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Abstract

:

Rice blast, caused by Pyricularia oryzae, is one of the most destructive rice diseases worldwide. It is essential to understand the population structure and race distribution of P. oryzae for the prevention and control of rice blast. This study collected 1584 isolates across Jiangsu province from 2003 to 2017 to determine race diversity, common and dominant race structures, and resistance profiles using eight parameters from the Chinese differential cultivars (CDC) entries. Race diversity analysis indicated that the race diversity of 1584 isolates in Jiangsu province increased from 2003 to 2006 and fluctuated steadily from 2007 to 2017. Common race structure analysis showed that the common race structure of the isolates fluctuated wildly on an annual basis. Moreover, the race ZG1 was the dominant race, suggesting that the most commonly grown rice varieties in Jiangsu are highly adaptive to race ZG1. In addition, due to a higher level (>85%) of resistance to the population of isolates from 2003 to 2017, Tetep may be conformed as the most promising donor of blast resistance for resistance breeding in Jiangsu province. In summary, it is beneficial to control rice blast by continuous monitoring of the population structure and distribution of P. oryzae with the monogenic germplasm entries and by maintaining a diversity of rice varieties.
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1. Introduction


Rice blast disease, caused by the heterothallic ascomycete fungus Pyricularia oryzae, is one of the most critical diseases impacting global rice production. It damages rice mainly through leaf and panicle neck blast and causes 10–30% of the world’s food loss each year [1,2,3,4]. The use of resistant rice varieties is one of the primary methods to control the disease [5]. However, the resistance phenotype can become weakened or lost after 3–5 years of field cultivation. It is generally accepted that there are two reasons for this phenomenon: the first is that pathogenic races of P. oryzae (also referred to as physiological races or pathotypes) used to screen resistant varieties cannot represent the dominant population in targeted regions; the second is that the selection pressure caused by large-scale planting of a single resistant variety drives changes in the race structures of P. oryzae populations [6,7,8,9]. In rice/P. oryzae interactions, the dynamics of host resistance and pathogenicity of P. oryzae can be explained through the classical gene-for-gene model, in which a plant resistance gene recognizes a single pathogen effector, which induces plant resistance [10,11]. Therefore, characterizing and monitoring the dynamics of population race structures of P. oryzae are imperative for the breeding and rational distribution of resistant rice varieties [12,13,14,15].



In 1980, a set of Chinese differential cultivars (CDCs) were screened including Tetep, Zhenlong 13, Sifeng 43, Dongnong 363, Kanto 51, Hejiang 18, and Lijiangxintuanheigu (LTH) [16]; the P. oryzae isolates can be divided into seven groups (race ZA/ZB/ZC/ZD/ZE/ZF/ZG) based on the pathogenicity on the seven varieties of the CDC set, and the naming rules are elaborated in the materials and methods. In China, races ZA and ZB were dominant in populations of all rice-growing regions, race ZC was found in southern China, races ZD, ZE, and ZF were dominant in northern regions, and race ZG was dominant in eastern China [17]. Broad production areas and different climatic conditions, cultivation systems, and rice varieties employed are drivers of the genetic diversity of P. oryzae populations in China.



Jiangsu province is a major rice-growing region in China, with a perennial planting area of more than 2.1 million hectares (6.93% of the national rice production area); rice blast occurred in areas ranging from 0.5 million hectares (2017) to 1.3 million hectares (2015) (data from Jiangsu Plant Protection Station). In a previous study, we monitored the population structures of P. oryzae in Jiangsu from 2001 to 2010 using seven cultivars from the CDCs, and the ZG1 race occurred most frequently [18]. This study focuses on characterizing the dynamic behavior of the P. oryzae population in Jiangsu with four aspects: race diversity, common race structure, dominant race structure, and resistance gene structure. A total of 1584 monoconidial isolates were collected in Jiangsu from 2003 to 2017; all isolates were tested for pathogenicity using the set of Chinese differential cultivars and the races were identified.




