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Abstract Blast disease is generally more important in upland than lowland
rice cultivation, representing one of the biotic obstacles in the
development of upland rice. The objective of this study was to
detect broad-spectrum blast resistance gene Pita2 encoding the
NB-ARC (nucleotide-binding adaptor common in APAF-1, R
proteins, and CED-4) domain of blast-resistant proteins in new
upland rice lines from the breeding program for landrace rice
varieties, with the goal of providing a novel source of blast-
resistant germplasm for application in future upland rice breeding
pro-grams. In this study, we screened 19 inbred lines of landrace
rice varieties challenged using local virulent isolates in
greenhouse conditions and performed field evaluations to
confirm blast re-sistance. Molecular analysis was conducted
using six specific primers to detect broad-spectrum blast
resistance, and sequence analysis was performed to detect the
NB-ARC domain of blast-resistant proteins in the lines.
Consistent results were observed between greenhouse
screening and field evaluations, although there was variance in
the level of resistance. PCR assay showed that there were eight
positive lines (G7, G8, G9, G11, G13, G14, G15, and G18)
containing the Pita2 gene. Conserved domain analysis revealed
that eight blast-resistant rice lines encode NB-ARC at sequence
lengths ranging between 300 to 870 (450bp). Using these
sequences in BLASTX searching revealed 15 gene homologs of
the eight rice lines, which were detected as Pita2 genes, with a
similarity level of 81%–99%. Further comprehensive studies
should be performed to confirm the performance and resistance
of candidate lines in field trials in various blast-endemic areas
before being released as new upland rice varieties able to
overcome the problem of blast disease in the field. In addition,
the lines can also be used as a novel genetic resource in the
blast-resistant upland rice breeding program on various rice
cultivars.
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Are the results clearly presented? (x) ( ) ( ) ( )

Are the conclusions supported by the results? (x) ( ) ( ) ( )
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Comments
and

Suggestions
for Authors

1. The title is too long, it is suggested that the title could

be: “Improving blast resistance by introduction pita2 gene

into upland breeding program.” Or “pita2 is an effective

genetic resource for blast resistance in upland rice breeding

program”

2. In line 47-49, the information of 2007 is too old, please

update it if possible.

3. In lines 217-218, “Several rice cultivars showed

resistance to blast disease, with lower severity observed for

G7, G8, G9, G11, G13, G14, 218 G15, and G18 (Figure 3).”

However, in figure 3, the severity of G9 by RM-023, BS-024

were not so good compared the average of tested 18 lines,

please revise or rewrite it.

4. Lines 315-317, “Sequencing analysis was conducted to

determine the genes encoding the NB-ARC domain of blast-

resistant proteins in new upland rice lines to detect broad-

spectrum blast resistance.” could be delete.

5. Lines 374, 377, 378, 379, 393, 509, 512, 513 and figure

7, “Indica” should be “indica”, “Japonica” should be

“japonica”, and should be in italic type. “Oryza nivara” should

be in italic type.

6. In table 1, in the header row, what parameter was

presented in the column of “mean”? please specify it.

7. Lines 473-474, “Disease severity levels below 10%

were found in the G7, G8, G9, 473 G11, G13, G14, G15,

and G18 lines (Figure 3).”  Please rewrite it as the severity

of G9 by RM-023, and BS-024 is higher than 10%.

8. Consider adding a data based comparison to compare

the severity of rice blast between groups with and without

pita2, so as to emphasize the importance of pita gene to rice

blast resistance, for example, the t-test between the severity

of the two groups of rice blast.

9. Line 475, “BT-022”, could be “BT-021”?

10. In the "Introduction" section, please add more

information about pita2. In the discussion section, please

write succinctly.

11. Grammar and Spell Checking, such as: line 59, “[5, 6]”

should be “[5, 6].”; line 60, “parent” should be “parents”; line 61,

“progeny” should be “progenies”; line 62, “establi shment” should

be “establishment”; line 68 “molecular” should be “. Molecular”

etc.

Submission 10 September 2022
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Abstract Blast disease is generally more important in upland than lowland
rice cultivation, representing one of the biotic obstacles in the
development of upland rice. The objective of this study was to
detect broad-spectrum blast resistance gene Pita2 encoding the
NB-ARC (nucleotide-binding adaptor common in APAF-1, R
proteins, and CED-4) domain of blast-resistant proteins in new
upland rice lines from the breeding program for landrace rice
varieties, with the goal of providing a novel source of blast-
resistant germplasm for application in future upland rice breeding
pro-grams. In this study, we screened 19 inbred lines of landrace
rice varieties challenged using local virulent isolates in
greenhouse conditions and performed field evaluations to
confirm blast re-sistance. Molecular analysis was conducted
using six specific primers to detect broad-spectrum blast
resistance, and sequence analysis was performed to detect the
NB-ARC domain of blast-resistant proteins in the lines.
Consistent results were observed between greenhouse
screening and field evaluations, although there was variance in
the level of resistance. PCR assay showed that there were eight
positive lines (G7, G8, G9, G11, G13, G14, G15, and G18)
containing the Pita2 gene. Conserved domain analysis revealed
that eight blast-resistant rice lines encode NB-ARC at sequence
lengths ranging between 300 to 870 (450bp). Using these
sequences in BLASTX searching revealed 15 gene homologs of
the eight rice lines, which were detected as Pita2 genes, with a
similarity level of 81%–99%. Further comprehensive studies
should be performed to confirm the performance and resistance
of candidate lines in field trials in various blast-endemic areas
before being released as new upland rice varieties able to
overcome the problem of blast disease in the field. In addition,
the lines can also be used as a novel genetic resource in the
blast-resistant upland rice breeding program on various rice
cultivars.
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Authors' Responses to Reviewer's Comments (Reviewer 2)

Author's
Notes

Dear Reviewers,

We would like to express our appreciation to you and the

anonymous reviewer for the time and effort that had been spent

in review our paper. We confirm that the paper has been

appropriately revised in accordance with your comment. With

pleasure, please find the file in the attachment.

Once again, sincere thanks for the time and effort in further our

revised manuscript.

Sincerely,

Reny Herawati_et al

Response to Reviewer 2 Comments:

First of all, we deeply appreciate your helpful comments. Our

replies to the reviewer’s inquiries and revised points are as

follows. Please confirm the relevant parts highlighted in red in

the revised manuscript.

Point 1: What is 1-6 mean in Fig.1g? The author should provide

detailed information.

Response 1: Thank you for your valuable comments. We have

added sentences to describe Fig. 1g: blast lesion scale on rice

leaves (0: no symptom; 1: spots in the form of needle of several

mm but not yet elliptical; 2-3: Elliptical shaped spots, infected

leaf surface area reaches 2%; 4-5: Infected leaf surface area

reaches > 2 -- < 10%); 6-7: Infected leaf surface area reaches >

10--< 50%)

Point 2: Fig. 2 and 3 should provide the statistical difference

analysis.

Response 2: Thank you for your valuable comment. As the

reviewer suggested, we have added the statistical analysis using

two-tailed Studen’s t-tests (P<0,05) for fig 2 and 3.

Point 3: The author should provide the number for the high and

low values in the heat map in Fig.4.

Response 3: Thank you for your valuable comment. As the

reviewer suggested, we have added the number for the high and

low values in the heat map in Fig.4.

Point 4: Did the author develop the over-expression line and
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mutant lines of Pita2, the phenotype of these lines would

strongly support their conclusion.

Response 4: Thank you for your valuable comment. We have

not yet developed the over-expression line and the Pita2 mutant

line, furthermore, we will focus on developing these lines in the

blast endemic area, to obtain accurate yield information with

good phenotyping performance.

Author's
Notes File

Report Notes (/user/review/displayFile/30516699
/n3Z9PQYD?file=author-coverletter&report=22603110)

Review Report Form

Open
Review

(x) I would not like to sign my review report
( ) I would like to sign my review report

Quality of
English

Language

( ) English very difficult to understand/incomprehensible
( ) Extensive editing of English language and style required
(x) Moderate English changes required
( ) English language and style are fine/minor spell check
required
( ) I am not qualified to assess the quality of English in this
paper

Yes Can be
improved

Must be
improved

Not
applicable

Does the introduction provide sufficient

background and include all relevant references?
(x) ( ) ( ) ( )

Are all the cited references relevant to the

research?
(x) ( ) ( ) ( )

Is the research design appropriate? ( ) (x) ( ) ( )

Are the methods adequately described? ( ) (x) ( ) ( )

Are the results clearly presented? ( ) (x) ( ) ( )

Are the conclusions supported by the results? ( ) (x) ( ) ( )

Comments
and

Suggestions
for Authors

In the submitted manuscript, Reny Herawati et al. detected eight

positive lines exhibiting complete resistance to blast using field

evaluation and greenhouse conditions and found Pita2,

encoding the NB-ARC domain of blast resistance proteins, could

be the target gene for this resistance, which is the benefit to

developing new blast-resistant upland rice varieties in the future.

My comments are as follows:

1. What is 1-6 mean in Fig.1g? The author should provide

detailed information.
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2. Fig. 2 and 3 should provide the statistical difference analysis.

3. The author should provide the number for the high and low

values in the heat map in Fig.4.

4. Did the author develop the over-expression line and mutant

lines of Pita2, the phenotype of these lines would strongly

support their conclusion. 
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1 

 

Response to Reviewer 1 Comments 
 

First of all, we deeply appreciate your helpful comments. Our replies to the reviewer’s inquiries 

and revised points are as follows. Please confirm the relevant parts highlighted in red in the 

revised manuscript. 

