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Abstract

:

Fungal cereal pathogens, including Blumeria graminis f.sp. avenae, have the ability to adapt to specific conditions, which in turn leads to overcoming host resistance. An important aspect is the standardized way of characterizing the races and pathotypes of the pathogen. In the presented work, for the first time it was proposed to use a unified letter code that allows describing the pathotypes of B. graminis f.sp. avenae. The set of 14 oat genotypes were used as a differential set. This set included genotypes having so far described powdery mildew resistance genes Pm1–Pm11, and two genotypes (A. sterilis and A. strigosa) with effective sources of resistance to Bga. Based on the analysis of 160 Bga isolates collected in 2016–2019 from 4 locations in Poland, the most numerous was the TBBB pathotype, represented by 30% of the tested isolates. It was present in all analyzed populations. Subsequently, 8.1% and 6.3% of the isolates represented the TBCB and RBBB pathotypes, respectively.
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1. Introduction


Plant diseases are the result of a complex interaction between a sensitive host, a virulent pathogen, and favorable environmental conditions [1,2]. Blumeria graminis is a pathogen that spreads mostly by anamorphic conidia, but survives unfavorable conditions through a telomorphic stage, which terminates by the production of chasmothecia with numerous asci containing ascospores [3]. Climate change may contribute to conditions for better pathogen survival, as well as an increase in pathogenicity and faster spread [4,5].



Blumeria graminis f.sp. avenae (Bga) is one of the most dangerous oat fungal pathogens [6]. It is common in central and north-western Europe and North America [7,8]. The disease is also a serious threat in Eastern European countries [9]. In addition, in recent years, the disease has spread to areas where its symptoms had not previously been observed. Literature sources report the emergence of the disease, for example, in China [10] or the north-western Himalayan region [11].



Due to the increasing spread of the pathogen, its adaptability, and ability to evolve and overcome host resistance, continual research on monitoring of virulence are necessary. This research is also very important in order to prevent large-scale epidemics [12]. Conducting this type of research will allow for better planning of the strategy of plant protection against pathogens attacking. Therefore, the first goal of the presented study was to determine the virulence and diversity of B. graminis f.sp. avenae populations occurring in Poland in 2016–2019. These studies are a continuation of the observations started in 2010.



In pathogenicity monitoring studies, very important is the ability to compare results obtained in different regions of the world. An important aspect is the standardized way of characterizing the races and pathotypes of the pathogen. In the presented work, we would like to propose the use of a unified letter code allowing describing B. graminis f.sp. avenae pathotypes, based on the description of other fungal pathogens affecting cereals [13,14,15]. The use of the standardized characteristics of pathotypes in further work on B. graminis f.sp. avenae will allow a reliable comparison of the results of the research carried out in various research centres. It will also allow monitoring of the diversity of the B. graminis f.sp. avenae population and the speed of changes taking place in the population in different regions of the world.




2. Materials and Methods


2.1. Location of Pathogen Populations and Dates of Sampling


The pathogen samples were collected for four years from 2016 to 2019 in four the same locations in Poland (Figure 1). Each separate population consisted of isolates collected in one year, with the total number of 40 (10 isolates from each location). Leaves of oat cultivars (Avena sativa L.) infected with B. graminis f.sp. avenae were originally collected randomly from fields belonging to plant breeding companies.




2.2. Multiplication of Inoculum


Samples of B. graminis f.sp. avenae were obtained from infected leaves of random cultivars collected from each location. The distance between the sampling sites within a field was at least 5 m. Under laboratory conditions, from every sample, single spore isolates were obtained in accordance with the methodology previously described by Hsam et al. [16].




2.3. Differential Sets and Inoculation of the Leaf Segments


The set of 14 oat genotypes were used as a differential set. This set included genotypes having so far described powdery mildew resistance genes Pm1–Pm11, and genotypes A. sterilis [17] and A. strigosa [18] with effective sources of resistance to B. graminis f.sp. avenae. The control set also included the Fuchs cultivar susceptible to powdery mildew infection (Table 1). Seeds of each differential were sown in a pot filled with gardening peat substrate and placed in a mildew-proof growing chamber under natural daylight.