2. Materials and Methods


2.1. Collection of Monoconidial Isolates


Diseased rice panicles were collected from farmers’ fields in eleven cities in Jiangsu province from 2003 to 2017 (no diseased samples in 2008), including northern Jiangsu (Xuzhou, Yancheng, Huai’an, and Lianyungang) and mid-southern Jiangsu (Nanjing, Suzhou, Changzhou, Nantong, and Yangzhou). Diseased rice panicles were collected in early October and samples were stored in separate brown paper envelopes and brought back to the laboratory for isolation of P. oryzae according to previously established methods [19].



Monoconidial isolate assays were performed as previously described [19]. To isolate P. oryzae from infected necks, the typical blast lesions were excised, washed with ddH2O (double distilled water) for 2 min, then soaked in 75% ethanol for 1 min, washed with ddH2O for 2 min, and then grown on moisturizing sterilized filter paper at 25 °C for 20 h in the dark. Single spores were selected by needle under a microscope (Nikon Eclipse 50i) and placed on 2% water agar. After 24 h of culture at 25 °C, germinating spores were transferred to a potato dextrose agar (PDA) medium. In total, 1584 monoconidial isolates were cultured on PDA medium at 28 °C.




2.2. Plant Infection Assays and Disease Assessments


For conidiation of P. oryzae, strain blocks were maintained on straw decoction and corn agar medium (SDC) (100 g of rice straw decoction was boiled in 1 L of ddH2O for 20 min and filtered, and the filtrate was mixed with 40 g of cornmeal and 15 g of agar and adjusted to 1 L with ddH2O). The mixture was incubated at 28 °C for 7 d in the dark, after which aerial hyphae were scraped off, and the remaining mixture was maintained for 3 d with continuous illumination under a black light [20].



For plant infection assays, conidia of each isolate were suspended at a concentration of 5 × 104 spores/mL in a 0.2% (w/v) gelatin solution, and 5 mL was sprayed on 20 approximately two-week-old rice seedlings of the CDC entries including three indica-type and four japonica-type entries. The inoculated plants were kept in the dark for 24 h at 25 °C with 100% relative humidity and then moved to a growth room with a 16 h light:8 h dark cycle. The disease severity was assessed 7 d after inoculation. Inoculation of each CDC entry with each isolate was repeated three times in independent inoculations [20].



The rice leaf blast reactions were scored using the following numerical scale (0 to 2: resistant; 3 to 5: susceptible) (Figure S1) [21]. In cases of the inconsistency of three repetitions, the highest score was recorded as an assessment of the host reaction.




2.3. Race Identification


The CDC set contained three indica-type entries (cultivars Tetep (A64), Zhenong 13 (B32), and Sifeng 43 (C16)) along with four japonica-type entries (cultivars Dongnong 363 (D8), Kando 51 (E4), Hejiang 18 (F2), and Lijiangxintuanheigu LTH (G1)). Each of the seven CDC entries was assigned a race code, combining both an alphabetical component and a numerical component. During the race numbering, the alphabet of the first susceptible rice variety is the group number, and the race number is found by adding 1 to the sum of the corresponding numbers of all the resistant rice varieties following the susceptible variety. For example, the pathogenic reaction of one isolate on the CDC entry (from A to G) is RSRSSRS; according to the above naming convention, the isolate belongs to race B, and named B16 + 2 + 1, B19 [16].




2.4. Data Analysis


A total of 1584 isolates were tested for pathogenicity against the CDC entries (Table S1). Race structure characteristics were analyzed using the methods of Zhang et al., which include four aspects and eight parameters [22] (Zhang et al., 2019). Four aspects contain race diversity, common race structure, dominant race structure, and resistance gene structure, and the eight parameters are the race diversity index hrdi, the total race frequency ftr, the population common race isolate frequency fpcr, the population common race isolate frequency fpcri, the total population common race isolate frequency ftpcri, top one race isolate frequency ftri, the cultivar resistance frequency fCR, and the total cultivar resistance frequency fTCR (Table S2).



