaf spots per plant). Control plants were not sprayed with the fungicide. 
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Figure 6. Severity of stem canker (harvest: summer 2010–summer 2013), caused by Leptosphaeria maculans and L. biglobosa in Glubczyce (Opole Region, Poland) in response to fungicide applications (flusilazole 250 g·L−1) on winter oilseed rape cv. PR46W10 plants. Each spray (S1–S8) was a single application; the sprays were done in the previous autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). The severity of stem canker symptoms were evaluated using a 1–9 scale (1: <10% girdling of the stem, 2: 10% girding, 3: 11–20% girdling, 4: 21–30% girdling, 5: 31–50% girdling, 6: 51–75% girding, 7: 76–100%, 8: girdling + stem weakness, and 9: 100% girdling and stem death). In the Figure, the evaluations are grouped as follows: 1–2 (low severity), 3–4 (moderate severity), 5–6 (high severity), and 7–9 (very high severity). Control plants were not sprayed with the fungicide. 
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Figure 7. Severity of stem canker (harvest: summer 2010–summer 2013), caused by Leptosphaeria maculans and L. biglobosa in Toszek (Opole Region, Poland) in response to fungicide applications (flusilazole 250 g·L−1). Each spray (S1–S8) was a single application, and the sprays were done on winter oilseed rape cv. PR46W10 plants, in the previous autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). The severity of stem canker symptoms were evaluated using a 1–9 scale (1: <10% girdling of the stem, 2: 10% girding, 3: 11–20% girdling, 4: 21–30% girdling, 5: 31–50% girdling, 6: 51–75% girding, 7: 76–100%, 8: girdling + stem weakness, and 9: 100% girdling and stem death). In the Figure, the evaluations are grouped as follows: 1–2 (low severity), 3–4 (moderate severity), 5–6 (high severity), and 7–9 (very high severity). Control plants were not sprayed with the fungicide. 
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Table 1. Dates of sowing and fungicide applications of winter oilseed rape cv. PR46W10, in two experimental sites (Glubczyce and Toszek), Opole Region, Poland in four years.
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Applications

	
Autumn 2009

	
Autumn 2010

	
Autumn 2011

	
Autumn 2012




	
Glubczyce

	
Toszek

	
Glubczyce

	
Toszek

	
Glubczyce

	
Toszek

	
Glubczyce

	
Toszek






	
Sowing

	
19 Aug.

	
21 Aug.

	
24 Aug.

	
19 Aug.

	
16 Aug.

	
19 Aug.

	
23 Aug.

	
24 Aug.




	
Spray 1 *

	
30 Sept.

	
30 Sept.

	
24 Sept.

	
23 Sept.

	
27 Sept.

	
24 Sept.

	
17 Sept.

	
20 Sept.




	
Spray 2

	
9 Oct.

	
6 Oct.

	
1 Oct.

	
30 Sept.

	
4 Oct.

	
30 Sept.

	
24 Sept.

	
27 Sept.




	
Spray 3

	
14 Oct.

	
15 Oct.

	
7 Oct.

	
7 Oct.

	
11 Oct.

	
6 Oct.

	
30 Sept.

	
3 Oct.




	
Spray 4

	
22 Oct.

	
22 Oct.

	
14 Oct.

	
15 Oct.

	
19 Oct.

	
14 Oct.

	
8 Oct.

	
10 Oct.




	
Spray 5

	
29 Oct.

	
31 Oct.

	
22 Oct.

	
21 Oct.

	
25 Oct.

	
20 Oct.

	
15 Oct.

	
15 Oct.




	
Spray 6

	
5 Nov.

	
6 Nov.

	
29 Oct.

	
28 Oct.

	
2 Nov.

	
27 Oct.

	
24 Oct.

	
24 Oct.




	
Spray 7

	
13 Nov.

	
13 Nov.

	
4 Nov.

	
5 Nov.

	
8 Nov.

	
4 Nov.

	
30 Oct.

	
30 Oct.




	
Spray 8 **

	
19 Nov.

	
19 Nov.

	
12 Nov.

	
12 Nov.

	
16 Nov.

	
11 Nov.

	
6 Nov.

	
6 Nov.








* plant growth stage BBCH 14 ** plant growth stage BBCH19.
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Table 2. Frequency (%) of Leptosphaeria spp. species isolated from winter oilseed rape plants in Glubczyce and Toszek in phoma leaf spot stage (autumn 2009–2012) and stem canker stage (summer 2010–2013).
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Vegetative Season

