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Abstract

:

The occurrence of necrotrophic winter wheat and triticale pathogens in eight geographical regions of Poland was studied between 2015 and 2020. Over a period of six years, the incidence of the following pathogens was monitored: Parastagonospora nodorum, Parastagonospora avenae and Zymoseptoria tritici. The significant effect of meteorological factors on the incidence of pathogens was determined. The relationship between late-season and early-season factors associated with temperature and precipitation on the severity of diseases incited by the pathogens was statistically significant. Statistical models estimating the natural occurrence and severity of diseases caused by the pathogens were developed with the random forest (RF) algorithm based on 10,412 cases of the diseases. The data were randomly divided into training and test datasets and the accuracy of models was determined by the root mean squared error (RMSE) and Pearson correlation coefficient (r). The most promising model was developed for Z. tritici with the following test metrics: RMSE = 57.5 and r = 0.862. The model can be used to link disease severity to weather and predict low severity years and high severity years. Over the period of 2015–2020, the most significant winter wheat pathogen showed to be Z. tritici, while on winter triticale P. nodorum incited disease symptoms on the largest number of leaves. The occurrence of P. avenae f. sp. triticea on winter wheat and winter triticale was the least frequent and on average was below the economic threshold.
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1. Introduction


Phaeosphaeria nodorum (E. Müller) (anamorph: Parastagonospora nodorum (Berk.), Phaeosphaeria avenaria (G. F. Weber) (anamorph: Parastagonospora avenae (A. B. Frank) and Mycosphaerella graminicola (Fuckel) (anamorph: Zymoseptoria tritici (Desm.) cause fungal necrotrophic diseases of wheat and triticale [1,2,3,4,5,6,7,8,9,10]. These pathogens are considered the most devastating pathogens in the small-grain cereals [3,11,12,13]. Diseases caused by Parastagonospora spp. and Zymoseptoria tritici can lead to significant quantitative and qualitative grain yield losses in wheat (Triticum aestivum L.) and triticale (× Triticosecale Wittm.) production [14,15,16]. Parastagonospora nodorum blotch (syn. Stagonospora nodorum blotch, SNB) can cause grain yield losses in wheat up to 31% [11], while Zymoseptoria tritici blotch (syn. Septoria tritici blotch, STB) can cause yield losses up to as much as 50% [16]. Głazek et al. [17] found a significant impact of P. nodorum on winter wheat yield reduction in mid-southern Poland, while Arseniuk et al. [18] reported a negative impact of Parastagonospora spp./Z. tritici complex on the quality and quantity of wheat and triticale grain. P. avenae f. sp. triticea is considered as a minor pathogen of wheat [3,19,20] and triticale [3]. Two special forms of P. avenae were identified. First, one, the P. avenae f. sp. triticea (NCBI: txid54790: Parastagonospora avenae f. sp. tritici) causes the most severe symptoms in the wheat. The second one, the P. avenae f. sp. avenaria (NCBI: txid215456: Parastagonospora avenae f. sp. avenae), is dangerous to oats [10]. In later studies, McDonald et al. [21], determined genetic differences in groups of isolates of Phaeosphaeria spp. and 5 phylogenetically distinct clades were identified: Pat1, Pat3, Pat4, Pat5 and Pat6. In Poland, P. avenaria f.sp. triticea isolates Pat2 and some homothallic P. avenaria f.sp. triticea isolates Pat1 occurred on foxtail barley (Hordeum jubatum) [6]. Some oat, wheat, rye and triticale isolates from Poland also appeared to be Pat1 [5]. In their study, the isolates of the Pat5 clade were avirulent to susceptible wheat cultivars [21].



The occurrence of P. nodorum, Z. tritici and P. avenae depends on multiple factors, among which climatic conditions are of key importance [22,23,24,25,26,27,28]. The occurrence of Z. tritici was prevalent in warm geographical regions. The impact of Z. tritici increased in Europe under moderate climatic conditions due to the introduction of semidwarf wheat cultivars and the intensification of their cultivation [3,10]. In the early 1980s, P. nodorum was considered as the most common necrotrophic pathogen in Europe; however, in the late 1980s, a number of countries in Europe noted a decrease in the occurrence of P. nodorum [10,12,13]. Researchers considered the putative factors of this phenomenon such as contamination by airborne sulphur compounds [12,29], climatic changes [26], resistance breeding [30] and the adaptation of Z. tritici to fungicides [31]. Arseniuk et al. [18], in their research conducted in Poland, determined that P. nodorum was the most frequently isolated pathogen causing P. nodorum contamination of triticale and wheat, while the occurrence of Z. tritici was not observed on triticale. Research on the monitoring of wheat Parastagonospora spp. and Z. tritici pathogens in Latvia suggests that Z. tritici was the most frequently observed pathogen among the Septoria pathogens [32]. P. nodorum is a common pathogen in Australia [20,33], Canada [28], Norway [13] and in the state of North Carolina in the United States of America and is often met in continental climate of Mid-Eastern and Eastern Europe [19,27,30,34,35]. The majority of researchers, however, consider Z. tritici as the most devastating among the Septoria pathogens in the humid climate and this climatic region includes Northern France and Germany, as well as the UK [27,36].



Rainfalls during the vegetative season [22,23,24,25] and especially the early-season rainfalls [3] are among the most important factors which affect the occurrence of P. nodorum. In Poland, according to Głazek et al. [17], rainfalls in June have the most significant impact on disease development. Other studies showed that the release of Phaeosphaeria spp. ascospores was favoured by temperatures above 0 °C, rainfalls above 1 mm and by high relative atmospheric humidity, whereas temperature above 25 °C hampered the release of ascospores [22]. The release of P. nodorum conidial spores was impaired by temperatures below 5 °C. According to Arseniuk et al. [22], a drop in the number of ascospores in the air was observed during prolonged drought and periods of high temperatures in June and July, while the maximum release of ascospores was observed in September. Heavy rainfalls during the prolonged periods of drought did not have any impact on the amount of ascospore deposition [22].