To test a hypothesis that the race structure has not changed in 14 years in Jiangsu province, the Chi-square analysis (χ2) was applied to compare three key parameter (ftr, ftpcri, and ftri) of 14 years using the SPSS 20.





3. Results


3.1. Race Diversity of P. oryzae in Jiangsu Province


From 2003 to 2017, we obtained information about the P. oryzae races in Jiangsu province over 14 years (no isolates in 2008). The race frequency increased slowly from 2003 to 2009, peaking in 2009 (featuring an ƒtr value of 30%), then declined, reaching the lowest frequency in 2013, followed by a slight increase in the following years. The Chi-square analysis indicated that the race frequency changed significantly from 2003 to 2017 (Figure 1A, Table 1). However, the race diversity index was not consistent with race frequency. From 2003 to 2006, the hrdi values decreased, reaching their lowest point in 2006 (featuring hrdi values of 0.427), and the diversity index fluctuated steadily from 2007 to 2017 (Figure 1B, Table 1). Both trends of race frequency and the race diversity index in Jiangsu were similar between the mid-southern (2003–3006) and northern (2007–2017) regions (Figure 1, Table 1 and Table S3). These results indicated that race diversity decreased from 2003 to 2006, followed by steady fluctuations between 2007 to 2017; moreover, the race frequency and diversity were not consistent.




3.2. Common Race Structure in Jiangsu Province


From 2003 to 2017, three races (ZB15, ZC15, and ZG1) were identified as being represented in all populations, leading to estimated ƒpcr values from 8.11% (2016) to 42.86% (2006) (Table 2). The trend of ƒpcr values declined slowly from 2007 to 2017, indicating that P. oryzae races in Jiangsu were more complex within this decade. In addition, ƒpcr values for the set of shared races varied from 1.35% (ZB15 in 2011) to 75.61% (ZG1 in 2006). The estimated ƒpcr values ranged from 36.49% (2011) to 86.17% (2012), which were at a lower level from 2007 to 2011, and fluctuated wildly from 2012 to 2017 (Figure 2, Table 2), suggesting that the common race structure fluctuated greatly on an annual basis. However, the trends of the two parameters of the northern and mid-southern Jiangsu regions were similar (Table S4). Moreover, the Chi-square analysis indicated that the total population common race isolate frequency changed significantly from 2003 to 2017.




3.3. Dominant Race Structure in Jiangsu Province


From 2003 to 2017, ZG1 was the dominant race in Jiangsu province, and ZD1 exhibited the same frequency (21.62%) as ZG1 in 2011 (Table 3). Moreover, ZB13 and ZD1 emerged as the dominant races in 2006 and 2011 in northern Jiangsu, while ZF1 and ZC15 were the dominant races in 2007, 2012, and 2014 (Table 3). Overall, the proportion of dominant races was high from 2003 to 2006, then significantly declined in 2007, and stabilized to relatively low levels from 2007 to 2017. From 2004 to 2006, the trend of ftri values of northern Jiangsu was consistent with that of Jiangsu, while from 2007 to 2017, the trend of mid-southern Jiangsu was close to that of Jiangsu (Table 3). Considering the entire decade, only a few P. oryzae races were dominant, the proportions of which increased from 2003 to 2006, then stabilized at relatively low levels from 2007 to 2017, and the Chi-square analysis suggested that the dominant race frequency changed significantly from 2003 to 2017.




