


[bookmark: _GoBack]TEMPORAL PROGRESS OF SHEATH BLIGHT IN IRRIGATED RICE GENOTYPES AS INDICATIVE OF DISEASE RESISTANCE

ABSTRACT
[bookmark: _Hlk133354762]Rice is a major global cereal crop, which is mostly produced through irrigation systems. Fungal diseases are a threat to its production, with one of the most devastating being sheath blight, which is caused by Rhizoctonia solani. Since very few studies were conducted on the temporal dynamics of this disease in controlled irrigated rice conditions, this research was meant to determine the resistance of 18 genotypes of irrigated rice to sheath blight. The experiment was in a greenhouse on a completely randomized four-replication design. The area under the Disease Progress Curve (AUDPC) was used to assess resistance, and temporal disease progress was modeled. These genotypes showed the highest level of resistance, as indicated by the lowest AUDPC values: AB171292, AB171294, and AB171275. AB171292 was the most resistant of these, with a maximum disease severity of 9.25 %. BRS Catiana, BRS A702 CL, AB171266, and AB171267 were the most susceptible genotypes that caused death of the plants at 75 % severity. The Gompertz model was most appropriate to describe the temporal disease progression of the susceptible genotypes, which follows the rapid epidemic, whereas the resistant genotypes followed the Monomolecular model, which marked the slow and restricted increase of the disease. Also, genotypes AB171307 and AB171294 possessed the highest fresh mass, which is indicative of their tolerance. The current research has determined resistant genotypes that are promising to be used in breeding programs and has also explained the epidemiology of sheath blight to manage the disease better.
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Rice (Oryza sativa L.) ranks among the most significant cereals in the world as it is one of the staples of food of most nations, and it is the source of food and nutritional security [1]. The abiotic conditions that can lead to the decrease of the productive potential of rice are unfavorable environmental conditions, and the biotic ones are the different diseases that afflict the crop [2-5]. Over 70 microorganisms that cause the disease in various developmental stages can not only impact the yield of rice; they can also lead to a decrease in productivity and quality of grain [6-8] and contribute to the reduction of productivity and grain quality [9-11]. Sheath Blight is one of the most significant fungal diseases in the cultivation of rice, causing huge losses, more serious tillering to harvest, weakening the stem, high lodging, and losses of the yield [12, 13]. In a good environment, the disease may result in huge yield losses, averagely 10-50% in severely infected fields, where cases of even greater losses have been reported in major rice breeding areas like China, India, and the United States [13, 14]. The etiological agent is the fungus Rhizoctonia solani Kühn [15].
The disease can infect rice plants at all stages of growth, through the seedling, tillering, flowering, and harvesting stages [16, 17]. The pathogen spreads mainly through resistant structures, which are sclerotia, that survive for many years in the soil and in the remains of host plants, disseminated through irrigation water and soil disturbance [18, 19]. Intensive cultivation and repeated planting in the same field result in increased disease severity, especially under favorable environmental conditions [17, 20].  In addition to rice, the fungus R. solani can infect a large number of host plants from various families, further complicating its control [21]. Sheath blight is a persistent issue in irrigated rice systems worldwide because of its wide host range, which includes common rotation crops like soybean and common bean, which help in the pathogen's survival and accumulation of spores in between seasons [14, 22].