Worldwide occurrence of Z. tritici showed to be influenced by the following factors: geographical latitude, geographical longitude and early-season parameters concerning rainfalls [3,37,38]. According to Leath et al. [3], the occurrence of P. nodorum was positively correlated with geographical latitude, while a negative correlation of the occurrence with geographical latitude was observed for Z. tritici. Studies conducted in 1994–2004 in Germany showed an increase of P. nodorum blotch latent period with increasing geographical latitude [38]. In studies by Henze et al. [38], the impact of meteorological factors on the outbreak of P. nodorum was determined. An average temperature of 13.62 ± 2.3 °C, leaf wetness at 92.39 ± 4.15% and precipitation of 0.04 ± 0.1 mm per day were observed 20 days before epidemic outbreaks [38]. Surprisingly, influential factors can be the non-growing season precipitation and the application of phosphorus fertiliser. Additionally, reduced or minimum tillage was shown to be negatively associated with disease levels, an effect opposite to that reported for other pathosystems under long-term controlled conditions. [3]. Nitrogen fertilisation increased the severity of Z. tritici [39].



Recently, the attention of researchers and a number of studies was focused on Z. tritici, while studies on Parastagonospora spp. were slightly less frequent [10,12]. However, changes in the severity and occurrence of fungal necrotrophic pathogens are highly dynamic [3,10,12,40] in time and space, namely that they are strongly time-dependent and vary greatly among different regions. Therefore, the monitoring of the Parastagonospora spp./Zymoseptoria tritici disease complex is crucial for prioritising and optimising breeding programs and for the support of cereal production systems. The research in this paper was based on data collected from 2015 to 2020 and it provides important insight into the natural occurrence of Parastagonospora spp. and Zymoseptoria tritici, which are the most common necrotrophic pathogens of wheat and triticale worldwide and especially in Poland [9,18,22]. The purpose of the research was to determine the spatial and temporal distribution of Parastagonospora spp. and Z. tritici under natural conditions on wheat and triticale along with the occurrence risk assessment of the pathogens and the analyses of host-pathogen interactions.




2. Materials and Methods


2.1. Plant Materials and Field Experiments


The studies were conducted in 8 experimental locations in Poland (Figure 1, Bartążek: 20.482843° E 53.71086° N, Bonin: 16.2477° E 54.153613° N, Borowo: 16.790134° E 52.114888° N, Grodkowice: 20.27488° E 49.970209° N, Małyszyn: 15.174479° E 52.744631° N, Oleśnica Mała: 17.260902° E 50.847896° N, Smolice: 17.183084° E 51.691261° N and Ożańsk: 15.17448° E 52.74463° N) during the years 2015–2020. The experiments consisted of 10 winter wheat varieties: Sailor, Medalistka, Bogatka, Fidelius, Florus, Muszelka, Hondia, Natula, Ostroga and Tonacja; and 10 winter triticale varieties: Elpaso, Cyrkon, Algoso, Baltiko, Borwo, Atletico, Alekto, Salto, Pigmej and Fredro, all of which are from the National Register of Cultivars. The cultivars varied in their susceptibility to P. nodorum and to Z. tritici. The seeds were sown in experimental plots (1 × 10 m) with a randomised block design. Standard tillage was applied and the plants were not chemically protected (cultivated without the application of fungicides). After the preliminary visual assessment, potentially affected leaves and heads were collected from the experimental plots for detailed analysis of symptoms of fungal diseases. From each experimental plot, flag leaves, leaves below the flag leaves and diseased heads were collected. From each plot, 35 leaves were collected. In total, 350 leaf samples and additionally infected heads from 10 plots × 8 locations × 2 species, i.e., winter wheat and winter triticale, were analysed. The collected samples were stored until analysis in a refrigerator at 2–3 °C.




2.2. Mycological Analyses


Lesions on leaves and glumes were inspected using a binocular microscope (25×). Mature pycnidia were transferred onto an agar solid medium using a sterile preparation needle. The pycnidia were squashed and cirrhi was spread evenly over the surface of the agar medium using a preparation needle. Conidia were measured using a digital microscope camera and relevant software (Delta Optical DLT-Cam PRO 5MP). Individual spores were isolated using an inverted microscope (Nikon Eclipse TS 100) and micromanipulator. A handmade preparation needle (⌀ ≈ 2 µm), was made of a glass rod for the purpose of spore isolations.



Isolates were identified to the species level based on the following taxonomic criteria: visual assessment of disease symptoms, morphology and dimension of conidia, morphology of colony on artificial solid media (in vitro). Individual conidia had a dimension of 25–45 × 3–4 µm for P. avenae f. sp. triticea, 15–32 × 2–4 µm for P. nodorum [1] and 35–98 × 1–3 µm for Z. tritici [41]. Individual conidia were transferred onto the solid media: V8 juice-PDA was used for the growth of Parastagonospora spp. [42] and YMDA was used for the growth of Z. tritici [43]. The morphology of each colony was assessed and spores were isolated from the mature fruiting bodies that had formed on the solid media. P. nodorum is a heterothallic fungus [33] and on the solid media it formed only conidial spores, while homothallic P. avenae f. sp. triticea [44] formed asci with ascospores. Isolates of P. nodorum and P. avenae f. sp. triticea, sporulated abundantly under near-ultraviolet (NUV) light at 22 °C. The number of diseased leaves was calculated and deposited in the developed Excel database.