3.4. Rice Resistance Structure in Jiangsu Province


There are 13 known resistance genes in seven cultivars, including three indica types and four japonica types [23]. In Jiangsu, Tetep showed a greater level of resistance than other entries, whereas Sifeng 43 expressed a lower level of resistance than others (Table 4), implying that the combination of the resistance genes Pi1, Pi4, Pi54, Pid3, Pita, and Pi5 imparted a superior level of resistance. Zhenlong 13 was more resistant when challenged by isolates from 2005, 2006, 2011, and 2014 than when challenged by isolates from other years, and similar results were found in northern Jiangsu (Table 4 and Table S5). However, Sifeng 43 exhibited a stronger resistance phenotype when challenged by isolates from 2004–2007 and 2011 in mid-southern Jiangsu than others in Jiangsu and northern Jiangsu (Table S5). Among the japonica types, LTH was susceptible to all P. oryzae isolates. Dongnong 363 was more resistant to isolates from most years than Zhenlong 13, which reflected the presence of unknown resistance genes other than ε in Dongnong 363 (Table 4). In conclusion, the resistance levels of the CDC entries to P. oryzae isolates from Jiangsu and northern Jiangsu were relatively high compared with those from mid-southern Jiangsu, except for Tetep (Table S5).





4. Discussion


Understanding and accurately monitoring the dynamic behavior of the race structure of P. oryzae populations from different rice-growing regions in real-time is critical for precise resistance breeding in rice, rational distribution of resistant varieties, long-term and effective prevention, and overall control of rice blast disease. There are several differential virulent entries of blast fungus used worldwide, including the DVs (differential varieties) composed of 12 single genes [24], the Chinese differential cultivars, the 31 monogenic lines [25], and the DVs containing 24 major R genes [26]. In this study, a total of 1584 P. oryzae isolates were collected from Jiangsu province. The population structure, including race diversity, common and dominant race structure, and resistance structure were analyzed using the Chinese differential cultivars (CDC) entries. We found that the race diversity fluctuated, the dominant race was stable, and the resistance composition of the CDC set in 14 years reacted differently.



Zhang et al. reported that the number of rice cultivars grown in Heilongjiang province was the principal factor driving changes in the race structure of P. oryzae populations [22]. In Jiangsu province, there were 213 rice varieties approved for cultivation from 2003 to 2017, and 80 rice varieties were planted in Jiangsu in 2005 [27]; the numbers increased to 107 and 224 by 2010 and 2017, respectively, which included 127 in northern Jiangsu and 97 in mid-southern Jiangsu (data from Jiangsu Seed Management Station). In this study, we found that the race diversity index was not consistent with race frequency, which was presumably due to the number of isolates and the equitability of race in one year, so the race diversity index is appropriate to assess the race diversity of the P. oryzae population. Moreover, the race diversity from 2003 to 2006 decreased, and continuous fluctuations were observed from 2007 to 2017. No increases in race diversity from 2010 to 2017 were observed. We speculated that the number of rice cultivars plays a role in race diversity, but there were other reasons, such as the high homogeneity (same resistance genes) of rice varieties [23]. In the United States, a total of 1022 isolates collected from 1959 to 2015 were analyzed for pathogenicity against eight international rice cultivars, the results of which suggested that hosts are a driving force for the genetic variability of P. oryzae isolates [7]. Moreover, the genetic variability of P. oryzae isolates is also related to sexual reproduction [28,29], and we found sexual reproduction affects the genetic diversity and dissemination of P. oryzae in Jiangsu in a previous study [19].



Three common races (ZB15, ZC15, and ZG1) appeared in Jiangsu rice-producing regions from 2003 to 2017, which were different from the dominant races (ZD1, ZD3, ZD5, and ZE1) in Heilongjiang province [22]. The frequency of the common isolates in Jiangsu was low in all 14 years (8.11% to 42.86%), but the total frequency of the common races was high (36.49% to 86.17%), indicating that the number of common race isolates was larger than that of other races. Moreover, annually, the frequency of race ZG1 was the highest for all races, making ZG1 the dominant race in Jiangsu. Similar results were found in the main rice-producing areas of Hubei, Hunan, Yunnan, and Guangxi provinces, while five other races dominated in other rice-growing regions of China [17]. A possible explanation for this is that the main rice varieties in Jiangsu are highly susceptible to race ZG1, and the main rice varieties contain some of the same resistance genes (the distribution frequency of resistance genes Pish, Pit, Pia, Pi1 and Pib in 120 main rice varieties were 100.00%, 95.83%, 80.83%, 70.83%, and 70.83%, respectively; data not published). However, large-scale production of highly homogeneous rice varieties will lead to the occurrence of a targeted and highly virulent P. oryzae population and increase the risk of losing resistant rice varieties and experiencing rice blast outbreaks. In addition, the top race isolate frequency (ftri) decreased after 2006, and one possible explanation is the increasing number of other races, especially ZB15 and ZC15, also reflected the increase in race diversity after 2006.