[bookmark: _Toc133869885]Plant breeding is one of the most important strategies for disease control and seeks the development and selection of plants with desirable characteristics to improve the production system, such as disease resistance [23]. Currently, under the conditions of Tocantins, Brazil, there are no commercial rice genotypes resistant to sheath blight. According to Molla, Karmakar [24], Sathe, Kumar [25], research is important for identifying genotypes that possess genes that provide resistance to the disease. The stable resistance has, however, been hard to attain since it is a quantitative trait that is affected by environment and morphology of the plants, and the high-yielding irrigated systems tend to provide an environment that promotes the occurrence of diseases [14, 24]. The temporal progress of the disease is a reliable way to represent an epidemic, through plotting the proportion of disease versus time, serving as a basis for future decision-making related to disease control. Through progress studies, the selection of resistant genotypes can be made. It is also possible to predict and characterize control strategies, pathogen-host interactions, future disease levels, and to provide information for biological interpretations of diseases [26-28]. Currently, in the state of Tocantins, despite irrigated rice being one of the most important crops and sheath blight causing significant losses in productivity and grain quality, there are no studies related to the selection of resistant genotypes, nor are there studies demonstrating the behavior of epidemics over time in rice genotypes. Thus, the purpose of this work was to find the rice genotypes that are resistant to sheath blight disease and to describe the temporal progress models that most appropriately describe the evolution of the disease and, consequently, present the pivotal information about breeding programs and using the integrated approach to managing this global pathogen.
2. Materials and Methods
[bookmark: _Toc133869886]2.1 Study location
[bookmark: _Toc133869887]The experiment was conducted in a greenhouse at the experimental station of the Federal University of Tocantins, Gurupi Campus (11°44’51” S and 49°02’57’ W, at an altitude of 493 meters), in the year 2020.
2.2 Experimental Units
The experimental design used was a completely randomized design (CRD), composed of 18 treatments (genotypes), with four replications. Among the genotypes, 6 cultivars and 12 lines were used, originating from a Value for Cultivation and Use (VCU) trial, developed by EMBRAPA Rice and Beans, which is a final stage of the breeding process, where general agronomic characteristics of interest of the cultivar are evaluated, along with its use properties. The VCU study is currently required by law for the registration of new cultivars. This study was carried out in partnership between EMBRAPA Rice and Beans and the Federal University of Tocantins (UFT).
[bookmark: _Toc133869888]The experiment was implemented in pots with a capacity of 8 dm3 of soil, collected in a floodplain area at the Agroenvironmental Research Center of the Floodplain (CPAV), in the Municipality of Araguaia, Tocantins, Brazil. Before planting, each pot was fertilized according to the recommendation of the soil analysis, using 300 kg ha-1 of the 05-25-15 formulation of NPK at the base and 100 kg ha-1 of urea as topdressing. Fertilization was divided into two applications, the first at tillering and the second immediately before inoculation with the fungus.
Initially, six seeds were sown per pot. Thirty days after germination, thinning was carried out, leaving only two plants per pot, each plant corresponding to a replicate. Rhizoctonia solani, the causal agent of the disease, was isolated from symptomatic irrigated rice plants. The pathogen was multiplied in sterilized rice husks and in PDA (potato dextrose agar) culture medium for subsequent inoculation into plants.
2.3 Inoculation of R. solani
[bookmark: _Toc133869889]Thirty-five days after germination, the soil in the pot was infested with 5g of rice husk containing hyphae and sclerotia of R. solani. To ensure infection, in addition to the rice husk, the base of each plant was inoculated with three 10 mm diameter discs containing hyphae of the pathogen grown on PDA medium. The plants were then kept in a humid chamber for 48 hours at a temperature of 27°C and humidity above 80%. Evaluations began two days after the plants were removed from the humid chamber, when the beginning of small lesions, caused by R. solani, was already visible at the base of the inoculated plants. Evaluations were carried out every 48 hours for 28 days, when the progression of the disease stabilized. Disease severity scores were assigned according to the diagrammatic scale proposed by CIAT (1983), adapted, which corresponded to the scores: 0 (healthy), 1 (less than 1% of sheath tissue affected), 3 (1 to 5% of tissue affected), 5 (6 to 25% of tissue affected), 7 (26 to 50% of tissue affected) and 9 (more than 50% of tissue affected).