Three leaf segments of each differential were placed in 12-well culture plates with 6 g/L agar and 35 mg/L benzimidazole. The plates with the leaf segments were inoculated in a settling tower by spreading 500–700 powdery mildew spores per 1 cm2. The plates were then incubated in a growing chamber at 17 °C and an illuminance of approximately 4 kLx.




2.4. Virulence Determination, Pathotype Designation, and Distribution


The reaction type of each differential was determined 10 days after inoculation and scored according to a 0–4 modified scale [22]; where 0 = no infection, no visible symptoms; 1 = highly resistant, fungal development limited, no sporulation; 2 = moderately resistant, moderate mycelium with some sporulation; 3 = moderately susceptible, extensive mycelium, more sporulation; 4 = highly susceptible, large colonies, and abundant sporulation (Figure 2). If disease symptoms were scored as 0, 1, or 2, the isolates were classified as avirulent to known genes against oat powdery mildew. If disease symptoms were scored as 3 or 4, the isolates were classified as virulent.



The compiled reaction type data for each isolate to differential genotypes were coded as individual pathotypes (Table 2). In order to standardize the B.graminis f.sp. avenae isolates nomenclature, we propose to use a new letter code adapted from the available systems of the nomenclature of P.graminis f.sp. tritici [14], P.recondita f.sp. tritici [15] P.coronata f.sp. avenae [13].



In the proposed isolate nomenclature system, the level of infection of the set of control genotypes was divided into two classes: low (L) and high (H). Low levels of infection were reported as 0, 1, or 2 and classified the plants as resistant and the isolates as avirulent. The high level of infection was described as 3 and 4 and classified the plants as susceptible and the isolates as virulent.




2.5. Data Analysis


Parameters for comparing all B.graminis f.sp. avenae populations were calculated on the basis of isolate virulence patterns on the set of differential genotypes. Virulence frequency (p) as p = x/n (where x is the number of times a virulent reaction type was detected, and n is the total number of samples tested in a particular year) was calculated for each year. The total number of virulent reaction types for each isolate was calculated and reported as the virulence complexity. The frequency of the virulence complexity was determined for each year. Diversity within populations and pairwise distance between populations were assessed using different types of parameters: genetic diversity like Simpson (Si) and Shannon (Sh) and genetic distance (Rogers index-R) based on the pathotype structure of populations; gene diversity like Nei index (Hs) which is equivalent to a measure of the average dissimilarity within a population (ADWm) regarding the simple mismatch coefficient m, and the Nei gene distance (N) based on the population virulence, and genetic diversity (KWm) and distance (KBm) measured by the Kosman indices, based the population pathotype and virulence structure [23,24,25]. All computations of populations parameters were performed with the HaGiS program [26] and the VAT software [25,27].





3. Results


3.1. Virulence Frequency


B. graminis f.sp. avenae isolates belonging to the analyzed populations collected in 2016–2019 showed a high level of virulence in relation to the control forms containing the Pm1, Pm3, Pm6, and Pm3 + 8 genes. The average value of the virulence frequency of all analyzed isolates to these genes was 92.5%, 85.6%, 87.5%, and 85.6%, respectively. A low level of virulence was observed for the control forms with the Pm9, Pm10, and Pm11 genes. In each of the analyzed populations, virulent isolates for these genes were identified, but their number was relatively small, and the low frequency of virulence allows these genes to be considered effective. Among the analyzed isolates, several virulent to the Pm2 gene (8 from the 2019 population) and Pm7 from the Canyon cultivar (5 from the 2016 population) were identified. The control set also included the A. strigosa genotypes and one A. sterilis genotype, which showed high efficiency and are a valuable source of resistance to powdery mildew. Among the tested isolates, 6.3% and 17.5%, respectively, were virulent to these genotypes.