	
Phoma Leaf Spot

	
Stem Canker




	
L. maculans

(%)

	
L. biglobosa

(%)

	
No.

of Isolates

	
L. maculans

(%)

	
L. biglobosa

(%)

	
No.

of Isolates




	
Glubczyce

	

	

	

	

	

	




	
2010/2011

	
72.4

	
27.6

	
29

	
20.0

	
80.0

	
15




	
2011/2012

	
68.4

	
31.6

	
38

	
20.0

	
80.0

	
20




	
2012/2013

	
78.6

	
21.4

	
14

	
42.9

	
57.1

	
7




	
2013/2014

	
78.9

	
21.1

	
19

	
33.3

	
66.7

	
36




	
Toszek

	

	

	

	

	

	




	
2010/2011

	
66.67

	
33.33

	
6

	
31.6

	
68.4

	
19




	
2011/2012

	
75.00

	
25.00

	
12

	
21.4

	
78.6

	
14




	
2012/2013

	
80.00

	
20.00

	
20

	
35.7

	
64.3

	
14




	
2013/2014

	
77.78

	
22.22

	
9

	
15.0

	
85.0

	
20
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Table 3. Incidence (percent of infected plants) of phoma leaf spot and stem canker, caused by Leptosphaeria maculans and L. biglobosa at two experimental sites in Poland (Glubczyce and Toszek, Opole Region) in response to fungicide (flusilazole 250 g·L−1) application time. Each spray (1–8) was a single application on winter oilseed rape plants (cv. PR46W10) made at one-week intervals, starting from late September (BBCH 14) through mid-November (BBCH 19) (see Figure 1 for experiment scheme and Table 1 for spray dates).
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Fungicide

Application

	
2009/2010

	
2010/2011

	
2011/2012

	
2012/2013




	
2009

	
2010

	
2010

	
2011

	
2011

	
2012

	
2012

	
2013




	
Phoma

Leaf Spot

	
Stem

Canker

	
Phoma

Leaf Spot

	
Stem Canker

	
Phoma

Leaf Spot

	
Stem

Canker

	
Phoma

Leaf Spot

	
Stem Canker






	
Glubczyce

	

	

	

	

	

	

	

	




	
Spray 1

	
15.08 bc*

	
18.30 ab

	
4.66 ab

	
8.00 ab

	
6.33 a

	
7.01 a

	
8.00 ab

	
3.00 a




	
Spray 2

	
7.87 a

	
14.23 a

	
0.67 a

	
6.67 ab

	
7.80 ab

	
9.39 a

	
6.67 a

	
4.33 a




	
Spray 3

	
11.07 ab

	
18.30ab

	
4.67 ab

	
4.00 a

	
9.29 abc

	
9.28 a

	
6.67 a

	
4.33 a




	
Spray 4

	
17.25 c

	
18.63 b

	
9.33 bc

	
4.00 a

	
11.85 bcd

	
13.22 b

	
10.00 ab

	
5.67 a




	
Spray 5

	
29.66 c

	
18.30 ab

	
15.33 cd

	
4.00 a

	
7.37 ab

	
22.37 d

	
10.67 ab

	
7.00 a




	
Spray 6

	
35.92 d

	
23.04 c

	
29.33 e

	
4.00 a

	
11.59 bcd

	
16.27 bc

	
13.00 b

	
21.33 b




	
Spray 7

	
35.24 d

	
27.11 cd

	
26.67 de

	
5.33 a

	
14.55 d

	
19.55 cd

	
9.67 ab

	
18.67 b




	
Spray 8

	
34.33 cdc

	
27.79 d

	
30.00 e

	
10.00 b

	
13.52 cd

	
18.52 c

	
21.00 c

	
21.00 b




	
Control

	
29.63 c

	
30.17 d

	
30.67 e

	
10.67 b

	
17.34 e

	
26.41 e

	
22.00 c

	
22.00 b




	
Toszek

	

	

	

	

	

	

	

	