2.3. Statistical Analysis


The t-student test for independent samples was used to determine significant differences in pathogen occurrence. Measurement and observation data sets from the ground weather stations collected in the database of the Institute of Meteorology and Water Management–NRI (IMGW-PIB) were used for further statistical analysis (Data S1, Tables S1–S3). For each month, two different types of meteorological factors were selected: those showing the statistical effect of the influence of average air temperatures in given months and those describing the impact of extreme temperatures over the course of a short time (usually 1 day). The set of selected parameters include absolute maximum temperature (°C), average maximum temperature (°C), absolute minimum temperature (°C), average minimum temperature (°C), monthly average temperature (°C), minimum near-surface temperature (°C), monthly sum of rainfall (mm), maximum daily rainfall (mm), first day of maximum rainfall, number of days with snow cover, number of days with rainfall and number of days with snowfall. The interpolation of data for each experimental location was estimated using the Python programming language and the following modules: scikit-learn [45], pandas [46], geopandas, numpy [47] and matplotlib. The training data set was expanded by rotation matrix of two-dimensional geographical coordinates in Euclidean space using the following equation [48]:


   [       x ′         y ′       ]  =  [      c o s θ     s i n θ       − s i n θ     c o s θ      ]   [     x     y     ]   



(1)




where



x—longitude, y—latitude, x’—rotated longitude, y’—rotated latitude,  θ —rotation angle.



The root mean squared error (RMSE) performance metric was used for the interpolation model selection and hyperparameters tuning. The final interpolation was estimated on the full dataset. The KNeighborsRegressor scikit-learn method was used for the features of regression models [45]. Performance of the models was estimated using 5-fold cross-validation and negative mean squared error (MSE) as a cost function. The following hyperparameters were used for regularisation of the models: n_neighbors–number of neighbours, metric–Euclidean distance and weights–inverse distance; nearer neighbours have a greater impact (weight) than those neighbours which are further away [45].



Pearson correlation coefficients between the meteorological factors and the sum of diseased leaves by each pathogen in the experimental locations in the years 2015–2020 were calculated. The samples were collected at the end of June or the beginning of July; therefore, the Pearson correlation coefficients were calculated between the meteorological factors collected from July to December as early-season factors and the diseased leaf numbers collected in the next year. The months from January to June were considered as late-season meteorological factors and the Pearson correlation coefficients were calculated between the occurrence of the monitored pathogens and the meteorological factors in the same year. Statistically significant (with a p-value less than 0.05) meteorological factors were used as predictor variables of the models estimating the number of diseased leaves for each pathogen. The data were divided into training (80%) and test (20%) subsets. The RandomForestRegressor scikit-learn method and the cross-validation technique with negative MSE as a cost function for the performance of model optimisation were used [45]. The following hyperparameters were tuned in the Random Forest (RF) regression models using 5-fold cross-validation: n_estimators–number of trees in the forest, max_features–number of features to consider the best split and max depth–the maximum depth of the tree [45]. The maps for visualisation of the model estimating the number of winter wheat and winter triticale leaves affected by pathogens for each year were created using three RF models.





3. Results and Discussion


3.1. Occurrence of Pathogens on Wheat and Triticale


In the study conducted over 2015–2020, the most frequent average occurrence of Z. tritici on the studied plant species genotypes was that observed on the winter wheat (Figure S4). The difference in the average number of isolations of Z. tritici was statistically significant between P. nodorum (p < 0.001) and P. avenae f. sp. triticea (p < 0.001) (Table 1). The occurrence of P. avenae f. sp. triticea was 86 times less frequent than that of Z. tritici, while P. nodorum was isolated 10 times less often in comparison to Z. tritici. The occurrence of P. avenae f. sp. triticea on winter wheat was 8 times less frequent than that of P. nodorum.



The most frequently isolated pathogen from winter triticale was P. nodorum (Figure 2B). The difference between the average number of P. nodorum isolations from winter triticale in experimental plots over the period of 2015–2020 and the average number of isolations of P. avenae f. sp. triticea and Z. tritici was statistically significant (p < 0.001). However, the difference in the average occurrence of P. avenae f. sp. triticea (Figure 2C) and Z. tritici (Figure 2A) was not statistically significant. The mean number of isolations of P. avenae f. sp. triticea was 6.8 and the average number of isolations of Z. tritici was 7.7. According to previous studies, P. nodorum and P. avenae f. sp. triticea were considered as less host-specific pathogens, while the Z. tritici host specificity to wheat was more distinct [2,7,49]. In the research conducted by Arseniuk et al. [2], Tian et al. [7] and Sapkota et al. [50], wheat was determined as the primary Z. tritici host, while the occurrence of Z. tritici on triticale was not observed at all or it was observed only very rarely [4].



Lesions with mature pycnidia of P. nodorum on glumes of winter wheat and winter triticale were observed very rarely, i.e., in 53 cases on winter wheat and in 28 cases on winter triticale. Surprisingly, in 12 cases, Z. tritici symptoms were identified on winter wheat heads (cvs. Fidelius, Bogatka, Ostroga, Muszelka), while they were observed only one time on winter triticale cv. Cyrkon. The latter phenomenon is not common, although it was already reported by Jones and Cooke [50]. There were also symptoms of P. avenae f. sp. triticea on heads of triticale cultivars Baltiko and Atletico (n = 5 isolations). The most probable explanation for the rare appearance of P. nodorum on glumes could be attributed to breeding for resistance [30] or climatic changes [26]. In the studies by Arseniuk et al. [51], necrotrophic effector genes were identified in populations of breeding lines and cultivars; 57% of triticale lines and 30% of winter wheat cultivars were susceptible to the SnTox3 necrotrophic effector. The other effectors, namely SnTox1, SnTox5 and SnToxA had a negligible effect on the susceptibility of lines at seedling and adult plant growth stages. In the present study, the average isolation number of P. nodorum from winter triticale amounted to 25 times, while on winter wheat it amounted to 16 times only (Table 1).