 

Point 1: The title is too long, it is suggested that the title could be: “Improving blast resistance by 

introduction pita2 gene into upland breeding program.” Or “pita2 is an effective genetic resource for 

blast resistance in upland rice breeding program” 

 

Response 1: Thank you for your valuable comment, as the reviewer suggested, we have change and 

modified the title into “Improving Broad Spectrum Blast Resistance by Introduction Pita2 Gene, 

Encoding the NB-ARC Domain of Blast-Resistant Proteins, Into Upland Rice Breeding Programs”.  

This title represents the main content of the article. 

 

Point 2:  In line 47-49, the information of 2007 is too old, please update it if possible. 

 

Response 2: Thank you for your valuable comment, as the reviewer pointed out, we have change the 

sentences into “In the Ciherang variety, the decrease in yield was 3.65 tons/ha or equivalent to 61% 

of the average production (Suganda et al., 2016). 

 

Point 3:  In lines 217-218, “Several rice cultivars showed resistance to blast disease, with lower 

severity observed for G7, G8, G9, G11, G13, G14, 218 G15, and G18 (Figure 3).” However, in figure 3, 

the severity of G9 by RM-023, BS-024 were not so good compared the average of tested 18 lines, please 

revise or rewrite it. 

 

Response 3: Thank you for your valuable comment. We have added sentences to concern the internal 

connection between different parts. This was stated on the results: “Several rice cultivars showed 

resistance to blast disease, with lower severity observed for G7, G8, G9, G11, G13, G14, 218 G15, and 

G18, although G11 was sensitive to isolates RM-023, BS-024. This showed that the blast race has 

genetic diversity that causes different responses in plants” (line 215-218). 

 

Point 4:  Lines 315-317, “Sequencing analysis was conducted to determine the genes encoding the 

NB-ARC domain of blast-resistant proteins in new upland rice lines to detect broad- spectrum blast 

resistance.” could be delete. 

 

Response 4: Thank you for your valuable comment, as the reviewer suggested, we have removed 

this section. 

 

Poin 5:  Lines 374, 377, 378, 379, 393, 509, 512, 513 and figure 7, “Indica” should be “indica”, 

“Japonica” should be “japonica”, and should be in italic type. “Oryza nivara” should be in italic type. 



 

2 

 

Response 5: Thank you for your valuable comment. As the reviewer’s suggestion, we have revised 

the materials section. Unfortunately, we can't edit the text on the image in Figure 7 because this is the 

output of the MegaX software where the data is packaged in fasta format from gene bank NCBI.  

 

Point 6:  In table 1, in the header row, what parameter was presented in the column of “mean”? 

please specify it. 

 

Response 6: Thank you for your valuable comment, as the reviewer’s suggestion, we have revised in 

the header row into “average score”   

 

Point 7: Lines 473-474, “Disease severity levels below 10% were found in the G7, G8, G9, 473 G11, 

G13, G14, G15, and G18 lines (Figure 3).”  Please rewrite it as the severity of G9 by RM-023, and BS-

024 is higher than 10%. 

 

Response 7: Thank you for your valuable comment. We have added sentences to concern the internal 

connection between different parts. This was stated on the results: “Disease severity levels below 10% 

were found in the G7, G8, G9, G11, G13, G14, G15, and G18 lines. Although it was found that G11 

was sensitive to isolates RM-023, and BS-024, in the field the severity was less than 20%” (Line 475-

477). 

 

Poin 8: Consider adding a data based comparison to compare the severity of rice blast between 

groups with and without pita2, so as to emphasize the importance of pita gene to rice blast resistance, 

for example, the t-test between the severity of the two groups of rice blast. 

 

Response 8: Thank you for your valuable comment. Actually, we have compared the severity of rice 

blast between and without the bands illustrated in Figure 9 and we have also added the statistical 

analyze using Anova and LSD test at P=0,05 (Lines 427-429). 

 

Point 9: Line 475, “BT-022”, could be “BT-021”? 

 

Response 9: : Thank you for your valuable comment, we have made mistake, it should be BT-021 

 

Point 10:  In the "Introduction" section, please add more information about pita2. In the discussion 

section, please write succinctly. 

 

Response 10: We thank the reviewer for pointing this out and we have added the sentences in the 

Introduction:  Previous studi revealed that Pita2 have provided a broad spectrum for blast resistance 

compared to the Pita and it is located at the centromere region of chromosome 12 [20, 21]. Some of 

the cloned R genes encode proteins containing a nucleotide-binding site-rich repeat domain (NBS-

LRR) [22, 5]. Recent studies revealed that Pita2 encodes a novel R protein unique to Pita, which is 

exactly the same as the previously cloned Ptr [23], further it was found that Pita2 rather than Pita was 



 

3 

responsible for the specificity for some of the differential isolates with AvrPita. (Lines 87-94).  We 

have removed some sentences in the discussion section (Lines 541-548). 

 

Point 11: Grammar and Spell Checking, such as: line 59, “[5, 6]” should be “[5, 6].”; line 60, “parent” 

should be “parents”; line 61, “progeny” should be “progenies”; line 62, “establi shment” should be 

“establishment”; line 68 “molecular” should be “. Molecular” etc. 

 

Response 11: : Thank you for your valuable comment, we have revised this section 
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Response to Reviewer 2 Comments 
 

First of all, we deeply appreciate your helpful comments. Our replies to the reviewer’s inquiries and 

revised points are as follows. Please confirm the relevant parts highlighted in red in the revised 

manuscript. 

 

Point 1: What is 1-6 mean in Fig.1g? The author should provide detailed information. 

 

Response 1:  Thank you for your valuable comments. We have added sentences to describe Fig. 1g: 

blast lesion scale on rice leaves (0: no symptom; 1: spots in the form of needle of several mm but not 

yet elliptical; 2-3: Elliptical shaped spots, infected leaf surface area reaches 2%; 4-5: Infected leaf 

surface area reaches > 2 -- < 10%); 6-7: Infected leaf surface area reaches > 10--< 50%)  

 

Point 2: Fig. 2 and 3 should provide the statistical difference analysis. 

 

Response 2: Thank you for your valuable comment. As the reviewer suggested, we have added the 

statistical analysis using two-tailed Studen’s t-tests (P<0,05) for fig 2 and 3. 

 

Point 3: The author should provide the number for the high and low values in the heat map in Fig.4. 

 

Response 3: Thank you for your valuable comment. As the reviewer suggested, we have added the 

number for the high and low values in the heat map in Fig.4. 

 

Point 4: Did the author develop the over-expression line and mutant lines of Pita2, the phenotype of 

these lines would strongly support their conclusion. 

 

Response 4: Thank you for your valuable comment. We have not yet developed the over-expression line and 

the Pita2 mutant line, furthermore, we will focus on developing these lines in the blast endemic area, to obtain 

accurate yield information with good phenotyping performance.  
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Article 1 

Improving Broad Spectrum Blast Resistance by Introduction 2 

Pita2 Gene, Encoding the NB-ARC Domain of Blast-Resistant 3 

Proteins, Into Upland Rice Breeding Programs  4 

Reny Herawati 1*, Siti Herlinda2, Dwi Wahyuni Ganefianti 1, Hendri Bustamam 3, Sipriyadi 4 5 
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 14 
* Correspondence: reny.herawati@unib.ac.id  15 
 16 
Abstract: Blast disease is generally more important in upland than lowland rice cultivation, repre- 17 
senting one of the biotic obstacles in the development of upland rice. The objective of this study was 18 
to detect broad-spectrum blast resistance gene Pita2 encoding the NB-ARC (nucleotide-binding 19 
adaptor common in APAF-1, R proteins, and CED-4) domain of blast-resistant proteins in new up- 20 
land rice lines from the breeding program for landrace rice varieties, with the goal of providing a 21 
novel source of blast-resistant germplasm for application in future upland rice breeding programs. 22 
In this study, we screened 19 inbred lines of landrace rice varieties challenged using local virulent 23 
isolates in greenhouse conditions and performed field evaluations to confirm blast resistance. Mo- 24 
lecular analysis was conducted using six specific primers to detect broad-spectrum blast resistance, 25 
and sequence analysis was performed to detect the NB-ARC domain of blast-resistant proteins in 26 
the lines. Consistent results were observed between greenhouse screening and field evaluations, 27 
although there was variance in the level of resistance. PCR assay showed that there were eight pos- 28 
itive lines (G7, G8, G9, G11, G13, G14, G15, and G18) containing the Pita2 gene. Conserved domain 29 
analysis revealed that eight blast-resistant rice lines encode NB-ARC at sequence lengths ranging 30 
between 300 to 870 (450bp). Using these sequences in BLASTX searching revealed 15 gene homologs 31 
of the eight rice lines, which were detected as Pita2 genes, with a similarity level of 81%–99%. Fur- 32 
ther comprehensive studies should be performed to confirm the performance and resistance of can- 33 
didate lines in field trials in various blast-endemic areas before being released as new upland rice 34 
varieties able to overcome the problem of blast disease in the field. In addition, the lines can also be 35 
used as a novel genetic resource in the blast-resistant upland rice breeding program on various rice 36 
cultivars. 37 
 38 
Keywords: blast resistance; landraces; NB-ARC domain-containing protein; broad-spectrum re- 39 
sistance; Pita2 gene; upland rice lines 40 

1. Introduction 41 

The most significant upland rice disease is blast, which is caused by the fungus 42 

Pyricularia oryzae (Cooke) Sacc. In the tropics, blast disease is generally has greater 43 

impacts on upland rice cultivation than lowland rice cultivation, representing one of the 44 

biotic obstacles in the development of upland rice. The rate of yield loss caused by blast 45 

disease in endemic areas reaches 50%–100% [1]. In the Ciherang variety, the decrease in 46 

yield was 3.65 tons/ha or equivalent to 61% of the average production [2]. 47 
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The chemical control of blast disease increases production costs. Therefore, the use 48 

of superior blast-resistant varieties is cheaper and more effective. The development of 49 

superior varieties requires a different source of new blast-resistant genes. Thus, the 50 

availability of genetic diversity maintained in germplasm sources is an important factor 51 

in supporting rice breeding programs. The genetic background of superior varieties can 52 

be broadened through recommendations for landrace varieties in the breeding program 53 