	
Spray 1

	
9.00 ab

	
4.33 abc

	
11.67 cd

	
11.30 de

	
3.10 a

	
5.47 a

	
3.67 ab

	
5.67 ab




	
Spray 2

	
7.00 a

	
2.67 a

	
8.22 b

	
5.86 abc

	
4.57 a

	
7.04 ab

	
2.34 a

	
4.34 ab




	
Spray 3

	
7.00 a

	
4.00 ab

	
2.14 a

	
3.14 a

	
4.90 a

	
6.94 ab

	
2.34 a

	
1.67 a




	
Spray 4

	
8.00 a

	
8.00 d

	
2.11 a

	
7.29 bc

	
8.62 b

	
10.88 bcd

	
5.67 abc

	
1.67 a




	
Spray 5

	
5.67 a

	
8.67 de

	
5.56 b

	
4.55 a

	
10.33 bc

	
10.59 bc

	
6.34 abcd

	
1.67 a




	
Spray 6

	
12.03 bc

	
6.00 bcd

	
11.22 c

	
9.57 cd

	
9.79 bc

	
12.15 cd

	
8.02 cde

	
1.67 a




	
Spray 7

	
8.00 a

	
7.00 d

	
20.48 e

	
17.43 f

	
11.32 c

	
12.80 cd

	
6.5 bcd

	
3.00 a




	
Spray 8

	
13.00 c

	
11.00 ef

	
12.01 cd

	
12.01 de

	
10.29 bc

	
14.67 d

	
10.33 de

	
7.67 b




	
Control

	
15.00 c

	
13.33 f

	
14.03 d

	
14.44 ef

	
10.11 bc

	
24.07 e

	
10.67 e

	
14.34 d








* Different letters are used to point out the fungicide sprays showing significant differences at p ≤ 0.05.
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Table 4. The effect of fungicide application (flusilazole 250 g·L−1) on seed yield quantity and quality of oilseed rape cv. PR46W10 F1, in 2009–2012, Glubczyce, Opole Region, Poland. Each spray (1–8) was a single application, done in the autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). Control plots were not treated with the fungicide.






Table 4. The effect of fungicide application (flusilazole 250 g·L−1) on seed yield quantity and quality of oilseed rape cv. PR46W10 F1, in 2009–2012, Glubczyce, Opole Region, Poland. Each spray (1–8) was a single application, done in the autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). Control plots were not treated with the fungicide.












	Fungicide Application
	Yield

(dt ha−1)
	Oil Content

(%)
	Protein Content

(%)
	Mass of Thousand Seeds (g)





	Autumn 2009
	
	
	
	



	Spray 1
	44.62 a*
	47.82 b
	21.10 ab
	4.08 ab



	Spray 2
	50.83 a
	47.82 b
	21.50 b
	4.10 ab



	Spray 3
	50.33 a
	47.69 b
	21.70 b
	4.06 ab



	Spray 4
	48.30 a
	47.80 b
	21.33 ab
	4.02 a



	Spray 5
	50.51 a
	48.12 b
	21.12 ab
	4.18 b



	Spray 6
	47.78 a
	47.64 b
	21.10 ab
	4.12 ab



	Spray 7
	46.65 a
	47.55 ab
	21.34 ab
	4.02 a



	Spray 8
	45.79 a
	47.51 ab
	21.40 ab
	4.08 ab



	Control
	47.04 a
	46.01 a
	20.53 a
	4.03 a



	Autumn 2010
	
	
	
	



	Spray 1
	54.15 a
	47.41 a
	21.30 a
	5.08 ab



	Spray 2
	56.08 a
	47.60 a
	21.70 a
	4.88 ab



	Spray 3
	54.16 a
	47.64 a
	21.90 a
	4.70 a



	Spray 4
	54.56 a
	47.29 a
	21.53 a
	5.28 ab



	Spray 5
	54.75 a
	47.22 a
	21.32 a
	5.30 ab



	Spray 6
	54.57 a
	47.02 a
	21.30 a
	5.06 ab



	Spray 7
	55.07 a
	46.36 a
	21.39 a
	5.26 ab



	Spray 8
	54.67 a
	46.29 a
	21.31 a
	5.48 b



	Control
	54.25 a
	46.12 a
	21.41 a
	5.00 ab



	Autumn 2011
	
	
	
	



	Spray 1
	41.45 a
	47.82 a
	19.51 ab
	4.42 ab



	Spray 2
	42.24 a
	48.57 a
	20.22 ab
	4.38 a



	Spray 3
	39.18 a
	47.57 a
	20.51 b
	4.34 a



	Spray 4
	41.04 a
	47.15 a
	19.70 ab
	4.50 b



	Spray 5
	41.19 a
	47.33 a
	19.40 ab
	4.44 ab



	Spray 6
	40.78 a
	47.73 a
	19.24 a
	4.34 a



	Spray 7
	39.65 a
	46.46 a
	19.34 ab
	4.40 ab



	Spray 8
	38.79 a
	48.16 a
	19.63 ab
	4.40 ab



	Control
	38.63 a
	46.11 a
	19.94 ab
	4.3 a



	Autumn 2012
	
	
	