All tested isolates from four populations collected over four consecutive years were avirulent to the control forms containing the Pm4, Pm5, and Pm7 genes (line APR122). Detailed results of the analysis of the virulence frequency of particular populations are presented in Table 3.



Analyzing the complexity of the tested B. graminis f.sp. avenae isolates can be observed that these isolates most often overcame the resistance of 4 out of 14 genes included in the control set (37% of isolates), this relationship was present in each of the analyzed populations. A total of 26% of the isolates overcame the resistance of 5 genes simultaneously, 15% overcame the resistance of 3 genes, and 11% of 6 genes simultaneously. The negligible number of isolates of 6 and 5% broke the resistance of 2 and 7 genes simultaneously. None of the tested isolates were able to break the resistance of 1, 8, 9, 10, 11, 12, 13, or 14 genes (Figure 3).




3.2. New Nomenclature for B. graminis f.sp. avenae Phenotypes


To create the B.graminis f.sp. avenae isolate nomenclature system, all the cultivars and lines with the powdery mildew resistance genes and 2 additional genotypes identified in our previous research as effective against powdery mildew, were used (Table 1). In the proposed system, the reference lines were divided into four groups depending on their reaction to B. graminis f.sp. avenae isolates. Information on the characteristics of control genotypes was collected on the basis of the available literature and ongoing own observations.



The first subgroup included Jumbo with the Pm1, Mostyn with Pm3 and Bruno with Pm6 genes. These genes have been present in many cultivars for many years [16,19,28,29,30]. Due to the long-term presence of these genes in cultivated forms, their level of resistance is currently very low. Most of the B. graminis f.sp. avenae isolates tested so far have broken the resistance of these genes; however, single isolates avirulent towards these genes are identified [31]. This subgroup also includes the Pm8 gene, which was identified in the Rollo cultivar together with the Pm3 gene [32]. Due to the lack of a line with a single Pm8 gene, this cultivar was included in the control set. Numerous of our own observations show that the Pm8 gene does not show a high level of resistance [33].



The lines with the Pm2, Pm4, Pm5, and Pm7 genes form the second subgroup. These genes show a high level of resistance, probably due to the fact that they have not been widely used in oat breeding programs so far [16,19,20,29]. Introducing them to cultivated forms may induce the emergence of new pathogen pathotypes that will begin to break their resistance.



The third subgroup consist of genotypes with Pm9 and Pm10 genes, described by Herrmann et al. [20], showing a high level of resistance in the adult plant stage. Tests carried out at the seedling stage showed a high and moderate level of resistance of these genes (own observations). Lines with the Pm11 gene identified by Ociepa et al. [34] showed a high and moderate level of resistance in the adult and seedling stage [21]. We also included the Canyon cultivar with the Pm7 gene in this group. Numerous observations and tests conducted in recent years have shown that Canyon has a pattern of infestation different from the APR122 line. Due to the different reaction of these genotypes, we included both of them in the control set; for the sake of distinction, we marked them as Pm7a for the APR 122 line and Pm7b for Canyon.



In the fourth group, we placed two genotypes, A. sterilis and A. strigosa, identified in our previous work as effective sources of resistance to powdery mildew [17,18].



For each group, 16 combinations of high or low infection are possible. Each combination has an assigned letter characterizing a given group of genotypes. As a result, a 4-letter code will be used to describe the virulence of the B. graminis f.sp. avenae isolate. For example, an isolate marked as TBBB shows a high infection level in relation to the genotypes placed in the first group—it is virulent toward them and breaks the resistance of the Pm1, Pm3, Pm6, and Pm8 genes. This isolate is avirulent toward genotypes from groups 2, 3, and 4 and does not break the resistance of the Pm2, Pm4, Pm5, Pm7a, Pm7b, Pm9, Pm10, and Pm11 genes and the resistance sources identified in A. sterilis and A. srigosa.