In the present study the fact that Z. tritici occurs on wheat glumes is surprising although in other studies employing more sensitive monitoring methods the pathogen was detected even without clearly visible lesions on spikes [7]. In studies of Tian et al. [7] the antigen amount of Z. tritici was measured using BA-ELISA test, there was a greater quantity of antigen in F-1 than in flag leaves, while minimal amounts of antigen were detected in glumes and none in grains. Similar results were achieved in the research of Shaw et al. [29] employing real-time PCR method on a large number of samples of M. graminicola, no DNA was detected in grain samples of wheat. However, the natural formation of mature pycnidia of Z. tritici on spikes was never observed. However, it is worth noting that in presently reported research, this phenomenon manifests on very susceptible varieties (cvs. Fidelius, Bogatka, Ostroga, Muszelka). It is suspected that this is due to the fact that the disease progresses very quickly on leaves and on spikes it is produced when glumes are still green and quite soft, what facilitates the penetration of tissue by the pathogen. The pathogen then has time to develop symptoms on glumes. P. nodorum can easily cause lesions on both, glumes and leaves under favourable conditions. In research reported by Shaw et al. [29], a strong correlation between Phaeosphaeria nodorum abundance on wheat grains and leaves was found (r = 0.7). The pathogen was more detrimental on the ears in comparison to leaves, because spores can easily be transferred with seed and no airborne spores would be necessary to begin a disease outbreak in consecutive years [29]. There also is always a high risk of grain quality deterioration in the following years.




3.2. Correlation between Meteorological Factors and Occurrence of Pathogens


Pearson correlation coefficients were calculated between meteorological factors and the occurrence of the studied pathogens. In total, 137 meteorological factors were considered during 12 months (Table 2, Table 3, Table 4 and Table 5, Tables S1–S3).



3.2.1. Correlation between Meteorological Factors and Occurrence of P. nodorum


The occurrence of P. nodorum was significantly correlated with 19 factors presented in Table 2 (p < 0.05). The meteorological factors associated with rainfall and temperature were of particular significance for the occurrence of this pathogen.



The majority of the factors were associated with rainfalls in winter, spring and autumn. The most significant winter and autumn months in regard to rainfall were February and November. A positive linear correlation between P. nodorum occurrence and the number of days with rainfall (r = 0.247) or the first day of maximum rainfall (r = 0.225) were observed in February, while the monthly sum of rainfall was a significant factor (r = 0.281) in November. The most significant late-spring months in regard to rainfall were May and June. A positive correlation was determined for the first day of maximum rainfall (r = 0.328) in May, while in June, both the daily maximum sum of rainfall and the monthly sum of rainfall were significantly correlated to the occurrence of P. nodorum (r = 0.290 and r = 0.287, respectively). Numerous studies confirmed the relationship between the frequency of rainfalls and successful infection by P. nodorum, leading to the development of disease symptoms of glume and leaf blotch [3,22,23]. According to Głazek et al. [17], rainfalls in June were of key importance in Poland. It was also shown that the liberation of ascospores was favoured by air temperature above 0°C, rainfall greater than 1 mm and high relative humidity [18,22].



The majority of factors correlating with the natural occurrence of P. nodorum were associated with air temperature in the period from July to December. This phenomenon may suggest that a primary inoculum emergence and/or infection process in the early spring or late autumn period can influence P. nodorum severity. The study by Arseniuk et al. [22] on the release of Phaeosphaeria spp. ascospores suggests that ascospores are present in the air from March to January, while the largest number of ascospores was observed from in the fall August to November. In fall ascospores are formed on plant debris. The latter authors reported that temperatures above 25 °C and below 0 °C had a negative impact on the release of ascospores [18,22]. A similar phenomenon was observed in the present study. In June and October, a negative correlation between the incidence of P. nodorum and the average maximum temperature (r = −0.267 and r = −0.253) as well as that of the monthly average temperature (r = −0.276 and r = −0.272) was calculated. Additionally, in October, the absolute maximum temperature significantly influenced the occurrence of P. nodorum (r = −0.431). It can be concluded that the impact of high air temperatures on the severity of P. nodorum may be caused by unsuitable conditions for the release of ascospores and thus it causes the inhibition of the early infection process. The average maximum temperature range in 2015–2020 was between 21 °C and 24 °C at different locations. According to Arseniuk et al. [22], this temperature range is close to the threshold for the release of ascospores. Furthermore, the present study showed that low temperatures in December had a negative impact on P. nodorum severity, in the result of which a positive relationship between (maximum, r = 0.276; minimum, r = 0.285; and monthly r = 0.297) average temperatures and P. nodorum occurrence was observed (as higher temperature as higher P. nodorum occurrence).



Furthermore, a positive linear correlation between the occurrence of P. nodorum and the number of days with snowfall in November was determined. Arseniuk et al. [22] also reported the impact of rainfalls frequency and prolonged dew periods on the release of ascospores to be positive and statistically significant. Green plant parts need to be wet for disease development and for this of importance is prolonged wetness of infected plant organs. Therefore, frequency of low but frequent rainfalls about 1mm is required [22]. However, even prolonged rainfall does not change much in development of disease into epidemics. Presently reported results suggest the importance of primary inoculum and early infection processes on the natural occurrence and disease severity incited by P. nodorum. In contrast, the number of days with snowfall in December had a negative impact on the incidence of P. nodorum, while for January, the correlation of the number of days with snow cover was positive. This relationship may suggest that in months with a wide variation of air temperature from negative to positive and the snow cover can facilitate the overwintering of P. nodorum (Table 2).