	



	Spray 1
	44.73 d
	47.71 a
	19.57 a
	4.40 a



	Spray 2
	44.27 d
	47.71 a
	19.58 a
	4.59 ab



	Spray 3
	42.60 c
	47.58 a
	19.26 a
	4.70 abc



	Spray 4
	41.60 c
	47.71 a
	19.1 a
	4.86 abc



	Spray 5
	40.17 b
	48.01 a
	19.18 a
	5.01 abc



	Spray 6
	41.50 cd
	47.53 a
	19.36 a
	5.03 abc



	Spray 7
	40.03 b
	47.44 a
	19.30 a
	5.16 bc



	Spray 8
	39.93 b
	47.40 a
	18.9 a
	5.29 c



	Control
	37.10 a
	47.37 a
	18.78 a
	5.29 bc







* Different letters are used to point out the fungicide sprays showing significant differences at p ≤ 0.05.
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Table 5. The effect of fungicide application (flusilazole 250 g·L−1) on seed yield quantity and quality of winter oilseed rape cv. PR46W10 F1, in 2009–2012, Toszek, Opole Region, Poland. Each spray (1–8) was a single application, done in the autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). Control plots were not sprayed with the fungicide.
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	Fungicide Application
	Yield

(dt ha−1)
	Oil Content

(%)
	Protein Content

(%)
	Mass of Thousand Seeds

(g)





	Autumn 2009
	
	
	
	



	Spray 1
	36.56 a
	44.33 a
	21.83 c
	3.94 a



	Spray 2
	42.77 a
	45.03 a
	20.14 b
	3.99 a



	Spray 3
	42.94 a
	44.60 a
	19.89 ab
	3.81 a



	Spray 4
	41.64 a
	45.60 a
	19.65 ab
	3.72 a



	Spray 5
	42.45 a
	45.33 a
	19.54 ab
	3.66 a



	Spray 6
	39.72 a
	45.80 a
	19.50 ab
	3.68 a



	Spray 7
	38.59 a
	46.60 a
	18.64 ab
	3.69 a



	Spray 8
	37.73 a
	45.77 a
	18.55 a
	3.86 a



	Control
	37.57 a
	44.70 a
	19.32 ab
	4.07 a



	Autumn 2010
	
	
	
	



	Spray 1
	41.23 c
	44.70 a
	19.08 ab
	4.62 ab



	Spray 2
	42.21 c
	46.63 a
	18.75 ab
	4.57 ab



	Spray 3
	41.00 c
	46.23 a
	19.22 ab
	4.49 ab



	Spray 4
	41.07 c
	45.50 a
	18.86 ab
	4.47 ab



	Spray 5
	37.67 a
	45.17 a
	18.16 a
	4.28 a



	Spray 6
	37.00 a
	45.87 a
	18.96 ab
	4.33 ab



	Spray 7
	40.53 bc
	45.70 a
	19.65 b
	4.39 ab



	Spray 8
	40.00 b
	47.10 a
	18.42 a
	4.66 ab



	Control
	37.00 a
	44.13 a
	18.44 a
	5.02 a



	Autumn 2011
	
	
	
	



	Spray 1
	40.36 a
	47.20 a
	18.46 a
	4.76 c



	Spray 2
	41.15 a
	48.02 a
	21.14 cde
	4.74 c



	Spray 3
	38.09 a
	48.26 a
	21.30 de
	4.60 bc



	Spray 4
	39.95 a
	48.62 a
	21.29 de
	4.79 c



	Spray 5
	40.10 a
	48.48 a
	21.83 e
	4.31 abc



	Spray 6
	39.69 a
	48.21 a
	20.14 cd
	3.60 ab



	Spray 7
	38.56 a
	48.21 a
	19.89 abcd
	3.40 a



	Spray 8
	37.70 a
	47.57 a
	19.65 abc
	3.62 ab



	Control
	37.54 a
	46.44 a
	19.50 ab
	3.42 a



	Autumn 2012
	
	
	
	