The division into low and high virulence levels is very conventional. Readings 0, 1, and 2 are classified as avirulent and readings 3 and 4 are classified as virulent. However, a reading of 2 indicates that the gene’s resistance is starting to decline and further pressure could lead to a rapid breakdown of the resistance. In some studies, such as the effectiveness of resistance genes, it is important to identify isolates that begin to break down resistance to a small extent. Therefore, in our code, we suggest marking the readings of 2 as L (low infection) with the + sign at the end of the code and the gene symbols for which the readings were classified as 2, if it is required by the conducted analyses. For example, an isolate marked as TBBB + Pm9 shows a high level of infection in relation to the genotypes placed in the first group—it is virulent toward them and breaks the resistance of the Pm1, Pm3, Pm6, and Pm8 genes. This isolate is avirulent towards genotypes from groups 2, 3, and 4 and does not break the resistance of the Pm2, Pm4, Pm5, Pm7a, Pm7b, Pm9, Pm10, and Pm11, A. sterilis and A. strigosa genes, but in the case of the Pm9 line its reaction was marked as 2. This may indicate that the level of virulence for this gene is increasing and isolates may arise that will completely break its resistance. This representation of virulence will help interpret the results and identify genes whose resistance is beginning to decline. This will also help to track changes in the pathogen’s virulence levels.




3.3. Pathotypes Structure


Among the 160 isolates tested, 46 pathotypes were identified. The most numerous was the TBBB pathotype, represented by 30% of the tested isolates. It was present in all analyzed populations. 8.1% and 6.3% of the isolates represented the TBCB and RBBB pathotypes, respectively. The remaining pathotypes were represented by less than 5% of the isolates. The number of pathotypes and thus the diversity of the pathogen population increased in the following years. In the population collected in 2016, 12 pathotypes were identified, as well as 17 in the population collected in 2017, and 16 in the population from 2018. The population collected in 2019 was the most diverse and 21 different pathotypes were identified (Table 4).




3.4. Diversity within and Distance between Populations


Different types of diversity parameters were calculated for individual populations. All the obtained results are presented in Table 5. These results clearly indicate that the differentiation of the B.graminis f.sp. avenae population in Poland increases year by year. The highest rates were observed for the population collected in 2019, which confirms its highest level of diversity.



The genetic distance calculated between all analyzed populations showed that the populations collected in 2016, 2017, and 2018 were the most similar to each other. The population collected in 2019 was the most different from all other populations.



The increase in the diversity of the B. graminis f.sp. avenae populations observed in 2016–2019 may be related to the weather changes taking place in these years (Table 6). The increase in the average temperature and high humidity had a significant impact on better wintering of spores and the passage of the full cycle of reproduction through the pathogen, which resulted in the emergence of new pathotypes.





4. Discussion


Assessing the level of virulence of pathogens is and will continue to be an integral part of breeding programs aimed at increasing the resistance of crops, as well as research focusing on the analysis of pathogenicity and virulence dynamics in pathogen populations [12,36]. Changes in virulence in the population and the speed of the appearance of new races of pathogens determine the possibility of using resistance genes in plant breeding. Therefore, it is important to observe the effectiveness of the resistance genes present in the cultivars [12,31,37].



The presented results on the frequency of virulence and comprehensiveness are a continuation of research on the dynamics of changes in the B. graminis f.sp. avenae populations in Poland since 2010 [33,38]. They showed that the diversity in the pathogen populations in Poland only slightly increases from year to year. This is confirmed by all the calculated differentiation parameters as well as the number of pathotypes identified in individual years. This number is growing successively from year to year. The number of pathotypes was two in 2010 and increased to eight in 2015 [33,38]. In recent years, this has ranged from 12 in 2016 to 21 in 2019. The increase in population diversity may be associated with better wintering of pathogen spores. The mild winters observed in recent years, as well as favorable weather conditions, favored the pathogen’s survival, which allowed it to undergo a full cycle of sexual reproduction, and thus for the emergence of more diverse forms. Such a trend was noted by Tang et al. [5], who analyzed the impact of climate change on the pathogenicity of wheat powdery mildew. On the basis of long-term observations, they have shown that climate change contributes to the increase in powdery mildew epidemics, which may lead to an increase in the importance of powdery mildew as the main factor of the quality and quantity of wheat yield reduction.