[3, 4]. 54 

Blast control through the assembly of rice varieties that have durable and 55 

polygenic resistance seeks to overcome blast pathogens that have multiple races and are 56 

very dynamic [5, 6]. Therefore, the breeding program to obtain superior rice varieties is 57 

implemented through several stages: namely, determining the parents as the source of 58 

resistance genes, crossing between two or more elders, and evaluating the progenies. We 59 

have been conducting a breeding program since 2010, with the establishment of a 60 

baseline population and recurrent selection using Sriwijaya and Bugis as landrace 61 

varieties and IR 7858-1 and IR148 lines as donor parents of drought- and blast-resistant 62 

genes [7, 8, 9]. 63 

The evaluation of blast resistance in rice can be conducted in the field in endemic 64 

areas using a natural inoculum or in a screen house using an artificial inoculum [10]. 65 

Molecular detection of resistance genes can also be performed in these areas [11, 3]. 66 

Furthermore, field evaluation can be conducted at a further stage to obtain varieties in 67 

the field resistant to various racial compositions, because the varieties released to farmers 68 

will face multiracial environmental conditions [3]. Molecular detection is often 69 

conducted and helps breeders in selecting genotypes that have blast-resistant genes 70 

before being released as new varieties. 71 

It is necessary to learn more about the molecular mechanisms involved in host– 72 

pathogen interactions and the strategic interrogation of resistance genes in cultivars, 73 

especially in terms of the identification of host resistance genes and pathogen avirulence 74 

genes. Currently, molecular markers are widely used to characterize collections of 75 

unrevealed gene banks, especially in untapped different allele resources [12, 13]. 76 

However, the identification of broad-spectrum blast-resistant genes is critical for 77 

protecting plants against dynamic races of P. oryzae. 78 

The genetically related virulence traits of P. oryzae have been studied by several 79 

researchers. There are several genes that have been cloned, namely Pi37 on chromosome 80 

1 [14], Pib on chromosome 2, Pi9 [15] and Pid2 [16] on chromosome 6, and Pita on 81 

chromosome 12 [17]. Pup1 also contains genes for dirigent-like, fatty acid α-dioxygenase 82 

and aspartic proteinase, which govern the production of proteins that are critical in lignin 83 

biosynthesis, thereby affecting the hardness of plant cell walls [18]. Refers to [19] used 11 84 

major blast resistance genes of rice (Pi-d2, Pi-z, Piz-t, Pi-9, Pi-36, Pi-37, Pi5, Pi-b, Pik-p, Pik- 85 

h, and Pita2) to identify 32 accessions resistant to P. oryzae using molecular markers. 86 

Previous studi revealed that Pita2 have provided a broad spectrum for blast resistance 87 

compared to the Pita and it is located at the centromere region of chromosome 12 [20, 21]. 88 

Some of the cloned R genes encode proteins containing a nucleotide-binding site-rich 89 
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repeat domain (NBS-LRR) [22, 5]. Recent studies revealed that Pita2 encodes a novel R 90 

protein unique to Pita, which is exactly the same as the previously cloned Ptr [23], further 91 

it was found that Pita2 rather than Pita was responsible for the specificity for some of the 92 

differential isolates with AvrPita.  93 

Resistance proteins (R) in plants are involved in pathogen recognition and the 94 

subsequent activation of the innate immune response. Most resistance proteins contain a 95 

central nucleotide-binding domain. This known as the NB-ARC domain and consists of 96 

three subdomains: NB, ARC1, and ARC2 [24, 25]. The NB-ARC domain is a functional 97 

ATPase domain, and its nucleotide-binding state is proposed to regulate R protein 98 

activity. Nucleotide-binding site-leucine-rich repeat (NBS-LRR) resistance gene is the 99 

most decisive in determining the plant defense response, thus comprising the most 100 

predominant family of plant resistance genes [26, 27]. Gene expression occurs based on 101 

the recognition of proteins encoding for components of the immune system in plants. 102 

The core nucleotides in the NB-LRR protein are part of the NB-ARC domain due to their 103 

presence in APAF-1 (apoptotic protease-activating factor-1), protein R, and CED-4 104 

(Caenorhabditis elegans death-4 protein) [28]. The presence of effectors encoded by 105 

pathogens promotes intramolecular interactions involving NBS-NLR, among others, 106 

which triggers the oligomerization of NLRs due to the substitution of ADP by (d)ATP in 107 

the NB-ARC domain. The induction of oligomerization is a well-known phenomenon 108 

triggered in animal NLRs [29, 30]. NB-ARC has been revealed as the main domain 109 

facilitating NLR self-association in animal NLR structural analysis [31]. By contrast, there 110 

is a lack of knowledge about the decisive domain involved in the oligomerization of plant 111 

NLRs. 112 

There is limited research on the structure of blast-resistant-gene-encoded proteins. 113 

Among them is the characterization of proteins from Pita and Pi54, including the 114 

downstream interaction partners of plant NBS-LRR proteins [32]. It is known that the 115 

NBS-LRR protein is involved in plant defense mechanisms.  116 

The aim of this study was to detect the presence of the broad-spectrum resistance 117 

Pita2 gene encoding the NB-ARC domain of blast-resistant proteins in upland rice lines, 118 

which were obtained from breeding landrace varieties. This will provide opportunities 119 

for a new source of blast-resistant germplasm for application in future upland rice 120 

breeding programs.  121 

 122 

2. Materials and Methods  123 

The experiment was conducted from March 2020 to April 2021. Molecular analysis 124 

was conducted in the Biotechnology Laboratory of Crop Production and the Biology 125 

Laboratory of Mathematics and Natural Sciences, University of Bengkulu. Screening of 126 

blast resistance was conducted in the greenhouse of the Plant Protection Department, 127 

Faculty of Agriculture, University of Bengkulu. Field evaluation was conducted in Desa 128 

Aur Gading Vill, Kerkap District, North Bengkulu Regency. The material consisted of 19 129 

selected lines having good agronomic traits and high yield potential from the landrace 130 
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breeding program, Situ Patenggang and Kencana Bali, respectively, as resistant and 131 

sensitive control varieties for checks (Table S1). 132 

 133 

2. 1. Screening for blast resistance 134 

Leaf samples were taken in the field, which was located in North Bengkulu (BU- 135 

022), Central of Bengkulu (BT-021), City of Bengkulu (RM-023), and South Bengkulu (BS- 136 

024). Isolation was performed by taking samples of plant parts (leaves or panicles) with 137 

symptoms in the form of typical lesions. Samples were cut into 1-2 cm long sections and 138 

placed on moistened filter paper in a petri dish containing sterile water, followed by 139 

incubation at room temperature for 24-48 hours to stimulate P. oryzae sporulation. After 140 

24-48 hours of incubation, the gray part of the sample was slowly smeared onto the 141 

surface of 4% WA medium. Isolation was carried out for monoconidia or single conidia 142 

using a needle mounted on a microscope (Figure 1d). After 4-5 days, the fungal hyphae 143 

were transferred onto petri dishes containing potato dextrose agar (PDA) media for 144 

further propagation. Plant inoculation was performed by evenly spraying the spore 145 

suspension onto rice seedlings aged 18-21 days (having 3-4 leaves). Plants that were 146 

inoculated were stored in a humid room for 24 hours, and then placed in a screen and 147 

condensed to maintain environmental humidity. Observation of the disease scale was 148 

performed using the Standard Evaluation System IRRI [33] at 7 days after inoculation 149 

(HSI) (Table S2). Observations were made regarding the latent period, number of lesions, 150 

percentage of lesion, and disease severity level. 151 

 152 

2. 2. DNA extraction, PCR analysis, and DNA amplification 153 

Fresh leaf samples were collected from plants in the greenhouse trial. The leaf 154 

samples were placed in plastic and then in a designated box filled with ice to maintain 155 

their freshness. A total of 0.1 g of rice leaf pieces was crushed by adding liquid nitrogen, 156 

and total DNA isolation was then conducted using the Promega Wizard Genomic DNA 157 

Purification Kit according to the included protocol. The leaf powder was placed in a 2 158 

mL Eppendorf tube, and 600 µL of Nuclei Lysis Solution was added; the mixture was 159 

vortexed for 1-3 seconds and then heated in a 65 °C water bath for 15 minutes. The 160 

sample was then treated with 3 µL of RNase solution and incubated at 37 °C for 15 161 

minutes. Following this, 200 µL of protein precipitation solution was added, and the 162 

mixture centrifuged for 3 minutes at 13,000 rpm. The supernatant was then transferred 163 

into a 1.5 mL microtube, and 600 µL of isopropanol was added followed by incubation 164 

at room temperature. Centrifugation was repeated for 1 minute at room 165 

temperature. The solution was then withdrawn and allowed to dry for 15 minutes. After 166 

this, 100 µL of DNA rehydration solution was added, and the mixture was incubated at 167 

65 °C for 1 hour or 4 °C overnight. The total extracted DNA served as a template for gene 168 

amplification using PCR. In sensitivity checks, Situ Patenggang DNA was used as the 169 

positive control, whereas Kencana Bali DNA was used as the negative control. Six pairs 170 

of primers were used in this study—Pib, Pi-37, Pi-d2, Pita2, Pik, and Pik-m—to identify 171 

the multigenic genes in rice lines (Table S3). 172 



Agronomy 2022, 12, x FOR PEER REVIEW 5 of 21 
 

 