To confirm the disease and comply with Koch's Postulates, the fungus was re-isolated from plants showing symptoms, and isolation and subsequent microscopic identification of the pathogen grown on PDA medium were performed.

2.4 Assessment of area under disease progression curve (AUDPC)
AUDPC is a highly significant parameter for predicting the susceptibility of genotypes to a given disease. Its value is obtained through successive severity assessments throughout the crop cycle, starting with initially low levels and gradually increasing over time. This method has been used, according to several authors, primarily in relation to the quantitative assessment of resistance [29-31].
The severity of the disease throughout the crop cycle was integrated and the AUDPC was calculated using data on the percentage of tissue infected with sheath blight, through the formula: AUDPC = ∑ [(y1+y2)/2]*(t2-t1), where y1 and y2 refer to the two successive assessments of disease intensity, performed at times t1 and t2, respectively, using the formula proposed by Shaner and Finney [32].
[bookmark: _Toc133869890]2.5 Disease progress curves
To obtain the disease progression curves and model adjustments, the scores were converted to percentages of diseased tissue area, using the midpoint of each score (Campbell; Madden, 1990). The models tested were Monomolecular (Y = 1 - (1 - y0)exp(-rt), Gompertz (Y = exp(-(-lny0))exp(-rt)), and Logistic (Y = 1/(1 + ((1 - y0) - 1)exp(-rt)), where Y = disease intensity; y0 = initial inoculum; r = disease progression rate; and t = epidemic duration, evaluated according to the adjusted coefficient of determination (R2), obtained between the values ​​of the actual disease progression curve (dependent variable) and the curve predicted by the model (independent variable), as it is a reliable parameter [28, 33].
[bookmark: _Toc133869891]2.6 Statistical analysis
Data on AUDPC, maximum sheath blight severity, fresh mass, and dry mass were subjected to analysis of variance (ANOVA), and means were compared using the Scott-Knott test (p ≤ 0.05). Maximum severity data were arcsine transformed for statistical analysis, while the original data were maintained in the tables. Graphs were plotted using SigmaPlot® software version 10 [34]
[bookmark: _Toc133869892]3.  Results
According to Table 1, the genotypes showed statistically significant differences in disease severity, as assessed by the AUDPC. AB171292, AB171294, AB171275, SCS 125 Olímpio, AB171310, AB181098-RH, AB171303, AB171307, and SCS 124 Sardo were the genotypes that stood out positively, presenting the lowest AUDPC values. Among these, AB171292 was the most resistant, with the lowest AUDPC value (166.75). The genotypes with the highest AUDPC values ​​were AB171267, BRS A 702 CL, AB171266, and BRS Catiana. Among the genotypes, BRS Catiana showed the highest value (1122). Comparing the disease level between BRS Catiana and AB171292, there is a 572.86% increase in AUDPC values.
A direct relationship was observed between AUDPC and maximum severity. The genotype AB171292 showed the lowest maximum severity (9.25%), while the most susceptible genotypes (BRS Catiana, BRS Pampeira, BRS A702 CL, AB171266, and AB171267) reached the highest maximum severity of 75%. Although BRS Catiana, BRS Pampeira, BRS A702 CL, AB171266, and AB171267 all reached 75% severity, their AUDPC values differed, reflecting variations in the rate of disease progression throughout the evaluation period.
The fresh mass variable, which was obtained by drying the plants in an oven at 60 ºC for 72 hours, showed a statistical difference in the treatments. The genotypes AB171307 and AB171294 were the ones that presented the maximum fresh mass among all the genotypes, respectively, 16.80g and 14.75g. According to the AUDPC data, it is noted that there were genotypes more susceptible than others with respect to sheath blight, as was the case of BRS Catiana (1122.00), AB171266 (1120.25), BRSA 702 CL (1059.75) and AB171267 (939.25) which, according to what was demonstrated, also presented high levels of maximum severity of the disease, with a value of 75% of affected tissue. The high AUDPC values ​​were also reflected in the fresh matter mass of the genotypes, which, in general, were low in the genotypes that presented high levels of severity.
Plant development was severely affected, and panicle formation was inhibited in the most susceptible genotypes by the disease. As a result, there was no chance to assess the productivity or the mass of grains in this study because no viable panicles were formed. More severely, some genotypes also died from the disease, such as: BRS Catiana, BRS Pampeira, BRS A702 CL, AB171266 and AB171267.
Table 1. Area under disease progress curve (AUDPC) values, maximum severity of sheath blight, fresh matter (FM), and dry matter (DM) in irrigated rice genotypes, Gurupi, Tocantins, 2020
	Genotypes
	AUDPC
	Maximum severity (%)
	F.M (g)
	D.M (g)