Climate change also affects the spread of diseases to new geographic regions [1,4,39]. In recent years, powdery mildew symptoms were observed in China and in the Himalayan region [10,11], which allows the conclusion that climate change also affects B. graminis f.sp. avenae. These reports increase the need for continuous work on this pathogen, which will allow for the planning of effective oat crop protection strategies. Therefore, monitoring virulence in different regions of the world is very important and requires the unification of the method of conducting works so that it is possible to compare the obtained results.



The use of standardized nomenclature of pathogen isolates by various scientists allows for the comparison of works from different regions of the world and for drawing global conclusions regarding, for example, the pathogen’s migration directions, which allows wise planning of plant protection strategies. Unified systems of nomenclature and pathogenicity description are currently carried out for many plant pathogens, for example: Puccinia graminis f. sp. tritici [40,41,42,43], Puccinia triticina [44,45,46], Puccinia coronata f. sp. avenae [47,48,49,50].



Until now, the evaluation of the B. graminis f.sp. avenae races was based on determining the isolate as virulent or avirulent in relation to the described resistance genes. Herrmann and Mohler [20] used the spores of the pathogen taken from a susceptible cultivar Pergamon. Hsam and Zeller [51] assessed the segregation of resistance used by the isolate which was described as avirulent for the cultivar Mostyn. Herrmann and Roderick [52] described the isolate as infecting all cultivars from the UK. Mohler et al. [53] and Sánchez-Martín et al. [54] described the isolates only with symbols. Such descriptions can be misleading, especially if the isolate’s response is not compared to the infection pattern of the control line. This kind of description provides only cursory information on the pathogen isolates used. Moreover, these results cannot be compared with each other due to the use of different control forms. In many studies on powdery mildew in oats, the characterization of the pathogen isolates is based on the presentation of the reactions of control genotypes to the isolates used in the experiment in a separate table. Hsam et al. [16,19] postulated the presence of resistance genes in oat cultivars based on the comparison of the reactions of the tested cultivars with the response of control forms. The characteristics of the isolates were presented as a table with a description of the resistant, sensitive or moderate reaction of the line to a given isolate. A similar way of presenting the level of virulence in isolates was used by Hsam et al. [32], when testing the segregation of resistance to B. graminis f.sp. avenae in oat populations. The use of letter code proposed in the present study will allow for a very simple presentation of the virulence of the used isolate without the need to present extensive tables. The control set proposed for the description of the B. graminis f.sp. avenae pathotypes contains all the oat powdery mildew resistance genes described so far. Additionally, it was supplemented with two genotypes identified by us as effective against powdery mildew. Moreover, in the available scientific literature there are many reports on the identification of other new, effective sources of resistance to powdery mildew [52,54,55]. These genotypes also could be included in the control set. The expansion of the control set with new genotypes will not disturb the developed system of nomenclature of B. graminis f.sp. avenae isolates.