The amplification procedure began with a 5-minute predenaturation at 94 °C, 173 

followed by 35 cycles of denaturation at 94 °C for 1 minute, annealing for 2 minutes, 174 

extension at 72 °C for 2 minutes, and final extension at 72 °C for 10 minutes. 175 

Electrophoresis in 1% agarose gel in TBE buffer was used to visualize the PCR products. 176 

The electrophoretic gel was immersed in 1% EtBr for 10 minutes, rinsed with ddH2O for 177 

5 minutes, and visualized under an ultraviolet transilluminator to observe the 178 

distribution of the DNA bands. The presence of bands of a certain size in the tested lines, 179 

corresponding to specific primer sets, indicate the presence of blast-resistant genes.  180 

 181 

2. 3. Sequencing and analysis data 182 

DNA sequencing was performed on rice lines for confirmation of Pita2 resistance 183 

gene detection using BigDye® Terminator First Base Services (PT. Genetics Sains 184 

Indonesia). The sequence data were edited using BioEdit version 7.2 and aligned using 185 

ClustalX and Mega X version 10.2.6. Data sequences were translated into amino acids 186 

and then analyzed using the Basic Local Alignment Search Tool X (BLASTX) of NCBI 187 

(www.ncbi.nlm.nih.gov/BLAST/) to detect the NB-ARC protein and verify homology 188 

with  amino acid sequences in the GenBank database. The Conserved Domain Database 189 

(CDD) from NCBI tool was used to identify the sequences encoding the NB-ARC protein. 190 

The phylogenetic construction was conducted using the neighbor-joining method of the 191 

MEGA X program, with 1000 bootstraps.  192 

 193 

2. 4. Field evaluation of blast resistance 194 

Field evaluation was conducted in Aur Gading village, an area in which blast 195 

disease is endemic. The seeds were planted in a 2 m × 3 m plot, with spacing of 20 cm × 196 

20 cm. Fertilization was carried out three times. The first fertilization of the plants was 197 

carried out 21–25 days after planting (DAP) at the following doses: urea, 200 kg/ha; TSP, 198 

150 kg/ha; and KCl, 90 kg/ha. The second fertilization was carried out at 60–65 DAP with 199 

a 1/3 dose of urea, 200 kg/ha, and ½ dose of KCl, 90 kg/ha. The third fertilization was 200 

carried out at 70–75 HST with a 1/3 dose of urea, 200 kg/ha. Blast disease symptoms were 201 

observed using a scale centered on the Standard Evaluation System for Rice [33] (Table 202 

S2). The level of line resistance was determined using the following classification system: 203 

0–2, resistant (R); 3, moderately resistant (MR); 4–6, moderately susceptible; and 7–9, 204 

susceptible (S). 205 

 206 

The following formula was used to determine the severity of the disease: 207 

𝐷𝑆 =
∑ (𝑛𝑖𝑥𝑣𝑖)𝑛

𝑖=0

𝑁 𝑥 𝑍
 𝑥 100% 208 

 209 

where DS denotes the disease severity; v is the score according to symptom criteria in 210 

family i; ni is the number of families attacked in the i-th score; N denotes the total clumps 211 

observed; Z is the highest score. 212 

 213 

http://www.ncbi.nlm.nih.gov/BLAST/
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3. Results 214 

 215 

3. 1. Screening for blast resistance 216 

Overall, 19 lines inoculated with four isolates, BT-021, BU-022, RM-023, and BS- 217 

024 showed varying blast resistance. The latent period, i.e., up to when the first lesion 218 

appeared in susceptibility checks, was less than 3 days for K. Bali, whereas it appeared 219 

later during checks of SP-resistant strains (Figure 2a). This is also evident from the 220 

number and percentage of lesions (Figure 2b,c). This shows that the susceptible varieties 221 

have a high degree of susceptibility to blast disease. Several rice cultivars showed 222 

resistance to blast disease, with lower severity observed for G7, G8, G9, G11, G13, G14, 223 

218 G15, and G18, although G11 was sensitive to isolates RM-023, BS-024. This showed 224 

that the blast race has genetic diversity that causes different responses in plants (Figure 225 

3). Interestingly, isolate BU-022 and BS-024 tended to be more virulent than BT-021 and 226 

RM-023.  It can be seen from the heat map based on the severity of the 19 upland rice 227 

lines, where high values are shown in red and low values are shown in yellow (Figure 4). 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

Figure 1. Screening for blast disease resistance of selected rice lines under greenhouse 244 

conditions: (a) growth of isolate in petri dish after purification; (b) pure culture of blast; 245 

(c) microscopic identification of P. oryzae at 100x magnification; (d) isolation of 246 

monoconidia or single conidia using a needle mounted on a microscope; (e) greenhouse 247 

experiment; (f) the blast lesion lengths of susceptible line; (g) blast lesion scale on rice 248 

leaves, ranging from 1 to 6 base on SES IRRI modified (0: no symptom; 1: spots in the 249 

form of needle of several mm but not yet elliptical; 2-3: Elliptical shaped spots, infected 250 

leaf surface area reaches 2%; 4-5: Infected leaf surface area reaches > 2 -- < 10%); 6-7: 251 

Infected leaf surface area reaches > 10--< 50%) (Table S2).  252 

Commented [RH8]: We have added sentences to 

concern the internal connection between different 

parts. This was stated on the results (line 215-218) 

“Several rice cultivars showed resistance to blast 

disease, with lower severity observed for G7, G8, 

G9, G11, G13, G14, 218 G15, and G18, although 

G11 was sensitive to isolates RM-023, BS-024. This 

showed that the blast race has genetic diversity 

that causes different responses in plants”. 

Commented [RH9]: Reviewer 2: We have added 

sentences to describe Fig. 1g: blast lesion scale on 

rice leaves (0: no symptom; 1: spots in the form of 

needle of several mm but not yet elliptical; 2-3: 

Elliptical shaped spots, infected leaf surface area 

reaches 2%; 4-5: Infected leaf surface area 

reaches > 2 -- < 10%); 6-7: Infected leaf surface area 

reaches > 10--< 50%)  



Agronomy 2022, 12, x FOR PEER REVIEW 7 of 21 
 

 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

Figure 2. Screening for blast resistance in an inbred upland rice line using four isolates, 261 

BT-021, BU-022, RM-023, and BS-024, under greenhouse conditions: (a) the latent period, 262 

namely the time until lesions first appeared in the tested lines and the SP-resistant and 263 

KB-susceptible control varieties; (b) the number of leaf lesions on the tested lines and the 264 

SP-resistant and KB-susceptible control varieties. Asterisks indicate statitistical 265 

significance by two-tailed Studen’s t-tests (P<0,05). 266 

 267 

Figure 3. Expression of severity in 19 inbred upland rice lines, SP and KB as resistant and 268 

susceptible control varieties, respectively, which were inoculated with four isolates, BT- 269 

021 and BU-022, RM-023, and BS-024. Asterisks indicate statitistical significance by two- 270 

tailed Studen’s t-tests (P<0,05). 271 

 272 

 273 
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 278 

 279 
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 283 

 284 

 285 

 286 

 287 

 288 

 289 

Figure 4. Heat map to show the virulence of isolates BT-021, BU-022, RM-023, and BS-024 290 

base on severity level on 19 upland rice lines. High values are indicated in red and low 291 

values in yellow. 292 

 293 

3. 2. Detection of blast-resistant genes 294 

 Detection of blast-resistant genes was performed on 19 inbred upland rice lines using 295 

six primers specific for blast-resistant genes (Table S3). The findings indicated that the 296 

six primers could detect the presence of the genes Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib 297 

(Figure S1). The genes Pi37, Pib, Pid2, Pik-m, and Pik were detected in 100% of the tested 298 

lines, with sizes 1149, 388, 1058, 171, and 226 bp, respectively. Meanwhile, the Pita2 gene 299 

was detected in 40% of lines at a size of 1042 bp (Figure S1). It would be interesting to 300 

study this further to relate the results of the PCR assay to blast disease resistance in the 301 

greenhouse and in the field because, although the line may harbor numerous resistance 302 

genes (Figure 5), it may not be able to overcome the virulence of a specific blast race 303 

encountered in the field.  304 

 305 
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 316 

Figure 5. The presence of blast-resistant genes, indicated by rice lines; red color indicates 317 

Pita2 gene, which is a unique protein essential for broad-spectrum disease resistance. 318 

 319 

The PCR assay showed that eight lines, namely G7, G8, G9, G13, G14, G15, and 320 

G18, possess all examined blast-resistant genes (Figure 5). Situ Patenggang, as a resistant 321 

control, has five genes, whereas Kencana Bali, as a susceptible control, does not possess 322 

any resistance genes. The Pita2 gene encodes a protein that is essential for broad- 323 

spectrum blast resistance, mediated by the NLR R gene. Several lines were found to carry 324 

the Pita2 gene, namely G7, G8, G9, G11, G13, G14, G15, and G18. This is consistent with 325 

greenhouse screening, where lines expressing the Pita2 gene tend to be more resistant to 326 

blast disease. Sequencing analysis was conducted to determine the genes encoding the 327 

NB-ARC domain of blast-resistant proteins in new upland rice lines to detect broad- 328 

spectrum blast resistance. 329 

 330 

3. 3. Sequence analysis to determine genes encoding the NB-ARC domain proteins for blast 331 

resistance 332 

The Basic Local Alignment Search Tool X (BLASTX) program was used to verify 333 

the amino acid sequence homology from this study with NCBI amino acid sequences 334 

(Figure 6A). We found Pita2 sequences in eight lines encoding the NB-ARC protein, 335 

which were not found in the other genes, although bands were positive (Figure 6B). Blast 336 

results on NCBI show in detail the putative conserved domain of the NB-ARC location 337 

with high similarity. 338 

A.  339 

 340 

 341 

 342 

 343 

 344 
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 350 
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 352 
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 354 