	Spray 1
	40.00 bc
	45.79 a
	18.64 a
	4.93 ab



	Spray 2
	41.47 c
	45.50 a
	19.59 a
	4.84 ab



	Spray 3
	42.07 c
	44.20 a
	19.53 a
	4.89 ab



	Spray 4
	40.21 bc
	46.53 a
	19.24 a
	4.90 a



	Spray 5
	41.57 c
	47.37 a
	18.41a
	5.14 ab



	Spray 6
	40.90 c
	46.40 a
	18.97 a
	5.27 ab



	Spray 7
	40.00 bc
	46.73 a
	19.24 a
	5.39 c



	Spray 8
	38.00 ab
	46.50 a
	19.52 a
	5.37 b



	Control
	37.30 a
	47.37 a
	18.90 a
	4.62 a







Different letters are used to point out the fungicide sprays showing significant differences at p ≤ 0.05.
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Table 6. The content of glucosinolates (μMg−1) in the seeds of winter oilseed rape cv. PR46W10 in 2009–2012, in Glubczyce (Opole Region, Poland) depending on the time of fungicide application (flusilazole 250 g·L−1). Each spray (1–8) was a single application, and the sprays were done in the autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). Control plots were not sprayed with the fungicide.
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Indole Glucosinolate

	
Alkenyl Glucosinolate




	
Fungicide

Application

	
4-Hydroxyglucobrassicine (μM/g)

	
Gucobrassicine (μM/g)

	
Glucobrassicanapine (μM/g)

	
Gluconapine (μM/g)

	
Napoleiferine (μM/g)

	
Progoitrine (μM/g)






	
Autumn 2009

	

	

	

	

	

	




	
Spray 1

	
4.70 b

	
0.12 c

	
0.42 b

	
1.41 c

	
0.11 b

	
2.76 cd




	
Spray 2

	
4.45 ab

	
0.15 d

	
0.57 b

	
1.47 c

	
0.12 c

	
2.28 ab




	
Spray 3

	
4.17 a

	
0.19 e

	
0.24 a

	
2.40 f

	
0.13 c

	
2.85 de




	
Spray 4

	
4.74 b

	
0.23 f

	
0.82 c

	
2.10 e

	
0,13 c

	
2.42 abcd




	
Spray 5

	
4.61 ab

	
0.087 b

	
0.83 c

	
1.51 c

	
0.10 b

	
2.39 abc




	
Spray 6

	
4.72 b

	
0.11 bc

	
0.60 b

	
1.80 d

	
0.09 b

	
2.66 bcd




	
Spray 7

	
4.50 ab

	
0.16 d

	
0.20 a

	
0.12 a

	
0.13 a

	
2.01 a




	
Spray 8

	
4.08 a

	
0.16 d

	
0.23 a

	
0.59b

	
0.02 a

	
2.33 abc




	
Control

	
4.08 a

	
0.056 a

	
0.99 d

	
1.84 d

	
0.18 d

	
3.25 e




	
Autumn 2010

	

	

	

	

	

	




	
Spray 1

	
4.30 a

	
0.11 a

	
0.80 abc

	
1.37 ab

	
0.12 bcd

	
3.41 bc




	
Spray 2

	
4.08 a

	
0.10 a

	
0.90 abc

	
1.43 b

	
0.11 bc

	
3.30 abc




	
Spray 3

	
4.55 a

	
0.11 a

	
1.00 abc

	
2.33 e

	
0.13 d

	
2.68 ab




	
Spray 4

	
4.61 a

	
0.12 a

	
1.30 cd

	
2.06 de

	
0.12 bcd

	
3.86 c




	
Spray 5

	
4.57a

	
0.15 a

	
1.10 bcd

	
1.47 bc

	
0.10 b

	
3.52 c




	
Spray 6

	
4.48 a

	
0.11 a

	
0.50 a

	
1.76 cd

	
0.12 bcd

	
3.59 c




	
Spray 7

	
4.62 a

	
0.13 a

	
1.10 bcd

	
1.41 ab

	
0.13 cd

	
2.60 a




	
Spray 8

	
4.23 a

	
0.13 a

	
0.65 ab

	
1.10 a

	
0.024 a

	
4.01 c




	
Control

	
3.93 a

	
0.10 a

	
1.67 d

	
1.80 d

	
0.17 e

	
3.84 c




	
Autumn 2011

	

	

	

	

	

	