	BRS Catiana1
	1122.0 a
	75.0 a
	2.30 e
	5.63 a

	BRS Pampeira1
	791.2 b
	75.0 a
	9.30 c
	4.84 a

	BRS A702 CL1
	1059.7 a
	75.0 a
	3.93 e
	5.01 a

	BRS A7041
	672.2 b
	56.5 b
	6.85 d
	5.48 a

	AB 1612291
	813.5 b
	56.5 b
	7.28 d
	5.70 a

	AB1712661
	1120.2 a
	75.0 a
	4.23 e
	5.51 a

	AB1712671
	939.2 a
	75.0 a
	4.38 e
	5.60 a

	AB1712721
	837.2 b
	56.5 b
	5.45 e
	4.90 a

	AB171275
	290.2 c
	15.5 c
	5.14 e
	5.34 a

	AB171292
	166.7 c
	9.2 c
	8.90 c
	5.99 a

	AB171294
	272.7 c
	15.5 c
	14.75 a
	6.03 a

	AB171303
	446.2 c
	26.7 c
	8.55 c
	5.80 a

	AB1713071
	476.2 c
	26.7 c
	16.80 a
	7.02 a

	AB1713101
	430.5 c
	26.7 c
	11.40 b
	5.66 a

	AB1713191
	775.0 b
	56.5 b
	6.60 d
	5.81 a

	AB181098-RH
	436.7 c
	26.7 c
	9.41 c
	5.99 a

	SCS 124 Sardo1
	511.2 c
	56.5 b
	5.32 e
	5.11 a

	SCS 125 Olimpio1
	386.7 c
	26.7 c
	6.78 d
	5.59 a

	Calculated F
	11.91**
	15.45**
	21.96**
	2.22 ns

	CV (%)
	27,28
	26.47
	19.97
	12.03


CV: Coefficient of Variation. **: significant at 1% probability level (p < 0.01); *: significant at 5% probability level (0.01 ≤ p < 0.05); ns: not significant (p ≥ 0.05) by F-test. Maximum severity (%) obtained with the means of the four replicates of the last evaluation of each genotype. 1Genotypes that died due to sheath blight
Based on the severity scores obtained during the evaluation period, temporal disease progression models (Logistic, Monomolecular, and Gompertz) were tested, selecting the one that best fit the sheath blight.

The criterion for the model that best fit the temporal progression of Sheath blight was the highest coefficient of determination (R2) of each model, obtained through regression between dependent variables, which are the observed severity values, and independent variables, with the values ​​adjusted by the models [28, 33]. According to the R2 values, for each model, it was observed that the genotypes AB171272, AB171275, AB171292, AB171294, AB171303, AB171307, AB171310, AB181098-RH, and SCS 125 Olímpio, fitted the Monomolecular model. The genotypes BRS Catiana, BRS Pampeira, BRS A702 CL, BRS A704, AB161229, AB171266, AB171267, AB171319, and SCS 124 Sardo, fitted the Gompertz model.
Table 2. Adjusted coefficient of determination (R2) of irrigated rice genotypes to obtain the mathematical model – Logistic, Monomolecular, and Gompertz according to the progress of Queima das Bainhas, Gurupi, Tocantins, 2020.
	Treatment
	Monomolecular
	Logistics
	Gompertz