Statistically significant differences were not observed between the occurrence of P. nodorum and geographical longitude, but there was a significant positive linear relationship between geographical latitude and the number of P. nodorum lesions. Similar results were achieved in other studies, although they were conducted in different geographical regions [52,53]. There is a spatial pattern of P. nodorum distribution even on a local scale; in Europe, the occurrence of P. nodorum is more frequent in northern latitudes, e.g., in Norway [13]. The range of P. nodorum hosts is relatively wide. According to other studies, P. nodorum can infect wheat, triticale, durum wheat and other small-grain cereals, including barley, rye and grasses [2,7,49]. In the present study, no statistically significant differences were found between the number of wheat and triticale leaves affected by P. nodorum.




3.2.2. Correlation between Meteorological Factors and Occurrence of P. avenae f. sp. triticea


The occurrence of P. avenae f.sp. triticea was relatively rare and on average was harmful below the economic threshold for grain production of winter wheat and winter triticale in the studied experimental locations and generally in Poland. Despite the low severity of the pathogen under natural conditions, statistically significant factors associated with its occurrence were found (Table 3). In total, 29 factors (p < 0.05) were identified, of which 11 were of statistical significance during the period from January to June and 17 during the period from July to December.



The majority of factors associated with rainfall (8) positively correlated with the occurrence of P. avenae f.sp. triticea in February (r from 0.208 to 0.293), March (r = 0.264) and May (r = 0.296) (Table 3). The opposite effect (i.e., a negative correlation) was observed in August (r from −0.298 to −0.325), September (r = −0.235) and October (r = −0.209).



A large number of meteorological factors describing the temperature have affected the occurrence of P. avenae f.sp. triticea. The majority of factors positively correlated with the occurrence of this pathogen in the period from December to September (from r = 0.205 in case of the absolute maximum temperature in June, to r = 0.368 for the average maximum temperature in August). The only exception was a negative correlation between the occurrence of P. avenae f.sp. triticea and the minimum near-surface temperature (r = −0.268). In a fashion similar to parameters related to rainfall, all meteorological factors associated with temperature had a negative correlation coefficient with the occurrence of P. avenae f. sp. triticea in October.



The number of days with snowfall and low temperatures in December had a negative impact on the severity of P. avenae f.sp. triticea. Similar results were obtained for the occurrence of P. nodorum; therefore, meteorological factors from June to December may be associated with the P. avenaria release mechanism of ascospores.



The specialization of P. avenae f.sp. triticea to wheat and triticale was less distinct than in the case of the P. nodorum pathogen. Considering P. avenae f. sp. triticea, the pathogen had a slightly greater affinity for triticale (r = 0.307). According to Arseniuk et al. [47], triticale was slightly more susceptible to necrotrophic effectors. P. avenae f. sp. triticea can have the SnToxA necrotrophic effector gene [21,54], which causes an elevated susceptibility of triticale to P. avenae f. sp. triticea.




3.2.3. Correlation between Meteorological Factors and Occurrence of Z. tritici


Z. tritici fungus was the most common pathogen of winter wheat among the studied pathogens (Figure 2). In the period of 2015–2020, the disease caused by this pathogen occurred in high severity in all experimental locations. Latitude and longitude did not have an impact on the occurrence of Z. tritici in the studied areas. However, when considering worldwide distribution, geographical latitude had an impact on the incidence of Z. tritici [3]. In other studies, geographical coordinates were useful features in the modelling of the onset of necrotrophic fungal diseases [52,53,55]. In the present study, 12 meteorological factors correlated linearly with the Z. tritici incidence, seven significant factors were identified from January to June and 5 factors were associated with the early-season months from July through December (Table 4).



The monthly sum of rainfall in February was the only factor associated with precipitation that was positively correlated with the occurrence of Z. tritici (r = 0.206), while the number of days with rainfall in August was the only factor associated with precipitation that was negatively correlated with occurrence of the pathogen (r = −0.332).



The monthly average temperature in January (r = −0.208) as well as the average minimum temperature in January and October (r = −0.218 and r = −0.201) had a negative impact on the occurrence of Z. tritici. On the contrary, a positive correlation of Z. tritici occurrence with air temperature factors such as the average maximum temperature, the monthly average temperature and the average minimum temperature was observed in February, June, August and September (r values from 0.232 to 0.262). In the studies of Chaloner et al. [55], temperature- and wetness-dependent germination was one of the most important factors associated with the growth rate of Z. tritici mycelium. The results of these studies were used to build a Z. tritici risk assessment model [55]. Model predictions varied from year to year; the accuracy of the model was measured by correlation coefficient and ranged from r = 0.065 to r = 0.623 [55]. It appears that air temperature is the factor explaining the large proportion of variance in the severity of Z. tritici. In other studies [24,56], temperature and rainfall appeared to be significant factors in the modelling of Z. tritici severity. Researchers emphasise the role of meteorological factors in winter, spring and summer on primary inoculum release. Although the climate in Poland differs from the climate in England, a qualitative model using winter temperature (January/February) efficiently predicted the presence or absence of Z. tritici to about the first node of detectable growth stage. For sites above the disease threshold, a quantitative model predicted the severity of Z. tritici using rainfall during stem elongation. According to studies by Mirzwa-Mróz et al. [23], the pseudothecia of M. graminicola emerged from June to January under favourable climatic conditions. Henze et al. [38] in Germany, in 1995–2003, determined the impact of humidity, rainfall and temperature on outbreaks of Z. tritici.