It is well known that using the resistant rice varieties is the most economical and effective control measure to control the occurrence of and damage caused by the rice blast pathogen [20]. In this study, we found that the effective resistance frequency of the Tetep cultivar was highest among all tested cultivars from 2003 to 2017, indicating that most P. oryzae isolates were non-pathogenic against this cultivar. It is also known that the Tetep cultivar contains some resistance genes such as Pi1, Pi4, Pi54, Pid3, Pia, Pita, and Pi5 [23], which are primarily responsible for resistance in indica (Pid3, Pi54, Pi5, and Pi1) and japonica-type (Pita and Pia) accessions. In addition, the Sifeng43 cultivar exhibited reduced resistance compared with other entries, and harbored the Pib, Pia, Pi9, Pb1, and α resistance genes. These results revealed that the Pi54, Pi1, and Pi5 genes in indica rice conferred effective resistance against P. oryzae. On the other hand, the resistance frequency of three rice cultivars (Dongnong 363, Kando 51, and Hejiang 18) varied each year, sometimes dramatically, demonstrating that it can be difficult to predict suitable resistance genes for japonica rice variety in Jiangsu.



The monogenic germplasm entries [30] have been widely used in recent years, and the resistance frequency of a certain resistance gene can be accurately connected to the pathogenicity of P. oryzae isolates in a certain region. In Japan, 16 resistance genes varied in their effectiveness against Japanese populations of P. oryzae, with the Pit gene exhibiting resistance against all tested isolates [13]. In China, four resistance genes Pi1, Pik, Pik m, and Piz are appropriate for rice breeding in Guangdong and Hunan provinces, while Pik and Pib genes are specifically used in Liaoning and Heilongjiang provinces [31]. Pi9 and Pi5 could be employed in cultivation areas that grow indica and japonica rice, but Pik-h, Pita-2, Piz-5, Pita, and Piz genes can only be used in indica rice-growing areas, and Piz-t and Pi20 genes in japonica rice growing areas in Yunnan province [30]. In Jiangsu province, the resistance genes Pii, Pi54 (Pik-h), Pi5, Piz-5, and Piz showed higher resistance frequencies to rice blast based on the pathogenicity of isolates from 2019 [19]. Similarly, Pi54 and Pi5 in Tetep provided stronger resistance against P. oryzae within the CDC entries. These results suggest that the efficacy of dominant resistance genes varies by the rice cultivation region in which they are employed, and that optimum resistance genes are different between different rice cultivars.




5. Conclusions


In this research, we analyzed the dynamic behavior of the P. oryzae population in Jiangsu from 2003 to 2017 and found that race diversity fluctuated and race ZG1 was the dominant race, which was stable. In addition, the variety Tetep showed higher resistance to all populations in 2003 to 2017, which may be a potential resistance source for resistance breeding in Jiangsu province. These results are useful for us to have a better understanding of the population structure of blast fungus and provide excellent germplasm for resistance breeding. However, as the CDC set contains multiple resistance genes, we cannot obtain the distribution of avirulence genes in Jiangsu province. Therefore, we will employ continuous monitoring of the population structures and distribution of avirulence genes using the DVs including 24 major resistance genes.
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Figure 1. The race frequency and race diversity index of the P. oryzae in different regions of Jiangsu province from 2003 to 2017. The race frequency (A). The race diversity index (B). The blue line represents P. oryzae from Northern Jiangsu; the red line represents P. oryzae from mid-southern Jiangsu and the purple line represents P. oryzae from Jiangsu. 
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Figure 2. The population common race frequency and total population common race isolate frequency of the P. oryzae in different regions of Jiangsu province from 2003 to 2017. Population common race frequency (A). The total population common race isolate frequency (B). The blue line represents P. oryzae from northern Jiangsu; the red line represents P. oryzae from mid-southern Jiangsu, and the purple line represents P. oryzae from Jiangsu. 