To summarize, climate change in recent years has contributed to the spread of powdery mildew and an increase in the diversity of races of the pathogen. Our research has confirmed that the pathogen population changes from year to year and its monitoring allowed us to determine the effectiveness of the resistance genes used in breeding programs. In addition, monitoring changes in virulence and complexity can provide useful information for combining genes into pyramids to build long-term and comprehensive resistance. In our opinion, it is also necessary to standardize the nomenclature of B. graminis f.sp. avenae isolates. The code we propose will allow for the unification of the work carried out and for drawing global conclusions regarding the dynamics of changes in the pathogen’s populations. It will also allow the monitoring of the emergence of pathotypes capable of breaking the most effective resistance genes.
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Figure 1. Geographic distribution of the locations from which the Bga isolates were collected. 
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Figure 2. Photo of leaf fragments showing the different types of plant response to Bga infection. 
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Figure 3. Virulence frequency of the analyzed Bga populations in particular years. 
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Table 1. Standard differential set of oat lines and cultivars with known resistance genes used to characterize virulence structure of the Blumeria graminis populations on oat in Poland across 2016–2019 [16,18,19,20,21].
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	Cultivar/Line
	Gene Symbol
	Host Set
	Pedigree





	Jumbo
	Pm1
	1
	Flämingsstern/AJ20–61//Faggot



	CC3678
	Pm2
	2
	A. hirtula



	Mostyn
	Pm3
	1
	05443/Condor



	Av1860
	Pm4
	2
	A. sativa/A. barbata



	Am27
	Pm5
	2
	A. sativa/A. macrostachya



	Bruno
	Pm6
	1
	Halla/Gambo



	APR122
	Pm7
	2
	A. sativa/A. eriantha



	Canyon
	Pm7
	3
	A. sativa/A. barbata



	Rollo
	Pm3 + Pm8
	1
	LP75-512/W17286



	AVE2406
	Pm9
	3
	A. byzantina



	AVE2925
	Pm10
	3
	A. byzantina



	CN113536
	Pm11
	3
	A. sativa/A. sterilis



	CN67383
	UA.ster.
	4
	A. sterilis



	Pl 51586
	UA.stri.
	4
	A. strigosa



	Fuchs
	-
	-
	-
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Table 2. Code of 14 differentials for identification of Blumeria graminis f.sp avenae pathotypes.
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Letter Code.

	
Host Set 1

	
Pm1

	
Pm3

	
Pm6

	
Pm8




	
Host Set 2

	
Pm2

	
Pm4

	
Pm5

	
Pm7a




	
Host Set 3

	
Pm7b

	
Pm9

	
Pm10

	
Pm11




	
Host Set 4

	
A.ster

	
A.st

	
-

	
-






	
B

	

	
L

	
L

	
L

	
L




	
C

	

	
L

	
L

	
L

	
H




	
D

	

	
L

	
L

	
H

	
L




	
F

	

	
L

	
L

	
H

	
H




	
G

	

	
L

	
H

	
L

	
L




	
H

	

	
L

	
H

	
L

	
H




	
J

	

	
L

	
H

	
H

	
L




	
K

	

	
L

	
H

	
H

	
H




	
L

	

	
H

	
L

	
L

	
L




	
M

	

	
H

	
L

	
L

	
H




	
N

	

	
H

	
L

	
H

	
L




	
P

	

	
H

	
L

	
H

	
H




	
Q

	

	
H

	
H

	
L

	
L




	
R

	

	
H

	
H

	
L

	
H




	
S

	

	
H

	
H

	
H

	
L




	
T

	

	
H

	
H

	
H

	
H
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Table 3. Virulence frequencies of Blumeria graminis f. sp. avenae isolates sampled from oat in 2016–2019.
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Cultivar

	
Gene

	
Frequency (%)