It was determined that the most significant factor of the occurrence of Z. tritici was host specialisation. Winter wheat was the most susceptible (r = −0.710) among the studied host genotypes. Z. tritici symptoms on several winter triticale cultivars, i.e., Fredro and Cyrkon, were relatively rare, but winter triticale is no longer fully resistant to Z. tritici. According to a majority of the studies, Z. tritici occurrence on triticale was not observed [2,7,9,49]. Currently, Z. tritici poses no threat to winter triticale production, but the observations in this study suggest a gradual increase in the susceptibility of triticale to this necrotrophic fungus in Poland.




3.2.4. Summary of Correlation between Meteorological Factors and Occurrence of Pathogens


The early-season, as well as the late-season meteorological factors had an impact on the natural occurrence of the studied pathogens under the climatic conditions of Poland. The rainfall and air temperature factors explained the large proportion of the variability of the incidence of P. nodorum, Z. tritici and P. avenae f. sp. triticea. P. nodorum and P. avenae are close relatives [54]. Both pathogens have similar life cycles and origin; therefore, eight common meteorological factors were identified among those pathogens, while there were no common significant meteorological factors between P. nodorum and Z. tritici. The number of days with snowfall correlated negatively with Parastagonospora spp. occurrence in cold winter months with low minimum temperatures. Snow cover was beneficial in overwintering of P. nodorum putatively due to the thermal isolation of infected plant debris from extremely low temperatures. The occurrence of Z. tritici was mainly associated with temperature factors, while the incidence of Parastagonospora spp. was related to both temperature and rainfall factors. Especially in the late-season period, rainfall factors were significant for P. nodorum and P. avenae f. sp. triticea severity. Historically, the occurrence of P. nodroum was related to high precipitation during the growing season (R2 = 0.43), while Z. tritici was particularly common in warm and relatively dry regions, especially with low nongrowing season precipitation (R2 = −0.58) [3]. Monitoring of Z. tritici employing sensitive molecular methods in the UK showed short peaks in Z. tritici occurrence from 1840 to 1860 and from 1980 to 2000 [29]. Before 1980, Z. tritici was not common in the UK and therefore probably also not common in Europe, especially in regions on a similar geographical latitude.



The early-season factors might be related to the release of primary inoculum, to ascospores dispersed by wind- and to an early infection process facilitating the progression of the monitored diseases. The negative correlation of rainfall factors in the period after harvest (number of days with rainfall in July and August) suggests that a dry environment is necessary to increase the severity of P. avenae f. sp. triticea and Z. tritici in the following seasons, while the positive correlation of factors related to rainfall might facilitate the rain-splash dispersal of pycnidiospores usually from low to upper and also neighbouring leaves what progresses development of the diseases. The negative correlation of factors related to temperature in October for all the studied pathogens was proven. In general, higher temperatures in the winter period enhanced the range of occurrence of Parastagonospora spp., while the opposite effect was observed in the autumn. On the other hand, lower temperatures in January and higher temperatures in February, June, August and September increased the severity of Z. tritici.





3.3. The Pathogen Occurrence Models


The random forest (RF) algorithm was used to calculate multiple regression models based on the meteorological factors as a predictor variables for the studied pathogens’ occurrence predictions. The numbers of isolations of P. nodorum, P. avenae f. sp. triticea and Z. tritici were used as the explanatory variables. The Z. tritici occurrence model had the best performance metrics among the developed predictive models in this study. The test RMSE for this model equalled 60.2 and the test correlation coefficient of the predictions and empiric data equalled 0.84 (Table 5). In the studies by Chaloner et al. [55], the predictive models were developed based on data collected over the period of 2002–2016. The performance of the models was measured by Pearson correlation coefficient. The correlation between model outputs and the observed Z. tritici disease ranged from r = 0.065 to r = 0.623, in dependence upon the growing season. Pietravalle et al. [24] developed a model for the prediction of Zymoseptoria tritici on winter wheat (cv. Riband) using multiple linear regression. Nine best-weather functions related to rainfalls, leaf wetness (%) and minimum temperature were used as explanatory variables in all years and for all experimental sites. The model achieved a performance of R2 = 0.77 of predicted Z. tritici severity at the mid-milk growth stage of wheat. Both findings in this research and the literature suggest that statistical modelling is a useful tool in Z. tritici risk assessment.



In the present studies, the models for P. nodorum and P. avenae f. sp. triticea occurrence had lower performance and the error of the predictions was relatively high in comparison to the Z. tritici model, although there is a possibility to implement these models in the risk estimations of the severity of diseases caused by the Parastagonospora species. The dataset collected over the years 2015–2020 was relatively small (n = 96); therefore, improvement of the models’ performance was observed after expanding the training dataset from 80% to 90% (Table 5). The models based on a 90% training dataset had a lower test RMSE, while the r increased. The relatively large differences in P. nodorum and P. avenae f. sp. triticea models between test and train metrics may indicate a high generalisation error and an overfitting of the models to the training dataset, causing the lower models’ performance based on unseen data, although further regularisation of the models decreased both the train and the test performance metrics (RMSE), creating an even worse generalisation. Additional training data might increase the efficiency of the developed models. There is also a possibility that meteorological factors were not sufficient to explain the variability in the occurrence of Parastagonospora spp. pathogens. In other studies, researchers determined, inter alia, the impact of wheat residues from the previous crop in a crop-rotation field and of the tillage type on the occurrence of P. nodorum [52,53,56]. These factors might be crucial determinants for the natural occurrence of Parastagonospora spp., since the latter pathogens appeared to be relatively less severe in comparison to Z. tritici. The P. nodorum classification models developed by Mehra et al. [53] in 2017, using the RF algorithm based on the aforementioned factors explained 79% of total data variability. In the study, they examined machine learning algorithms in predicting the pre-planting risk of pathogen in wheat. Preplanting factors tested as potential predictor variables were cultivar resistance, latitude, longitude, previous crop, seeding rate, seed treatment, tillage type and wheat residue. Ten years earlier Shaw et al. [29] developed multiple regression models based on meteorological factors for Phaeosphaeria nodorum and Mycosphaerella graminicola DNA abundance in leaf and stem, which explained, respectively, 55% and 47% of the variance. To date, there were not presented statistical models based on prediction data for Parastagonospora spp. and Z. tritici occurrence on wheat and triticale in Poland. The developed models take into account not only wheat as a host, but also triticale which is of key importance fodder cereal species for animal feeding.