 355 
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 372 

 373 

Figure 6. A. BlastX translated nucleotide protein in the NCBI gene bank; (a) query 374 

sequence with 15 subjects homologous to the data in the gene bank; (b) the putative 375 

conserved domain detected by the query gene containing the NB-ARC superfamily; (c) 376 

the NBS-LRR protein has been identified as a key defense resistance mechanism in plants. 377 

B. The conserved domain in eight blast-resistant rice lines detected the location of NB- 378 

ARC using BlastX. Yellow region showed the location of NB-ARC at sequence lengths 379 

between 300-870 (±450 bp). 380 

The conserved domain in eight blast-resistant rice lines detected the location of 381 

NA-ARC at sequence lengths between 300 and 870 (±450 bp) (Figure 6B). The results of 382 

the alignment analysis indicated that the query sequences were highly similar to 15 383 

subjects that were homologous to the data in the gene bank (Figure 6A). The highest 384 

similarity between amino acid sequences for the Pita2 gene detected in eight rice lines 385 

(Table S4) was found between the NBS-LRR resistance protein-partial [Oryza sativa indica 386 

Group], which showed 96%–99% similarity, typically encoding proteins with NLR 387 

domains. Other homologies found were NB-ARC domain containing protein-expressed 388 

[Oryza sativa japonica Group] with 96.88% similarity and blast resistance protein Pita 389 

variant 12 [Oryza barthii], blast resistance protein Pita variant 14 [Oryza nivara], and NBS- 390 

LRR-partial [Oryza sativa indica Group], with similarity of 95.3%, 93.2%, and 81.25%, 391 

respectively. Higher similarity suggests a more accurate gene sequence, where two DNA 392 

fragments may be proven to be homologous, with 70% of the base sequence or 25% of 393 

the amino acid sequence being identical (order of ≥100 bp).  394 

Commented [RH13]: As the reviewer 1 

suggestion, we have revised the materials section. 

Commented [RH14]: As the reviewer 1 

suggestion, we have revised the materials section. 

Commented [RH15]: As the reviewer 1 

suggestion, we have revised the materials section. 

Commented [RH16]: As the reviewer 1 

suggestion, we have revised the materials section. 



Agronomy 2022, 12, x FOR PEER REVIEW 11 of 21 
 

 

 395 

Figure 7. Phylogenetic tree constructed using neighbor-joining approaches and 1000 396 

bootstrap replications to compare amino acid sequences from eight rice lines identified 397 

by the Pita2 gene. 398 

 399 

The expected value (E-value) is a statistically computed probability value 400 

describing the sequence similarity of rice lines acquired from Gene Bank 401 

(www.ncbi.nlm.nih.gov). Phylogenetic analysis using the neighbor-joining method 402 

revealed that the detected rice lines carrying the Pita2 gene formed the same three groups. 403 

Figure 7 demonstrates that there were three large clusters, including cluster I, showing 404 

97% similarity in the CCF78549.1 (NBS-LRR, partial [Oryza sativa Indica Group]) 405 

assessment, with E-value 2E-123. Cluster II has 98% similarity with the accession groups 406 

AFH58009.1, CCD33216.1, AFH54048.1, AFH54050.1, AFH54047.1, AFH54039.1, 407 

ACV87221.1, and CCD21829.1, while cluster III has similarity of 44% with the accession 408 

groups ABA97435.1, ACI49447.1, AAK00132.1, ACI49442.1, ACI49449, and ACI49451.1. 409 

BLAST investigation of the amino-acid-coding gene for the NB-ARC domain-containing 410 

protein revealed significant results.  411 

 412 

3. 4. Field evaluation of blast resistance 413 
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Symptoms of blast disease began to appear on the leaf margins of the plants 7 414 

weeks after planting (WAP) (Figure 8a), and rectangular brown spots appeared at 10 415 

WAP (Figure 8b). We did not find any explosion attacks by several line numbers until 416 

the end of the observation (Figure 8c).  417 

 418 

Figure 8. Observation of blast disease in the field; (a) blast symptom on the edge of the 419 

leaf; (b) blast attack has led to the formation of a rectangular brown spot; (c) resistance 420 

line). 421 

 422 

Table 1. Scores of blast disease in the field for 19 selected upland rice lines with two 423 

varieties control resistance and susceptibility, respectively 424 

Genotype Accession 
The lowest 

score 

The highest 

score 
Mean score Reaction 

 

G1 BKL1-RS1-1-247-13 0 2 1,4 R  

G2 BKL1-RS1-1-248-14 0 3 1,8 R  

G3 BKL1-RS1-2-249-15 0 3 3,4 MR  

G4 BKL2-RS1-1-251-17 0 2 1,8 R  

G5 BKL3-RS1-1-253-18 2 3 3,4 MR  

G6 BKL4-RS1-1-256-21 0 3 3,2 MR  

G7 BKL4-RS1-2-257-22 0 1 0,4 R  

G8 BKL4-RS1-3-258-23 0 2 1 R  

G9  BKL1 B-1-259-1 0 1 0,8 R  

G10  BKL1 B-2-260-2 3 5 4,6 MS  

G11  BKL1 B-3-261-3 0 2 2,4 R  

G12  BKL2 B-1-262-4 0 2 2,6 R  

G13  BKL2 B-2-263-5 0 2 2,8 R  

G14  BKL2 B-2-264-6 0 2 1,6 R  

G15 BKL3 B-2-266-8 0 2 2,2 R  

G16  BKL3 B-3-267-9 2 4 4,2 MS  

G17  BKL4 B-1-268-10 4 4 5 MS  

G18 BKL4-B2-269-11 0 1 0,6 R  

G19  BKL4 B-3-270-12 0 1 0,6 R  
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G20 Kencana Bali 5 6 5,4 MS  

G21 Situ Patenggang 0 1 0,6 R  

The observations were performed on 10 samples of each line number; blast disease 425 

was observed based on the Standard Rice Evaluation System (IRRI, 2013). 426 

Determination of resistance used the following scale: 0-2, resistant (R); 3, moderately 427 

resistant (MR); 4–6, moderately susceptible (MS); and 7-9, susceptible (S). 428 

 429 

 Symptoms of field blast on Kencana Bali, as a susceptible variety, with the 430 

highest scale of 6, indicate that blast attack did not possess the severity to cause the death 431 

of the plant population. Situ Patenggang, as a resistant variety, only scored 1 (Table 1). 432 

The highest values for the G10, G16, and G17 lines, with a score of 4-5, indicated a 433 

moderate susceptibility response. Several lines showed a resistant response, with a score 434 

of 0-1, in the G7, G8, G9, G18, and G19 lines. 435 

 436 

Figure 9. A. The severity level of blast disease in the field in 19 genotypes, with Kencana 437 

Bali as a sensitive and Situ Patenggang as a resistant control. Different letters indicate 438 

statistically significant differences at P=0,05 by LSD test. B. The expression of the Pita2  439 

gene in the G7, G8, G9, G11, G13, G14, G15, and G18 lines amplified at 1042 bp showed 440 

the consistency of blast resistance in the field. 441 

 442 

All lines showed a level of disease severity below that of the susceptible variety, 443 

Kencana Bali (62%) (Figure 10A), with severity ranging from 30% to 49%, i.e., the G5, G6, 444 

G10, G16, and G17 lines had scores between 4 and 5, indicating moderate susceptibility 445 

based on IRRI SES (Table 1). Several lines had a score of 1, equal to Situ Patenggang, with 446 

severity < 20%, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, and G19 447 

(Figure 9A). We found that there was consistency in the PCR assay for Pita2 gene 448 

detection, which tended to be associated with high resistance in the field and in the 449 

greenhouse conditions, namely being found in the G7, G8, G9, G11, G13, G14, G15, and 450 

G18 lines Figure 9B). 451 
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 452 

 4. Discussion 453 

 454 

The high genetic diversity of the race, the occurrence of race changes, and the 455 

virulence of the fungus P. oryzae are factors that determine the resistance of rice varieties 456 

and whether they can and how readily they can develop blast disease [34, 6]. Varieties 457 

that have certain resistance genes must be adapted to the composition of the P. oryzae 458 

race in an area or specific location before planting  [34]. Therefore, the cultivation of 459 

resistant varieties must be supported by data on the P. oryzae race composition of an area. 460 

Thus, it is necessary to monitor P. oryzae races in each rice agroecosystem, especially in 461 

areas where blast disease is endemic. The development of blast-resistant rice varieties 462 

that are durable and have horizontal resistance needs to be performed. One strategy to 463 

develop blast-resistant varieties can be implemented, among others, by forming 464 

genotypes through pyramiding genes or multiple resistance genes, so as to overcome the 465 

variety of blast races that develop in the field [3, 4]. Previous researchers have 466 

successfully carried out a pyramid program to obtain more durable blast resistance [35, 467 

36, 37, 38]. 468 

The availability of germplasm resources representing high genetic diversity, 469 

through their collection and maintenance, is important in supporting rice breeding 470 

programs. Landrace varieties have been tested for their resistance to various 471 

environmental stresses, as well as pests and diseases, so they are a valuable pool of 472 

genetic resources. Genes resistant to various stresses of local varieties can be used to 473 

improve a variety through plant breeding. We have carried out a series of research 474 

studies through a drought-tolerant and blast-resistant upland rice breeding program 475 

using local Sriwijaya and Bugis and the IR 7858-1/IR148 line as gene donors for blast 476 

disease resistance [7, 8, 9]. Nineteen lines with good agronomic traits and high yield 477 

potential were selected for the detection of broad-spectrum blast resistance in this study. 478 