	
2016

	
2017

	
2018

	
2019

	
2016–2019






	
Jumbo

	
Pm1

	
100

	
77.5

	
97.5

	
95

	
92.5




	
CC3678

	
Pm2

	
0

	
0

	
0

	
20

	
5




	
Mostyn

	
Pm3

	
90

	
97.5

	
92.5

	
62.5

	
85.6




	
Av1860

	
Pm4

	
0

	
0

	
0

	
0

	
0




	
Am27

	
Pm5

	
0

	
0

	
0

	
0

	
0




	
Bruno

	
Pm6

	
100

	
100

	
87.5

	
62.5

	
87.5




	
APR122

	
Pm7

	
0

	
0

	
0

	
0

	
0




	
Canyon

	
Pm7

	
12.5

	
0

	
0

	
0

	
3.1




	
Rollo

	
Pm3 + Pm8

	
90

	
100

	
92.5

	
60

	
85.6




	
AVE2406

	
Pm9

	
7.5

	
10

	
30

	
7.5

	
13.8




	
AVE2925

	
Pm10

	
22.5

	
17.5

	
15

	
12.5

	
16.9




	
CN113536

	
Pm11

	
27.5

	
27.5

	
17.5

	
15

	
21.9




	
CN67383

	
UA.ster.

	
20

	
10

	
22.5

	
17.5

	
17.5




	
Pl 51586

	
UA.stri.

	
5

	
0

	
2.5

	
17.5

	
6.3
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Table 4. Virulence spectra of 46 pathotypes of Blumeria graminis f.sp. avenae.
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Pm1

	
Pm3

	
Pm6

	
Pm3 + 8

	
Pm2

	
Pm4

	
Pm5

	
Pm7

	
Pm7

	
Pm9

	
Pm10

	
Pm11

	
U A. Sterilis

	
U A. Strigosa

	
Number of Isolates




	
2016

	
2017

	
2018

	
2019

	
2016–2019






	
TBBB

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	
18

	
14

	
13

	
3

	
48




	
TBCB

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	
+

	

	

	
5

	
5

	
3

	

	
13




	
RBBB

	
+

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	
2

	
8

	
10




	
TBBL

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	
+

	

	

	
2

	
4

	
1

	
7




	
TBGB

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	

	

	

	

	

	
1

	
4

	
1

	
6




	
NBCB

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
5

	
5




	
TBDB

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	
+

	

	

	

	

	
4

	
1

	

	
5




	
TBJB

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	
+

	

	

	

	

	
1

	
3

	
1

	
5




	
KBBB

	

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	

	
4

	

	

	
4




	
TBCL

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	
+

	
+

	

	
3

	

	
1

	

	
4




	
TBLB

	
+

	
+

	
+

	
+

	

	

	

	

	
+

	

	

	

	

	

	
4

	

	

	

	
4




	
KBCB

	

	
+

	
+

	
+

	

	

	

	

	

	

	

	
+

	

	

	

	
3

	

	

	
3




	
TBHB

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	

	
+

	

	

	

	
2

	
1

	

	
3




	
LBDB

	
+

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	

	

	

	
2

	
2




	
NBBB

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
2

	
2




	
NBBL

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	
2

	

	
2




	
NBCG

	
+

	

	
+

	

	

	

	

	

	

	

	

	
+

	

	
+

	

	

	

	
2

	
2




	
NBDB

	
+

	

	
+

	

	

	

	

	

	

	

	
+

	

	

	

	
2

	

	

	

	
2




	
QBBG

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	
2

	
2




	
TBDL

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	
+

	

	
+

	

	
1

	
1

	

	

	
2




	
TBKB

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	
+

	
+

	

	

	
2

	

	

	

	
2




	
TLBB

	
+

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	
2

	
2




	
TLBL

	
+

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	
+

	

	

	

	

	
2

	
2




	
DBBL

	

	

	
+

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	

	
1

	
1




	
FBBB

	

	

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	
1




	
FLBB

	

	

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
1




	
HBBB

	

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	
1




	
KBBL

	

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	
+

	

	

	
1

	

	

	
1




	
LBCL

	
+

	

	

	

	

	

	

	

	

	

	

	
+

	
+

	

	

	

	

	
1

	
1




	
NBCL

	
+

	

	
+

	

	

	

	

	

	

	

	

	
+

	
+

	

	

	

	

	
1

	
1




	
NBDL

	
+

	

	
+

	

	

	

	

	

	

	

	
+

	

	
+

	

	
1

	

	

	

	
1




	
NBJL

	
+

	

	
+

	

	

	

	

	

	