The models for the occurrence of Z. tritici, P. nodorum and P. avenae f. sp. triticea on winter wheat were visualised based on the full dataset (Figure 3 and Figures S1–S4). The most promising model based on the occurrence of Z. tritici on winter wheat is presented in Figure 3. The performance of this model could increase slightly given that the full dataset was used in the final grid estimations, but after this operation there was no possibility to measure the test performance metrics. The model is sufficient for the spatial distribution analysis of the occurrence of Z. tritici in the period of 2015–2020. Extrapolation beyond the above indicated research period should be possible, with good accuracy for several years. Further improvement of the performance of the model requires future data collecting and model updating. The Z. tritici model shows variability in the occurrence of Z. tritici from year to year and in the spatial distribution of the pathogen in growing seasons. The climatic conditions in the 2015 growing season were the least favourable to the occurrence of Z. tritici. The predictive models for P. nodorum and P. avenae are sufficient for an assessment of disease risks the pathogens cause, which, at present, is unknown from season to season.





4. Conclusions


Climate change, is known to be regionally and seasonally specific. It has become one of the foremost factors which affects agricultural production and food security. Most simulations of climate change impacts on agricultural production focus on potential yields, despite actual yields being largely affected by climate-dependent pathogens. The purpose of this research was to make estimations and the impact of climatic factors on the occurrence and severity under natural infections by the pathogens causing leaf and glume blotch diseases of winter wheat and winter triticale in Poland. The complexity of climatic factors, which affect to a large extent the plant–pathogen–climate interactions. These were highlighted over 2015–2020 by the correlation of a bunch of climatic factors measured in different geographical regions of Poland with the natural occurrence of the pathogens. Z. tritici also flourishes in more humid climatic regions and this climatic region includes Northern France and Germany, as well as the UK [27,36]. The most frequent occurrence, measured by the number of isolations of P. nodorum and P. avenae f.sp. triticea from naturally diseased plants was found to be on winter triticale, while Z. tritici on winter wheat. The rainfalls positively correlated with P. nodorum, P. avenae f.sp. triticea and Z. tritici, mainly in February. The rainfall differently influenced the occurrence of monitored pathogens in the following months: in May and June the rainfalls affected the occurrence of P. nodorum; slightly earlier, i.e., in March and May the rainfalls affected P. avenae f.sp. triticea, while the period from March to June had the least effect on occurrence of Z. tritici. In contrast, a negative correlation in autumn was not observed for P. nodorum; P. avenae f.sp. triticea was influenced negatively by rainfalls from August to October and rainfalls affect Z. tritici in August. A positive correlation between temperature and occurrence of P. nodorum was found in May and December. whereas for P. avenae f. sp. triticea and Z. tritici mainly in June and August. Additionally, P. nodorum and P. avenae occurrence was negatively correlated with temperature in October and in January with Z. tritici incidence. Geographical latitude was important only in the case of P. nodorum occurrence. The use of our model was a way to address these complexities and go beyond qualitative analyses. The developed models were implemented to visualise a spatial distribution of diseases severity in the 2015–2020 period. The developed models can also be used in an occurrence risk assessment of P. nodorum, P. avenae f. sp. triticea and Z. tritici on winter wheat and winter triticale. Supplementary data are important in the training the models and influence the models’ sensitivity and specificity. Therefore, the development of the models and their performance improvement can be achieved through the introduction of data set related to the occurrence of the pathogens in the upcoming years. There is also a possibility to combine models for all described pathogens to predict overall disease burden by addition of models outputs since all observations were made on the same scale (35 leaves × plot−1 = 350 leaves × 100 m−2) facilitating disease risk assessment.
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Figure 1. Locations of experimental fields in Poland. 
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Figure 2. Number of Z. tritici (A), P. nodorum (B) and P. avenae (C) isolations (occurrence) from the leaves of winter wheat and triticale in experimental sites (Bartążek, Bonin, Borowo, Grodkowice: Małyszyn, Oleśnica Mała, Smolice and Ożańsk) over the period of 2015–2020. 
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Figure 3. Visualisation of the model estimating number of winter wheat leaves affected by Z. tritici. Grey scale bar of the occurrence: 350 leaves = 100%, 300 leaves = 86%, 240 leaves = 69%, 180 leaves = 51%, 120 leaves = 34%, 60 leaves = 17% in the 2015–2020 period. 
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Table 1. T-student test for the number of isolations calculated between pairs of different necrotrophic pathogens. Three combinations of pathogen pairs are presented for both, winter wheat and winter triticale.
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Grouping Variable

	
Pathogen Pairs

	
Mean Number of Isolations

	
t

	
df

	
p






	
Winter wheat

	
Z. tritici

	
P. nodorum

	
159.3

	
16.0

	
−8.8

	
94

	
0.000




	
Z. tritici

	
P. avenae

	
159.3

	
1.8

	
−10.2

	
94

	
0.000




	
P. nodorum

	
P. avenae

	
16.0

	
1.8

	
2.9

	
94

	
0.005




	
Winter triticale

	
Z. tritici

	
P. nodorum

	
7.8

	
25.2

	
3.2

	
94

	
0.002




	
Z. tritici

	
P. avenae

	
7.8

	
6.8

	
−0.5

	
94

	
0.647




	
P. nodorum

	
P. avenae

	
25.2

	
6.8

	
3.4

	
94

	
0.001
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Table 2. Pearson correlation coefficients (r) and p-values (n = 96) for P. nodorum occurrence and meteorological factors in the following months of the year.
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	Month
	Meteorological Factors
	r
	p