We used a combination of experiments, namely screening in a greenhouse, PCR assay, 479 

and field observation, and local isolates obtained from blast-endemic areas. Inoculation 480 

of isolates under greenhouse conditions showed the varying resistance of the lines, which 481 

was nonetheless higher, overall, than that of the susceptible control K. Bali (Figure 3). 482 

The latent period until the first lesion appears was the same as for resistant lines and 483 

Situpatenggang (Figure 2a), while the highest percentage of lesions on leaves was found 484 

in K. Bali (Figure 2c). Disease severity levels below 10% were found in the G7, G8, G9, 485 

G11, G13, G14, G15, and G18 lines. Although it was found that G11 was sensitive to 486 

isolates RM-023, and BS-024, in the field the severity was less than 20% (Figure 9A). It 487 

was observed in this study that isolate BU-022 and BS-24 is more virulent than isolate 488 

BT-021 and RM-023; it is noted that isolate BU-022 and BS-24 was obtained from an 489 

endemic area of blast, where a large number of farmers cultivate upland rice. It is thus 490 

necessary to conduct further studies on the virulence of local isolates in Bengkulu 491 

Province. Currently, we are conducting research on the virulence of various local isolates 492 

in differential varieties, with confirmation by PCR assay.  493 
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Field assessment showed that several lines had blast attacks that were less than 494 

20% severity at a scale of 0–2, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, 495 

and G19. The results of the blast-resistant gene detection revealed that the lines had 5–6 496 

resistance genes, namely Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib, which corresponded 497 

highly with having scores of 0–2 in the field blast observations. Generally, varieties with 498 

only a single resistance gene outgrow emerging lethal races [39, 40], and the presence of 499 

additional major resistance genes in plants will confer broad-spectrum resistance for a 500 

longer duration [35, 36, 37, 38]. The results of this study also indicate that plants have 501 

different degrees of resistance, confirming that there is a varying ability of plants to 502 

overcome blast attacks. Molecular detection via PCR assay revealed that not all tested 503 

lines possess the Pita2 gene, which showed high concordance with the field blast 504 

observations, whereby the lines in which the Pita2 gene was detected, namely G7, G8, G9, 505 

G11, G13, G14, G15, and G18, had a disease severity level of less than 10% and scores of 506 

0–2,which is a very interesting finding. Gene pyramiding is widely regarded as an 507 

effective method for developing varieties with broad-spectrum and long-lasting 508 

resistance. A previous study demonstrated that resistance genes such as Pi1, Pi5, Piz-5, 509 

Pita, and Pi-gm could be improved into elite cultivars through marker-assisted selection 510 

[41, 42].  511 

We performed sequencing on the lines that were shown to carry the Pita2 gene. 512 

Therefore, further studies were conducted with sequencing of the eight lines to 513 

determine the expression of genes encoding the NB-ARC domain of blast-resistant 514 

proteins. Conserved domain analysis revealed that eight blast-resistant rice lines were 515 

found to encode NB-ARC at sequence lengths between 300 to 870, an association that was 516 

considered very significant at the lowest E-value of 8.45e−11. The BLASTX program was 517 

used to determine the homology of amino acid sequences from this study with those 518 

from NCBI databases. Sequence analysis via BLASTX revealed that there were 15 gene 519 

homologs of the eight rice lines detected as the Pita2 gene. The highest similarity between 520 

amino acid sequences for the Pita2 gene detected in eight rice lines was observed for the 521 

NBS-LRR resistance protein-partial [Oryza sativa Indica group], with a similarity level of 522 

81%–99%. The result is consistent with the phylogenetic tree, which demonstrates that 523 

the groups of homologous genes are closely related to the sequences of eight lines. In 524 

addition, the Pita protein [Oryza sativa Japonica group], blast resistance protein Pita 525 

variant 5 [Oryza sativa Japonica group], and NBS-LRR partial [Oryza sativa Indica group] 526 

had the lowest associated E values, which were between 7e−119 and 8e−119. The BLAST 527 

analysis for the gene coding for the NB-ARC domain-containing protein showed 528 

significant identity. The E-value for the BLAST analysis is considered to be significant if 529 

the in-between value is 1 × 10−10 or lower [43]. 530 

The phylogeny also demonstrated that the sequences of eight lines formed three 531 

clusters. Moreover, the alignment analysis in this study showed that the query sequences 532 

had very high similarity with 15 homologs in GenBank. The putative conserved domain 533 

results identified the query gene sequence as containing a domain corresponding to the 534 

NA-ARC superfamily. Furthermore, the NBS-LRR resistance gene has been expressed in 535 
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the largest group of plant resistance genes, with a key role in plant defense responses. 536 

The immune system in plants depends upon the role of encoded proteins, and it is 537 

revealed these genes are more highly conserved than others. Plants encode resistance 538 

proteins (R) through pathogen gene-for-gene recognition by inducing defense 539 

hypersensitivity responses to protect against pathogen infection [44]. The putative 540 

central NBS and a carboxy-terminal LRR are protein codes for rice blast-resistant genes. 541 

These NBS-LRR proteins consist of two main levels: the first level has an N-terminal 542 

domain identical to that of the mammalian Toll-interleukin-1-receptor (TIR) domain, 543 

whilst the second level codes for the N-terminal coiled-coil motif (CC-NBS-LRR) [41, 42]. 544 

Immunity is triggered, either directly or indirectly,  by interactions with fungal effectors 545 

encoding the nod-like receptor (NLR) protein family as the role of the blast R gene [33, 546 

43].  547 

The R protein is found between APAF-1 and CED-4 on the plant-conserved ARC 548 

domain. Through nucleotide bond formation with P-loop and Walker motifs, ARC1 549 

contains a four helical bundle and ARC2 has a winged helical fold, together constructing 550 

the three subdomains of the NB-ARC domain [45, 46]. Signal initiation is triggered by the 551 

ARC domain, which translates the modulated elicitor from the C-terminal [47].  552 

We confirmed the presence of the gene encoding the NB-ARC domain of novel 553 

blast resistance proteins in eight new rice lines from the breeding program aimed at the 554 

development of landrace varieties. The study also revealed that these lines possess 555 

polygenic genes with potential for broad-spectrum blast resistance. Further studies on 556 

the performance and resistance of lines in local blast race isolates and field trials in 557 

various blast-endemic areas will also provide valuable information about their potential 558 

as candidates for new rice varieties. The blast-resistant genes could provide genetic 559 

resources for breeding programs that are needed to develop rice varieties with longer- 560 

lasting resistance and long-term resistance. 561 

 562 

 563 

5. Conclusions 564 

In this study, eight rice accessions were found to show complete resistance to 565 

blast based on a field evaluation and greenhouse conditions. The molecular analysis 566 

showed that the lines had numerous genes, where the Pita2 gene was the target of the 567 

DNA sequencing for the analysis of genes encoding the NB-ARC domain of blast 568 

resistance proteins at sequence lengths between 329 and 873. This study revealed that 569 

resistance gene introgression in the landrace germplasm could be a source of blast- 570 

resistant genes to develop new varieties. The eight lines analyzed in this study, namely 571 

G7, G8, G9, G11, G13, G15, and G18, have polygenic resistance and potential as a novel 572 

genetic resource in the program for breeding various blast-resistant upland rice cultivars 573 

to overcome infection by blast pathogens that have multiple races and varied dynamics. 574 

Further comprehensive studies should be performed to confirm the performance and 575 

resistance of the candidate lines in field trials at various blast-endemic areas before they 576 

can be released as new rice varieties. 577 
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 578 

Supplementary Materials: The following supporting information can be downloaded 579 

at:https://www.mdpi.com/article/10.3390/agronomy12081930/s1, Table S1. Selected lines 580 

resulting from crossbred for identification of blast resistance; Table S2. The scale of blast 581 

disease symptoms for field assessment based on SES IRRI; Tabel S3. Primer 582 

characteristics for identifying blast resistance; Table S4. Analysis of gene homology using 583 

BLASTX; Figure S1. PCR assay showed blast resistance gene expression in 19 upland rice 584 

lines using specific primers Pi37, Pib, Pi-d2, Pi-ta2, Pik-m, and Pik (M = 100 bp marker, 585 