Figure 2. The population common race frequency and total population common race isolate frequency of the P. oryzae in different regions of Jiangsu province from 2003 to 2017. Population common race frequency (A). The total population common race isolate frequency (B). The blue line represents P. oryzae from northern Jiangsu; the red line represents P. oryzae from mid-southern Jiangsu, and the purple line represents P. oryzae from Jiangsu.
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Table 1. Race diversity of 14 populations of P. oryzae in Jiangsu province from 2003 to 2017 tested with CDC entries.






Table 1. Race diversity of 14 populations of P. oryzae in Jiangsu province from 2003 to 2017 tested with CDC entries.





	
Parameter

	
2003 A (106)

	
2004 (101)

	
2005 (82)

	
2006 (41)

	
2007 (69)

	
2009 (70)

	
2010 (56)

	
2011 (74)

	
2012 (94)

	
2013 (175)

	
2014 (198)

	
2015 (214)

	
2016 (155)

	
2017 (149)






	
No. of race group

	
7

	
6

	
6

	
4

	
6

	
7

	
7

	
6

	
5

	
6

	
6

	
7

	
7

	
7




	
No. of race

	
15

	
17

	
13

	
7

	
16

	
21

	
16

	
14

	
12

	
15

	
17

	
27

	
37

	
26




	
Race frequency (ƒtr)

	
14.15 a–d

	
16.83 b–e

	
15.85 a–e

	
17.07 a–f

	
23.19 c–f

	
30.00 f

	
28.57 e,f

	
18.92 b–f

	
12.77 a–c

	
8.57 a

	
8.59 a

	
12.62 a,b

	
23.87 d–f

	
17.45 b–e




	
Race diversity index (hrdi)

	
0.627

	
0.635

	
0.616

	
0.427

	
0.803

	
0.854

	
0.829

	
0.869

	
0.736

	
0.841

	
0.699

	
0.769

	
0.871

	
0.810




	
χ2 for ftr

	
45.55 B

	








A: Numbers shown in parentheses indicate the numbers of isolates tested. B: Significant at the p = 0.01 level for a χ2. The same superscript lowercase letters represent no significant difference at the p = 0.05 level.
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Table 2. Common races of P. oryzae in 14 populations of isolates in Jiangsu province from 2003 to 2017.






Table 2. Common races of P. oryzae in 14 populations of isolates in Jiangsu province from 2003 to 2017.





	
Race/Parameter

	
ZB15

	
ZC15

	
ZG1

	
ƒpcr

	
∑/ƒtpcri

	
χ2 for ftpcri






	
2003 (106) A

	
No.

	
3

	
2

	
64

	
20.00

	
65.09 b–e

	
113.99 B




	
ƒpcri

	
2.83

	
1.89

	
60.38




	
2004 (101)

	
No.

	
3

	
1

	
60

	
17.65

	
63.37 b–d




	
ƒpcri

	
2.97

	
0.99

	
59.41




	
2005 (82)

	
No.

	
3

	
7

	
50

	
25.00

	
73.17 c–e




	
ƒpcri

	
3.66

	
8.54

	
60.98




	
2006 (41)

	
No.

	
1

	
1

	
31

	
42.86

	
80.49 c–e




	
ƒpcri

	
2.44

	
2.44

	
75.61




	
2007 (69)

	
No.

	
3

	
5

	
22

	
18.75

	
43.48 a,b




	
ƒpcri

	
4.35

	
7.25

	
31.88




	
2009 (70)

	
No.

	
9

	
6

	
24

	
14.29

	
55.71 a–c




	
ƒpcri

	
12.86

	
8.57

	
34.29




	
2010 (56)

	
No.

	
3

	
5

	
22

	
18.75

	
53.57 a–c




	
ƒpcri

	
5.36

	
8.93

	
39.29




	
2011 (74)

	
No.