	BRS Catiana
	0.88
	0.77
	0.90

	BRS Pampeira
	0.89
	0.87
	0.95

	BRS A702 CL
	0.88
	0.90
	0.95

	BRS A704
	0.88
	0.94
	0.95

	AB161229
	0.87
	0.45
	0.88

	AB171266
	0.86
	0.91
	0.92

	AB171267
	0.91
	0.96
	0.97

	AB171272
	0.90
	0.43
	0.85

	AB171275
	0.73
	0.36
	0.52

	AB171292
	0.72
	0.42
	0.56

	AB171294
	0.73
	0.38
	0.57

	AB171303
	0.86
	0.33
	0.59

	AB171307
	0.75
	0.23
	0.46

	AB171310
	0.92
	0.62
	0.80

	AB171319
	0.89
	0.49
	0.93

	AB181098-RH
	0.88
	0.58
	0.77

	SCS 124 Sardo
	0.88
	0.96
	0.96

	SCS 125 Olympio
	0.91
	0.74
	0.86

	Average
	0.85
	0.63
	0.80



The fitted model indicated that there was an epidemiological difference between resistant and susceptible genotypes. The Gompertz model was the most appropriate to describe the susceptible genotypes (e.g., BRS Catiana, AB171266, AB171267), with their coefficients of determination (R2) showing high values. The Gompertz model has a high R², indicating a steep, explosive epidemic trend. This is because in such vulnerable plants, the disease spreads rapidly due to plant-to-plant contact, and each lesion is effective in generating secondary inoculum, thus giving rise to a typical exponential increase in the severity of the disease with time.
On the other hand, the resistant genotypes (e.g., AB171292, AB171275, AB171294) were mixed following the Monomolecular model. The model is common for a disease that is monocyclic in nature, with the growth of the disease mainly due to the initial inoculum and minimal or no secondary spread. R2 values were high in resistant genotypes and this implies that there was slow and self-limiting disease development, where the natural resistance of the plants had limited the growth of lesions, hence preventing extensive infection.
This sharp contrast is confirmed in Figure 1 with its disease progression curves. The Gompertz model projected such a rapid increase to high severity levels (mostly beyond 80 %) in the susceptible genotypes. Conversely, the Monomolecular model that was most appropriate in accounting for the resistant genotypes, was predicting a slower and a restricted increase in disease over time. When the two models are compared, it can be seen that the disease developed faster and was at much higher levels in the genotypes fitted to the Gompertz model.
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Figure 1. Temporal progression of sheath blight in 18 irrigated rice genotypes, conducted in pots, under controlled conditions, in Gurupi, Tocantins, Brazil.
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Figure 2. Average air temperature and relative humidity conditions recorded during the 2019/20 experiment evaluation period, Gurupi – TO.
[bookmark: _Toc133869893]4.  Discussion
[bookmark: _Toc133869894]This analysis was able to analyze the time course development of sheath blight to determine resistance in irrigated rice genotypes. The greenhouse conditions (i.e., high relative humidity and optimum temperatures of 28-32 ºC as shown in Figure 2) were very favorable to R. solani infection and growth [13, 24] and provided the best environment to distinguish genotypic responses.
The fact that the degree of resistance was significantly linked to the pattern of disease progression was the most important discovery. The most vulnerable genotypes, e.g., BRS Catiana, AB171267, had the best disease curve characterized by the Gompertz model. This model has high values of R2, which bear an indication of a rapid and explosive epidemic. The above trend indicates that secondary infection through the plant-to-plant contact was substantial in these susceptible plants, which essentially formed a polycyclic disease process in the high inoculum pressure [28, 35]. These old-type commercial cultivars can have created such an arrangement that promoted a dense canopy microclimate that further promoted the transmission of the disease [24, 36].
On the other hand, the genotypes that were the most resistant, especially AB171292, followed the Monomolecular pattern. This gradual, self-restrictive pathogenesis is typical of the monocyclic diseases, in which the epidemic involves the initial inoculum with insignificant secondary contact [24, 35]. The large value of R2 in this model suggests that the natural processes of resistance inherent in these plants, which might have included biochemical characteristics such as more resistant cell walls [15, 22], were very efficient at inhibiting the initial infection and preventing the fungus from developing in the surrounding tissues.
Besides, the combination of AUDPC and fresh mass data was a valuable insight. The best fresh mass was obtained with genotypes AB171294 and AB171307, which are not the optimal ones in terms of AUDPC. It means that there is a desirable degree of tolerance, according to which the plant can continue to grow and accumulate biomass despite this [19, 37]. Conversely, the extreme severity of the diseases, in the most vulnerable genotypes, was likely to destroy the vascular tissues (xylem and phloem), and the severe reduction in photosynthetic capacity, which would explain their extreme loss in biomass, and subsequent plant death [19].
The excessive vulnerability of the older commercial cultivars, such as BRS Pampeira and BRS Catiana, is an indication that the pathogen has overpowered their resistance and is known to evolve and adapt [14]. It is in this light that new resistant sources are urgently needed. The genotypes found here that have low AUDPC and Monomolecular progression, like AB171292 and AB171275, are hence good breeding candidates. Sheath blight is difficult to manage because the pathogen has a broad host range and is soil-borne [13, 14]. Nonetheless, the introduction of the newly discovered resistant and tolerant genotypes into the cultivation processes is the most viable approach towards successful control.
5.  Conclusion
The genotypes BRS Catiana, BRS Pampeira, BRS A702 CL, AB171266, and AB171267 were most affected by the disease, as they presented the highest AUDPC values and maximum severity, as well as the lowest fresh mass values. The genotype that presented the best level of resistance to sheath blight was AB171275, AB171292, and AB171294, with the lowest AUDPC value and lowest severity. Sheath blight can lead to a reduction in plant biomass and, depending on the severity, death. The genotypes that fit the Gompertz model presented the highest levels of severity compared to the genotypes in the Monomolecular model.
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AB171294 Days (After removal from the humid chamber)
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BRS A704 Days (After removal from the humid chamber)
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AB171275 Days (After removal from the humid chamber)

4 6 8 10 12 14 16 18 20 22 24 26 28 30

Severity (%) 0

10

20

30

40

50 60 70 80 90 100 Observed  Previcted Y = 1-(1-0,003)*exp(-0,0074*t) R

2

*= 0,73


image6.emf
AB171319 Days (After removal from the humid chamber)
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SCS 125 Olímpio Days (After removal from the humid chamber)
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BRS Pampeira Days (After removal from the humid chamber)
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AB171310 Days (After removal from the humid chamber)
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AB161229 Days (After removal from the humid chamber)
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AB181098-RH Days (After removal from the humid chamber)
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AB171267 Days (After removal from the humid chamber)
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AB171303 Days (After removal from the humid chamber)

4 6 8 10 12 14 16 18 20 22 24 26 28

Severity (%) 0

10

20

30

40

50 60 70 80 90 100 Observed  Previcted Y = 1-(1-0,000)*exp(-0,0149*t) R2*= 0,86


image14.emf
BRS A702 CL Days (After removal from the humid chamber)
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AB171272 Days (After removal from the humid chamber)
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BRS Catiana Days (After removal from the humid chamber)
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Standard metereological week
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AB171292 Days (After removal from the humid chamber)
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SCS 124 Sardo Days (After removal from the humid chamber)
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