SP = Situ Patenggang, KB = Kencana Bali; 1– 19 = line numbers). 586 
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development of upland rice. The objective of this study was to
detect broad-spectrum blast resistance gene Pita2 encoding the
NB-ARC (nucleotide-binding adaptor common in APAF-1, R
proteins, and CED-4) domain of blast-resistant proteins in new
upland rice lines from the breeding program for landrace rice
varieties, with the goal of providing a novel source of blast-
resistant germplasm for application in future upland rice breeding
pro-grams. In this study, we screened 19 inbred lines of landrace
rice varieties challenged using local virulent isolates in
greenhouse conditions and performed field evaluations to
confirm blast re-sistance. Molecular analysis was conducted
using six specific primers to detect broad-spectrum blast
resistance, and sequence analysis was performed to detect the
NB-ARC domain of blast-resistant proteins in the lines.
Consistent results were observed between greenhouse
screening and field evaluations, although there was variance in
the level of resistance. PCR assay showed that there were eight
positive lines (G7, G8, G9, G11, G13, G14, G15, and G18)
containing the Pita2 gene. Conserved domain analysis revealed
that eight blast-resistant rice lines encode NB-ARC at sequence
lengths ranging between 300 to 870 (450bp). Using these
sequences in BLASTX searching revealed 15 gene homologs of
the eight rice lines, which were detected as Pita2 genes, with a
similarity level of 81%–99%. Further comprehensive studies
should be performed to confirm the performance and resistance
of candidate lines in field trials in various blast-endemic areas
before being released as new upland rice varieties able to
overcome the problem of blast disease in the field. In addition,
the lines can also be used as a novel genetic resource in the
blast-resistant upland rice breeding program on various rice
cultivars.
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Abstract: Blast disease is generally more important in upland than lowland rice cultivation, repre- 17 
senting one of the biotic obstacles in the development of upland rice. The objective of this study was 18 
to detect broad-spectrum blast resistance gene Pita2 encoding the NB-ARC (nucleotide-binding 19 
adaptor common in APAF-1, R proteins, and CED-4) domain of blast-resistant proteins in new up- 20 
land rice lines from the breeding program for landrace rice varieties, with the goal of providing a 21 
novel source of blast-resistant germplasm for application in future upland rice breeding programs. 22 
In this study, we screened 19 inbred lines of landrace rice varieties challenged using local virulent 23 
isolates in greenhouse conditions and performed field evaluations to confirm blast resistance. Mo- 24 
lecular analysis was conducted using six specific primers to detect broad-spectrum blast resistance, 25 
and sequence analysis was performed to detect the NB-ARC domain of blast-resistant proteins in 26 
the lines. Consistent results were observed between greenhouse screening and field evaluations, 27 
although there was variance in the level of resistance. PCR assay showed that there were eight pos- 28 
itive lines (G7, G8, G9, G11, G13, G14, G15, and G18) containing the Pita2 gene. Conserved domain 29 
analysis revealed that eight blast-resistant rice lines encode NB-ARC at sequence lengths ranging 30 
between 300 to 870 (450bp). Using these sequences in BLASTX searching revealed 15 gene homologs 31 
of the eight rice lines, which were detected as Pita2 genes, with a similarity level of 81%–99%. Fur- 32 
ther comprehensive studies should be performed to confirm the performance and resistance of can- 33 
didate lines in field trials in various blast-endemic areas before being released as new upland rice 34 
varieties able to overcome the problem of blast disease in the field. In addition, the lines can also be 35 
used as a novel genetic resource in the blast-resistant upland rice breeding program on various rice 36 
cultivars. 37 
 38 
Keywords: blast resistance; landraces; NB-ARC domain-containing protein; broad-spectrum re- 39 
sistance; Pita2 gene; upland rice lines 40 

1. Introduction 41 

The most significant upland rice disease is blast, which is caused by the fungus 42 

Pyricularia oryzae (Cooke) Sacc. In the tropics, blast disease is generally has greater 43 

impacts on upland rice cultivation than lowland rice cultivation, representing one of the 44 

biotic obstacles in the development of upland rice. The rate of yield loss caused by blast 45 

disease in endemic areas reaches 50%–100% [1]. In the Ciherang variety, the decrease in 46 

yield was 3.65 tons/ha or equivalent to 61% of the average production [2]. 47 
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The chemical control of blast disease increases production costs. Therefore, the use 48 

of superior blast-resistant varieties is cheaper and more effective. The development of 49 

superior varieties requires a different source of new blast-resistant genes. Thus, the 50 

availability of genetic diversity maintained in germplasm sources is an important factor 51 

in supporting rice breeding programs. The genetic background of superior varieties can 52 

be broadened through recommendations for landrace varieties in the breeding program 53 

[3, 4]. 54 

Blast control through the assembly of rice varieties that have durable and 55 

polygenic resistance seeks to overcome blast pathogens that have multiple races and are 56 

very dynamic [5, 6]. Therefore, the breeding program to obtain superior rice varieties is 57 

implemented through several stages: namely, determining the parents as the source of 58 

resistance genes, crossing between two or more elders, and evaluating the progenies. We 59 

have been conducting a breeding program since 2010, with the establishment of a 60 

baseline population and recurrent selection using Sriwijaya and Bugis as landrace 61 

varieties and IR 7858-1 and IR148 lines as donor parents of drought- and blast-resistant 62 

genes [7, 8, 9]. 63 

The evaluation of blast resistance in rice can be conducted in the field in endemic 64 

areas using a natural inoculum or in a screen house using an artificial inoculum [10]. 65 

Molecular detection of resistance genes can also be performed in these areas [11, 3]. 66 

Furthermore, field evaluation can be conducted at a further stage to obtain varieties in 67 

the field resistant to various racial compositions, because the varieties released to farmers 68 

will face multiracial environmental conditions [3]. Molecular detection is often 69 

conducted and helps breeders in selecting genotypes that have blast-resistant genes 70 

before being released as new varieties. 71 

It is necessary to learn more about the molecular mechanisms involved in host– 72 

pathogen interactions and the strategic interrogation of resistance genes in cultivars, 73 

especially in terms of the identification of host resistance genes and pathogen avirulence 74 

genes. Currently, molecular markers are widely used to characterize collections of 75 

unrevealed gene banks, especially in untapped different allele resources [12, 13]. 76 

However, the identification of broad-spectrum blast-resistant genes is critical for 77 

protecting plants against dynamic races of P. oryzae. 78 

The genetically related virulence traits of P. oryzae have been studied by several 79 

researchers. There are several genes that have been cloned, namely Pi37 on chromosome 80 

1 [14], Pib on chromosome 2, Pi9 [15] and Pid2 [16] on chromosome 6, and Pita on 81 

chromosome 12 [17]. Pup1 also contains genes for dirigent-like, fatty acid α-dioxygenase 82 

and aspartic proteinase, which govern the production of proteins that are critical in lignin 83 

biosynthesis, thereby affecting the hardness of plant cell walls [18]. Refers to [19] used 11 84 

major blast resistance genes of rice (Pi-d2, Pi-z, Piz-t, Pi-9, Pi-36, Pi-37, Pi5, Pi-b, Pik-p, Pik- 85 

h, and Pita2) to identify 32 accessions resistant to P. oryzae using molecular markers. 86 

Previous studi revealed that Pita2 have provided a broad spectrum for blast resistance 87 

compared to the Pita and it is located at the centromere region of chromosome 12 [20, 21]. 88 

Some of the cloned R genes encode proteins containing a nucleotide-binding site-rich 89 



Agronomy 2022, 12, x FOR PEER REVIEW 3 of 20 
 

 

repeat domain (NBS-LRR) [22, 5]. Recent studies revealed that Pita2 encodes a novel R 90 

protein unique to Pita, which is exactly the same as the previously cloned Ptr [23], further 91 

it was found that Pita2 rather than Pita was responsible for the specificity for some of the 92 

differential isolates with AvrPita.  93 

Resistance proteins (R) in plants are involved in pathogen recognition and the 94 

subsequent activation of the innate immune response. Most resistance proteins contain a 95 

central nucleotide-binding domain. This known as the NB-ARC domain and consists of 96 

three subdomains: NB, ARC1, and ARC2 [24, 25]. The NB-ARC domain is a functional 97 

ATPase domain, and its nucleotide-binding state is proposed to regulate R protein 98 

activity. Nucleotide-binding site-leucine-rich repeat (NBS-LRR) resistance gene is the 99 

most decisive in determining the plant defense response, thus comprising the most 100 

predominant family of plant resistance genes [26, 27]. Gene expression occurs based on 101 

the recognition of proteins encoding for components of the immune system in plants. 102 

The core nucleotides in the NB-LRR protein are part of the NB-ARC domain due to their 103 

presence in APAF-1 (apoptotic protease-activating factor-1), protein R, and CED-4 104 

(Caenorhabditis elegans death-4 protein) [28]. The presence of effectors encoded by 105 

pathogens promotes intramolecular interactions involving NBS-NLR, among others, 106 

which triggers the oligomerization of NLRs due to the substitution of ADP by (d)ATP in 107 

the NB-ARC domain. The induction of oligomerization is a well-known phenomenon 108 

triggered in animal NLRs [29, 30]. NB-ARC has been revealed as the main domain 109 

facilitating NLR self-association in animal NLR structural analysis [31]. By contrast, there 110 

is a lack of knowledge about the decisive domain involved in the oligomerization of plant 111 

NLRs. 112 

There is limited research on the structure of blast-resistant-gene-encoded proteins. 113 

Among them is the characterization of proteins from Pita and Pi54, including the 114 

downstream interaction partners of plant NBS-LRR proteins [32]. It is known that the 115 

NBS-LRR protein is involved in plant defense mechanisms.  116 

The aim of this study was to detect the presence of the broad-spectrum resistance 117 

Pita2 gene encoding the NB-ARC domain of blast-resistant proteins in upland rice lines, 118 

which were obtained from breeding landrace varieties. This will provide opportunities 119 

for a new source of blast-resistant germplasm for application in future upland rice 120 

breeding programs.  121 

 122 

2. Materials and Methods  123 

The experiment was conducted from March 2020 to April 2021. Molecular analysis 124 

was conducted in the Biotechnology Laboratory of Crop Production and the Biology 125 

Laboratory of Mathematics and Natural Sciences, University of Bengkulu. Screening of 126 

blast resistance was conducted in the greenhouse of the Plant Protection Department, 127 

Faculty of Agriculture, University of Bengkulu. Field evaluation was conducted in Desa 128 

Aur Gading Vill, Kerkap District, North Bengkulu Regency. The material consisted of 19 129 

selected lines having good agronomic traits and high yield potential from the landrace 130 
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breeding program, Situ Patenggang and Kencana Bali, respectively, as resistant and 131 

sensitive control varieties for checks (Table S1). 132 

 133 

2. 1. Screening for blast resistance 134 

Leaf samples were taken in the field, which was located in North Bengkulu (BU- 135 

022), Central of Bengkulu (BT-021), City of Bengkulu (RM-023), and South Bengkulu (BS- 136 

024). Isolation was performed by taking samples of plant parts (leaves or panicles) with 137 

symptoms in the form of typical lesions. Samples were cut into 1-2 cm long sections and 138 

placed on moistened filter paper in a petri dish containing sterile water, followed by 139 

incubation at room temperature for 24-48 hours to stimulate P. oryzae sporulation. After 140 