	
1

	
10

	
16

	
21.43

	
36.49 a




	
ƒpcri

	
1.35

	
13.51

	
21.62




	
2012 (94)

	
No.

	
16

	
30

	
35

	
25.00

	
86.17 e




	
ƒpcri

	
17.02

	
31.91

	
37.23




	
2013 (175)

	
No.

	
31

	
33

	
47

	
20.00

	
63.43 b–d




	
ƒpcri

	
17.71

	
18.86

	
26.86




	
2014 (198)

	
No.

	
8

	
68

	
84

	
17.65

	
80.81 d,e




	
ƒpcri

	
4.04

	
34.34

	
42.42




	
2015 (214)

	
No.

	
4

	
31

	
95

	
11.11

	
60.75 b,c




	
ƒpcri

	
1.87

	
14.49

	
44.39




	
2016 (155)

	
No.

	
2

	
20

	
50

	
8.11

	
46.45 a,b




	
ƒpcri

	
1.29

	
12.90

	
32.26




	
2017 (149)

	
No.

	
11

	
20

	
60

	
11.54

	
61.07 b,c




	
ƒpcri

	
7.38

	
13.42

	
40.27








A: Numbers shown in parentheses indicate the numbers of isolates tested. B: Significant at the p = 0.01 level for a χ2. The same superscript lowercase letters represent no significant difference at the p = 0.05 level. fpcr: The population common race frequency; fpcri: The population common race isolate frequency; and ftpcri: The total population common race isolate frequency. The equations are shown in Table S2.
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Table 3. Dominant race of P. oryzae in 14 populations of isolates in Jiangsu province from 2003 to 2017.
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Population

	
Jiangsu

	
Northern Jiangsu

	
Mid-Southern Jiangsu




	
Top Races (No. of Isolates)

	
ftri

	
Top Races (No. of Isolates)

	
ftri

	
Top Races (No. of Isolates)

	
ftri






	
2003 (106) A

	
ZG1 (64)

	
60.38 b,d

	
ZG1 (22) A

	
48.89 a,b

	
ZG1 (42) A

	
68.85 c,d




	
2004 (101)

	
ZG1 (60)

	
59.41 b,d

	
ZG1 (37)

	
56.06 b

	
ZG1 (23)

	
65.71 b–d




	
2005 (82)

	
ZG1 (50)

	
60.98 b,d

	
ZG1 (30)

	
61.22 b

	
ZG1 (20)

	
60.61 b–d




	
2006 (41)

	
ZG1 (31)

	
75.61 d

	
ZB13 (3)

	
42.86 a,b

	
ZG1 (29)

	
85.29 d




	
2007 (69)

	
ZG1 (22)

	
31.88 a,b

	
ZG1 (18)

	
31.58 a,b

	
ZF1 (5)

	
41.67 a–c




	
2009 (70)

	
ZG1 (24)

	
34.29 a–c

	
ZG1 (15)

	
33.33 a,b

	
ZG1 (9)

	
36.00 a–c




	
2010 (56)

	
ZG1 (22)

	
39.29 a–c

	
ZG1 (11)

	
45.83 a,b

	
ZG1 (11)

	
34.38 a–c




	
2011 (74)

	
ZD1 (16)/ZG1 (16)

	
21.62 a

	
ZD1 (15)

	
23.44 a

	
ZG1 (5)

	
50.00 b–d




	
2012 (94)

	
ZG1 (35)

	
37.23 a–c

	
ZG1 (25)

	
53.19 a,b

	
ZC15 (22)

	
46.81 b,c




	
2013 (175)

	
ZG1 (47)

	
26.86 a

	
ZG1 (30)

	
33.33 a,b

	
ZG1 (17)/ZB15 (17)/ZC15 (17)

	
20.00 a




	
2014 (198)

	
ZG1 (84)

	
42.42 a–c

	
ZG1 (50)

	
49.02 a,b

	
ZC15 (39)

	
40.63 a–c




	
2015 (214)