	
Spray 1

	
4.29 a

	
0.16 ab

	
0.50 a

	
1.98 ab

	
0.11 cd

	
2.93 c




	
Spray 2

	
4.08 a

	
0.23 b

	
1.13b

	
1.71 b

	
0.10 bc

	
3.20 d




	
Spray 3

	
4.55 a

	
0.11 a

	
0.92 ab

	
1.71 b

	
0.09 b

	
3.00 cd




	
Spray 4

	
4.61 a

	
0.13 ab

	
1.80 c

	
1.35 ab

	
0.13 ef

	
1.20 a




	
Spray 5

	
4.58 a

	
0.15 ab

	
1.81 c

	
0.76 a

	
0.09 a

	
2.10 b




	
Spray 6

	
4.48 a

	
0.17 ab

	
0.89 ab

	
0.50 a

	
0.10 bc

	
3.20 d




	
Spray 7

	
4.62 a

	
0.14 ab

	
0.93 ab

	
0.71 a

	
0.12 def

	
3.15 cd




	
Spray 8

	
4.23 a

	
0.11 a

	
1.10 b

	
0.80 a

	
0.13 f

	
2.10 b




	
Control

	
3.93 a

	
0.09 a

	
1.09 b

	
1.80 b

	
0.11 cde

	
1.00 a




	
Autumn 2012

	

	

	

	

	

	




	
Spray 1

	
4.26 ab

	
0.17 c

	
0.42 b

	
1.31 b

	
0.06 ab

	
2.61 c




	
Spray 2

	
4.45 b

	
0.15 bc

	
0.57 c

	
1.37 bc

	
0.06 a

	
2.14 a




	
Spray 3

	
4.60 a

	
0.15 bc

	
0.24 a

	
2.27 e

	
0.07 ab

	
2.70 cd




	
Spray 4

	
4.10 ab

	
0.19 c

	
0.43 b

	
1.99 de

	
0.08 abc

	
2.27 ab




	
Spray 5

	
3.90 a

	
0.23 d

	
0.76 f

	
1.41 bc

	
0.08 abc

	
2.24 ab




	
Spray 6

	
4.50 a

	
0.09 a

	
0.60 cd

	
1.70 cd

	
0.08 abc

	
2.51 bc




	
Spray 7

	
3.90 a

	
0.11 ab

	
0.65 de

	
0.62 a

	
0.08 abc

	
2.21 ab




	
Spray 8

	
4.50 a

	
0.15 ab

	
0.67 e

	
0.48 a

	
0.09 bc

	
2.15 a




	
Control

	
3.80 a

	
0.15 bc

	
0.83 g

	
0.63 a

	
0.10 c

	
2.96 d








Different letters are used to point out the fungicide sprays showing significant differences at p ≤ 0.05.
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Table 7. The content of glucosinolates (μMg−1) in the seeds of winter oilseed rape cv. PR46W10 in 2009–2012, in Toszek (Opole Region, Poland), depending on the time of fungicide application (flusilazole 250 g·L−1). Each spray (1–8) was a single application, and the sprays were done in the autumn at weekly intervals (see Figure 1 for experiment scheme and Table 1 for spray dates). Control plots were not sprayed with the fungicide.
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Fungicide Application

	
Indole Glucosinolate

	
Alkenyl Glucosinolate




	
4-Hydroxyglucobrassicine (μM/g)

	
Glucobrassicine (μM/g)

	
Glucobrassicanapine (μM/g)

	
Gluconapine (μM/g)

	
Napoleiferine (μM/g)

	
Progoitrine (μM/g)






	
Autumn 2009

	

	

	

	

	

	




	
Spray 1

	
3.67 a

	
0.15 a

	
0.57 a

	
1.47 c

	
0.10 a

	
5.71 a




	
Spray 2

	
3.59 a

	
0.15 a

	
0.62 a

	
2.37 e

	
0.10 a

	
6.23 a




	
Spray 3

	
3.61 a

	
0.16 a

	
0.58 a

	
2.10 de

	
0.10 a

	
7.10 a




	
Spray 4

	
3.54 a

	
0.16 a

	
0.57 a

	
1.51 c

	
0.097 a

	
6.21 a




	
Spray 5

	
3.51 a

	
0.16 a

	
0.59 a

	
1.80 cd

	
0.097 a

	
7.46 a




	
Spray 6

	
3.69 a

	
0.17 a

	
0.62 a

	
0.12 a

	
0.11 a

	
6.70 a




	
Spray 7

	
3.53 a

	
0.17 a

	
0.52 a

	
0.59 ab

	
0.10 a

	
6.80 a




	
Spray 8

	
3.59 a

	
0.17 a

	
0.60 a

	
0.72 b

	
0.11 a

	
6.11 a




	
Control

	
3.75 a

	
0.18 a

	
0.56 a

	
1.33 c

	
0.10 a

	
7.87 a




	
Autumn 2010

	