	1
	Number of days with snow cover
	0.202
	0.049



	2
	Number of days with rainfall
	0.247
	0.015



	2
	First day of maximum rainfall
	0.225
	0.028



	5
	Absolute maximum temperature
	0.232
	0.023



	5
	First day of maximum rainfall
	0.328
	0.001



	6
	Daily maximum sum of rainfall
	0.290
	0.004



	6
	Monthly sum of rainfall
	0.287
	0.005



	7 *
	Average maximum temperature
	−0.267
	0.009



	7 *
	Monthly average temperature
	−0.276
	0.006



	10 *
	Absolute maximum temperature
	−0.431
	0.000



	10 *
	Average maximum temperature
	−0.253
	0.013



	10 *
	Monthly average temperature
	−0.272
	0.007



	11 *
	Number of days with snowfall
	0.257
	0.012



	11 *
	Monthly sum of rainfall
	0.281
	0.006



	12 *
	Number of days with snowfall
	−0.247
	0.015



	12 *
	Average maximum temperature
	0.276
	0.006



	12 *
	Monthly average temperature
	0.297
	0.003



	12 *
	Average minimum temperature
	0.285
	0.005



	-
	Geographical latitude
	0.292
	0.004







* early-season factors.
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Table 3. Pearson correlation coefficients (r) and p-values (n = 96) for P. avenae occurrence and meteorological factors in the following months of the year.
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	Month
	Meteorological Factors
	r
	p





	2
	Absolute minimum temperature
	0.214
	0.036



	2
	Number of days with rainfall
	0.292
	0.004



	2
	Daily maximum sum of rainfall
	0.208
	0.042



	2
	Monthly sum of rainfall
	0.249
	0.015



	2
	Minimum near-surface temperature
	0.287
	0.005



	2
	First day of maximum rainfall
	0.293
	0.004



	2
	Monthly average temperature
	0.227
	0.026



	2
	Average minimum temperature
	0.241
	0.018



	3
	Number of days with rainfall
	0.264
	0.009



	5
	First day of maximum rainfall
	0.296
	0.003



	6
	Absolute maximum temperature
	0.205
	0.045



	7 *
	Minimum near-surface temperature
	−0.268
	0.008



	8 *
	Absolute maximum temperature
	0.341
	0.001



	8 *
	Number of days with rainfall
	−0.325
	0.001



	8 *
	Monthly sum of rainfall
	−0.298
	0.003



	8 *
	Average maximum temperature
	0.368
	0.000



	8 *
	Monthly average temperature
	0.350
	0.000



	8 *
	Average minimum temperature
	0.267
	0.009



	9 *
	Absolute maximum temperature
	0.342
	0.001



	9 *
	Daily maximum sum of rainfall
	−0.235
	0.021



	10 *
	Monthly sum of rainfall
	−0.209
	0.041



	10 *
	Monthly average temperature
	−0.258
	0.011



	10 *
	Average minimum temperature
	−0.279
	0.006



	12 *
	Absolute maximum temperature
	0.264
	0.009



	12 *
	Number of days with snowfall
	−0.294
	0.004



	12 *
	Average maximum temperature
	0.399
	0.000



	12 *
	Monthly average temperature
	0.394
	0.000



	12 *
	Average minimum temperature
	0.362
	0.000



	-
	Plant species (host)
	0.307
	0.002







* early-season factors.
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Table 4. Pearson correlation coefficients (r) and p-values (n = 96) for Z. tritici occurrence and meteorological factors in the following months of the year.
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	Month
	Meteorological Factors
	r
	p





	1
	Monthly average temperature
	−0.208
	0.042



	1
	Average minimum temperature
	−0.218
	0.033



	2
	Absolute maximum temperature
	0.243
	0.017



	2
	Monthly sum of rainfall
	0.206
	0.044



	6
	Average maximum temperature
	0.237
	0.020



	6
	Monthly average temperature
	0.262
	0.010



	6
	Average minimum temperature
	0.252
	0.013



	8 *
	Number of days with rainfall
	−0.332
	0.001



	8 *
	Average maximum temperature
	0.252
	0.013



	8 *
	Monthly average temperature
	0.232
	0.023



	9 *
	Absolute maximum temperature
	0.250
	0.014



	10 *
	Average minimum temperature
	−0.201
	0.049



	-
	Plant species (host)
	−0.710
	0.000







* early-season factors.













[image: Table] 





Table 5. Results of cross-validation for the models: RMSE and Pearson correlation coefficients (r). Results are the average values of 100 models.
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Size of Training Dataset

	
Model for Pathogen

	
RMSE

	
r




	
Train Dataset

	
Test Dataset

	
Train Dataset

	
Test Dataset






	
80%

	
P. nodorum

	
16.86

	
30.43

	
0.88

	
0.58




	
P. avenae

	
2.94

	
7.20

	
0.95

	
0.50




	
Z. tritici

	
44.11

	
60.19

	
0.91

	
0.84




	
90%

	
P. nodorum

	
17.23

	
27.62

	
0.87

	
0.62




	
P. avenae

	
2.82

	
6.86

	
0.95

	
0.53




	
Z. tritici

	
47.71

	
53.80

	
0.89

	
0.88








Data was randomly divided and models trained 100 times due to the small dataset and the risk of large random error.
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