	
ZG1 (95)

	
44.39 b,c

	
ZG1 (48)

	
43.24 a,b

	
ZG1 (47)

	
45.63 b,c




	
2016 (155)

	
ZG1 (50)

	
32.26 a–c

	
ZG1 (43)

	
33.86 a,b

	
ZG1 (7)

	
25.00 a,b




	
2017 (149)

	
ZG1 (60)

	
40.27 a–c

	
ZG1 (42)

	
38.53 a,b

	
ZG1 (18)

	
45.00 a–c




	
χ2 for ftri

	

	
100.02 B

	

	
38.09 B

	

	
74.45 B








A: Numbers shown in parentheses indicate the number of isolates tested. B: Significant at the p = 0.01 level for a χ2. The same superscript lowercase letters represent no significant difference at the p = 0.05 level. ftri: The top race isolate frequency and the equation are shown in Table S2.
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Table 4. Resistance genes and resistance frequency of a set of CDC entries that were challenged with isolates collected in Jiangsu province from 2003 to 2017.
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Differential Cultivar

	
Tetep

	
Zhenlong 13

	
Sifeng 43

	
Dongnong 363

	
Kando 51

	
Hejiang 18

	
Lijiangxintuanheigu






	
Race code

	
A64

	
B32

	
C16

	
D8

	
E4

	
F2

	
G1




	
Resistance gene

	
Pi1, Pi4, Pi54, Pid3, Pia, Pita, Pi5

	
Pik, Pia, Pi9, Pb1, β, ε

	
Pib, Pia, Pi9, Pb1, α

	
Pik, Pia, Piz, Pish, Pi54, β

	
Pik, Pish, γ

	
Pii, Pia, Pi9, Pik, Pish, δ

	
Pik-l




	
Resistance gene (ƒCR)

	
2003 (106)

	
99.06 *

	
77.36

	
77.36

	
85.85 *

	
95.28 *

	
72.64

	
0.00




	
2004 (101)

	
100.00 *

	
80.20

	
84.16

	
94.06 *

	
85.15 *

	
76.24

	
0.00




	
2005 (82)

	
100.00 *

	
85.37 *

	
80.49

	
95.12 *

	
92.68 *

	
87.80 *

	
0.00




	
2006 (41)

	
100.00 *

	
87.80 *

	
80.49

	
97.56 *

	
95.12 *

	
85.37 *

	
0.00




	
2007 (69)

	
94.20 *

	
81.16

	
73.91

	
85.51 *

	
100.00 *

	
46.38

	
0.00




	
2009 (70)

	
97.14 *

	
64.29

	
64.29

	
80.00

	
85.71 *

	
85.71 *

	
0.00




	
2010 (56)

	
98.21 *

	
76.79

	
73.21

	
76.79

	
60.71

	
73.21

	
0.00




	
2011 (74)

	
97.30 *

	
93.24 *

	
70.27

	
51.35

	
41.89

	
58.11

	
0.00




	
2012 (94)

	
100.00 *

	
76.60

	
40.43

	
93.62 *

	
94.68 *

	
90.43 *

	
0.00




	
2013 (175)

	
99.43 *

	
53.14

	
32.57

	
78.29

	
97.71 *

	
82.29

	
0.00




	
2014 (198)

	
97.98 *

	
89.90 *

	
47.47

	
91.92 *

	
97.47 *

	
90.91 *

	
0.00




	
2015 (214)

	
95.79 *

	
84.11

	
70.09

	
84.11

	
82.71

	
90.65 *

	
0.00




	
2016 (155)

	
85.81 *

	
81.29

	
58.06

	
76.13

	
65.16

	
76.77

	
0.00




	
2017 (149)

	
95.97 *

	
80.54

	
55.70

	
83.22

	
83.22

	
80.54

	
0.00




	
Total resistance frequencies (ƒTCR)

	
96.72

	
78.98

	
61.05

	
83.90

	
85.29

	
80.74

	
0.00








Note: The asterisk indicates higher levels of resistance (>85%).
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