	
+

	
+

	

	
+

	

	

	

	
1

	

	
1




	
NBNL

	
+

	

	
+

	

	

	

	

	

	
+

	

	
+

	

	
+

	

	
1

	

	

	

	
1




	
RBBG

	
+

	
+

	

	
+

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	
1

	
1




	
RBCB

	
+

	
+

	

	
+

	

	

	

	

	

	

	

	
+

	

	

	

	

	
1

	

	
1




	
RBGB

	
+

	
+

	

	
+

	

	

	

	

	

	
+

	

	

	

	

	

	

	
1

	

	
1




	
RLBG

	
+

	
+

	

	
+

	
+

	

	

	

	

	

	

	

	

	
+

	

	

	

	
1

	
1




	
TBBG

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	

	

	
+

	

	

	

	
1

	
1




	
TBCG

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	

	
+

	

	
+

	
1

	

	

	

	
1




	
TBDQ

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	
+

	

	
+

	
+

	
1

	

	

	

	
1




	
TBFB

	
+

	
+

	
+

	
+

	

	

	

	

	

	

	
+

	
+

	

	

	

	
1

	

	

	
1




	
TBHL

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	

	
+

	
+

	

	

	

	
1

	

	
1




	
TBJG

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	
+

	

	

	
+

	

	

	
1

	

	
1




	
TBJL

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	
+

	

	
+

	

	
1

	

	

	

	
1




	
TLDL

	
+

	
+

	
+

	
+

	
+

	

	

	

	

	

	
+

	

	
+

	

	

	

	

	
1

	
1




	
TLJB

	
+

	
+

	
+

	
+

	
+

	

	

	

	

	
+

	
+

	

	

	

	

	

	

	
1

	
1
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Table 5. Diversity analysis of all powdery mildew isolates.
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	Parameter
	2016
	2017
	2018
	2019





	No. of isolates
	40
	40
	40
	40



	No. of different pathotypes
	12
	13
	16
	21



	Gene diversity (Nei index Hs)

equivalent to ADWm diversity
	0.134
	0.103
	0.136
	0.216



	Simpson index Si
	0.758
	0.828
	0.853
	0.916



	Shannon normalized index Sh
	0.514
	0.579
	0.635
	0.754



	Kosman index KWm
	0.164
	0.129
	0.168
	0.300
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Table 6. Meteorological data from the years and places of collection of the pathogen population [35].
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Location




	
Choryń

	
Strzelce

	
Czesławice

	
Polanowice

	
Poland (Total)




	
Year

	
2016

	
2017

	
2018

	
2019

	
2016

	
2017

	
2018

	
2019

	
2016

	
2017

	
2018

	
2019

	
2016

	
2017

	
2018

	
2019

	
2016

	
2017

	
2018

	
2019






	
Rainfall [mm]

	
608

	
668

	
373

	
393

	
751

	
832

	
520

	
388

	
698

	
612

	
479

	
531

	
745

	
702

	
569

	
639

	
666

	
733

	
489

	
556




	
Temperature [°C]

	
9.8

	
9.7

	
10.7

	
11.1

	
9.3

	
8.8

	
9.8

	
10.3

	
8.7

	
8.4

	
9.3

	
9.8

	
9.4

	
9.1

	
10

	
10.4

	
9.2

	
9

	
9.8

	
10.2




	
Wind velocity [m/s]

	
3.6

	
4

	
3.9

	
3.9

	
3.3

	
3.4

	
3.1

	
3.3

	
2.9

	
3

	
2.7

	
3

	
3.1

	
2.6

	
3.1

	
3.1

	
3.23

	
3.25

	
3.2

	
3.33




	
Insolation [h]

	
1823

	
1739

	
2225

	
2040

	
1840

	
1684

	
2170

	
2065

	
1872

	
1783

	
2143

	
2210

	
1750

	
1710

	
1949

	
1977

	
1821

	
1729

	
2122

	
2073
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