	

	

	

	

	




	
Spray 1

	
3.67 a

	
0.17 a

	
0.60 a

	
2.10 d

	
0.11 a

	
4.75 ab




	
Spray 2

	
3.59 a

	
0.16 a

	
0.65 a

	
1.51 c

	
0.11 a

	
5.26 ab




	
Spray 3

	
3.61 a

	
0.16 a

	
0.59 a

	
1.80 cd

	
0.12 a

	
3.65 a




	
Spray 4

	
3.54 a

	
0.15 a

	
0.58 a

	
0.12 a

	
0.11 a

	
4.85 ab




	
Spray 5

	
3.51 a

	
0.16 a

	
0.58 a

	
0.59 ab

	
0.12 a

	
5.49 ab




	
Spray 6

	
3.69 a

	
0.17 a

	
0.53 a

	
0.72 b

	
0.10 a

	
4.43 ab




	
Spray 7

	
3.53 a

	
0.18 a

	
0.44 a

	
1.40 c

	
0.12 a

	
4.71 ab




	
Spray 8

	
3.59 a

	
0.17 a

	
0.51 a

	
1.60 cd

	
0.11 a

	
5.20 ab




	
Control

	
3.75 a

	
0.15 a

	
0.45 a

	
1.64 cd

	
0.11 a

	
7.11 b




	
Autumn 2011

	

	

	

	

	

	




	
Spray 1

	
3.51 a

	
0.17 a

	
0.45 a

	
1.60 ab

	
0.10 a

	
3.15 a




	
Spray 2

	
3.56 a

	
0.18 a

	
0.48 a

	
1.60 ab

	
0.10 a

	
3.72 a




	
Spray 3

	
3.67 a

	
0.17 a

	
0.37 a

	
1.53 a

	
0.11 a

	
3.18 a




	
Spray 4

	
3.90 a

	
0.17 a

	
0.46 a

	
1.85 ab

	
0.11 a

	
3.94 a




	
Spray 5

	
3.60 a

	
0.15 a

	
0.52 a

	
1.36 a

	
0.11 a

	
2.49 a




	
Spray 6

	
3.58 a

	
0.15 a

	
0.40 a

	
1.45 a

	
0.11 a

	
2.75 a




	
Spray 7

	
3.62 a

	
0.15 a

	
0.52 a

	
1.65 ab

	
0.11 a

	
3.16 a




	
Spray 8

	
3.75 a

	
0.15 a

	
0.68 a

	
1.41 a

	
0.11 a

	
2.37 a




	
Control

	
3.75 a

	
0.17 a

	
0.66 a

	
2.15 b

	
0.11 a

	
5.24 b




	
Autumn 2012

	

	

	

	

	

	




	
Spray 1

	
3.65 a

	
0.18 ab

	
0.59 a

	
1.40 a

	
0.11 a

	
5.16 a




	
Spray 2

	
3.83 a

	
0.20 b

	
0.58 a

	
2.52 a

	
0.11 a

	
5.14 a




	
Spray 3

	
3.77 a

	
0.18 ab

	
0.61 a

	
2.59 a

	
0.12 a

	
4.87 a




	
Spray 4

	
3.84 a

	
0.09 a

	
0.67 a

	
2.52 a

	
0.12 a

	
4.48 a




	
Spray 5

	
3.38 a

	
0.12 ab

	
0.61 a

	
2.13 a

	
0.12 a

	
5.20 a




	
Spray 6

	
3.50 a

	
0.16 ab

	
0.56 a

	
2.57 a

	
0.12 a

	
4.83 a




	
Spray 7

	
3.53 a

	
0.15 ab

	
0.57 a

	
2.36 a

	
0.12 a

	
4.41 a




	
Spray 8

	
3.61 a

	
0.15 ab

	
0.50 a

	
2.37 a

	
0.11a

	
4.27 a




	
Control

	
4.17 a

	
0.16 ab

	
0.66 a

	
2.81 a

	
0.11a

	
5.83 a








Different letters are used to point out the fungicide sprays showing significant differences at p ≤ 0.05.
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