24-48 hours of incubation, the gray part of the sample was slowly smeared onto the 141 

surface of 4% WA medium. Isolation was carried out for monoconidia or single conidia 142 

using a needle mounted on a microscope (Figure 1d). After 4-5 days, the fungal hyphae 143 

were transferred onto petri dishes containing potato dextrose agar (PDA) media for 144 

further propagation. Plant inoculation was performed by evenly spraying the spore 145 

suspension onto rice seedlings aged 18-21 days (having 3-4 leaves). Plants that were 146 

inoculated were stored in a humid room for 24 hours, and then placed in a screen and 147 

condensed to maintain environmental humidity. Observation of the disease scale was 148 

performed using the Standard Evaluation System IRRI [33] at 7 days after inoculation 149 

(HSI) (Table S2). Observations were made regarding the latent period, number of lesions, 150 

percentage of lesion, and disease severity level. 151 

 152 

2. 2. DNA extraction, PCR analysis, and DNA amplification 153 

Fresh leaf samples were collected from plants in the greenhouse trial. The leaf 154 

samples were placed in plastic and then in a designated box filled with ice to maintain 155 

their freshness. A total of 0.1 g of rice leaf pieces was crushed by adding liquid nitrogen, 156 

and total DNA isolation was then conducted using the Promega Wizard Genomic DNA 157 

Purification Kit according to the included protocol. The leaf powder was placed in a 2 158 

mL Eppendorf tube, and 600 µL of Nuclei Lysis Solution was added; the mixture was 159 

vortexed for 1-3 seconds and then heated in a 65 °C water bath for 15 minutes. The 160 

sample was then treated with 3 µL of RNase solution and incubated at 37 °C for 15 161 

minutes. Following this, 200 µL of protein precipitation solution was added, and the 162 

mixture centrifuged for 3 minutes at 13,000 rpm. The supernatant was then transferred 163 

into a 1.5 mL microtube, and 600 µL of isopropanol was added followed by incubation 164 

at room temperature. Centrifugation was repeated for 1 minute at room 165 

temperature. The solution was then withdrawn and allowed to dry for 15 minutes. After 166 

this, 100 µL of DNA rehydration solution was added, and the mixture was incubated at 167 

65 °C for 1 hour or 4 °C overnight. The total extracted DNA served as a template for gene 168 

amplification using PCR. In sensitivity checks, Situ Patenggang DNA was used as the 169 

positive control, whereas Kencana Bali DNA was used as the negative control. Six pairs 170 

of primers were used in this study—Pib, Pi-37, Pi-d2, Pita2, Pik, and Pik-m—to identify 171 

the multigenic genes in rice lines (Table S3). 172 
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The amplification procedure began with a 5-minute predenaturation at 94 °C, 173 

followed by 35 cycles of denaturation at 94 °C for 1 minute, annealing for 2 minutes, 174 

extension at 72 °C for 2 minutes, and final extension at 72 °C for 10 minutes. 175 

Electrophoresis in 1% agarose gel in TBE buffer was used to visualize the PCR products. 176 

The electrophoretic gel was immersed in 1% EtBr for 10 minutes, rinsed with ddH2O for 177 

5 minutes, and visualized under an ultraviolet transilluminator to observe the 178 

distribution of the DNA bands. The presence of bands of a certain size in the tested lines, 179 

corresponding to specific primer sets, indicate the presence of blast-resistant genes.  180 

 181 

2. 3. Sequencing and analysis data 182 

DNA sequencing was performed on rice lines for confirmation of Pita2 resistance 183 

gene detection using BigDye® Terminator First Base Services (PT. Genetics Sains 184 

Indonesia). The sequence data were edited using BioEdit version 7.2 and aligned using 185 

ClustalX and Mega X version 10.2.6. Data sequences were translated into amino acids 186 

and then analyzed using the Basic Local Alignment Search Tool X (BLASTX) of NCBI 187 

(www.ncbi.nlm.nih.gov/BLAST/) to detect the NB-ARC protein and verify homology 188 

with  amino acid sequences in the GenBank database. The Conserved Domain Database 189 

(CDD) from NCBI tool was used to identify the sequences encoding the NB-ARC protein. 190 

The phylogenetic construction was conducted using the neighbor-joining method of the 191 

MEGA X program, with 1000 bootstraps.  192 

 193 

2. 4. Field evaluation of blast resistance 194 

Field evaluation was conducted in Aur Gading village, an area in which blast 195 

disease is endemic. The seeds were planted in a 2 m × 3 m plot, with spacing of 20 cm × 196 

20 cm. Fertilization was carried out three times. The first fertilization of the plants was 197 

carried out 21–25 days after planting (DAP) at the following doses: urea, 200 kg/ha; TSP, 198 

150 kg/ha; and KCl, 90 kg/ha. The second fertilization was carried out at 60–65 DAP with 199 

a 1/3 dose of urea, 200 kg/ha, and ½ dose of KCl, 90 kg/ha. The third fertilization was 200 

carried out at 70–75 HST with a 1/3 dose of urea, 200 kg/ha. Blast disease symptoms were 201 

observed using a scale centered on the Standard Evaluation System for Rice [33] (Table 202 

S2). The level of line resistance was determined using the following classification system: 203 

0–2, resistant (R); 3, moderately resistant (MR); 4–6, moderately susceptible; and 7–9, 204 

susceptible (S). 205 

 206 

The following formula was used to determine the severity of the disease: 207 

𝐷𝑆 =
∑ (𝑛𝑖𝑥𝑣𝑖)𝑛

𝑖=0

𝑁 𝑥 𝑍
 𝑥 100% 208 

 209 

where DS denotes the disease severity; v is the score according to symptom criteria in 210 

family i; ni is the number of families attacked in the i-th score; N denotes the total clumps 211 

observed; Z is the highest score. 212 

 213 

http://www.ncbi.nlm.nih.gov/BLAST/
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3. Results 214 

 215 

3. 1. Screening for blast resistance 216 

Overall, 19 lines inoculated with four isolates, BT-021, BU-022, RM-023, and BS- 217 

024 showed varying blast resistance. The latent period, i.e., up to when the first lesion 218 

appeared in susceptibility checks, was less than 3 days for K. Bali, whereas it appeared 219 

later during checks of SP-resistant strains (Figure 2a). This is also evident from the 220 

number and percentage of lesions (Figure 2b,c). This shows that the susceptible varieties 221 

have a high degree of susceptibility to blast disease. Several rice cultivars showed 222 

resistance to blast disease, with lower severity observed for G7, G8, G9, G11, G13, G14, 223 

218 G15, and G18, although G11 was sensitive to isolates RM-023, BS-024. This showed 224 

that the blast race has genetic diversity that causes different responses in plants (Figure 225 

3). Interestingly, isolate BU-022 and BS-024 tended to be more virulent than BT-021 and 226 

RM-023.  It can be seen from the heat map based on the severity of the 19 upland rice 227 

lines, where high values are shown in red and low values are shown in yellow (Figure 4). 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

 240 

 241 

 242 

 243 

Figure 1. Screening for blast disease resistance of selected rice lines under greenhouse 244 

conditions: (a) growth of isolate in petri dish after purification; (b) pure culture of blast; 245 

(c) microscopic identification of P. oryzae at 100x magnification; (d) isolation of 246 

monoconidia or single conidia using a needle mounted on a microscope; (e) greenhouse 247 

experiment; (f) the blast lesion lengths of susceptible line; (g) blast lesion scale on rice 248 

leaves, ranging from 1 to 6 base on SES IRRI modified (0: no symptom; 1: spots in the 249 

form of needle of several mm but not yet elliptical; 2-3: Elliptical shaped spots, infected 250 

leaf surface area reaches 2%; 4-5: Infected leaf surface area reaches > 2 -- < 10%); 6-7: 251 

Infected leaf surface area reaches > 10--< 50%) (Table S2).  252 



Agronomy 2022, 12, x FOR PEER REVIEW 7 of 20 
 

 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

Figure 2. Screening for blast resistance in an inbred upland rice line using four isolates, 261 

BT-021, BU-022, RM-023, and BS-024, under greenhouse conditions: (a) the latent period, 262 

namely the time until lesions first appeared in the tested lines and the SP-resistant and 263 

KB-susceptible control varieties; (b) the number of leaf lesions on the tested lines and the 264 

SP-resistant and KB-susceptible control varieties. Asterisks indicate statitistical 265 

significance by two-tailed Studen’s t-tests (P<0,05). 266 

 267 

Figure 3. Expression of severity in 19 inbred upland rice lines, SP and KB as resistant and 268 

susceptible control varieties, respectively, which were inoculated with four isolates, BT- 269 

021 and BU-022, RM-023, and BS-024. Asterisks indicate statitistical significance by two- 270 

tailed Studen’s t-tests (P<0,05). 271 

 272 

 273 
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 278 
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 283 

 284 
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 286 

 287 

 288 

 289 

Figure 4. Heat map to show the virulence of isolates BT-021, BU-022, RM-023, and BS-024 290 

base on severity level on 19 upland rice lines. High values are indicated in red and low 291 

values in yellow. 292 

 293 

3. 2. Detection of blast-resistant genes 294 

 Detection of blast-resistant genes was performed on 19 inbred upland rice lines using 295 

six primers specific for blast-resistant genes (Table S3). The findings indicated that the 296 

six primers could detect the presence of the genes Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib 297 

(Figure S1). The genes Pi37, Pib, Pid2, Pik-m, and Pik were detected in 100% of the tested 298 

lines, with sizes 1149, 388, 1058, 171, and 226 bp, respectively. Meanwhile, the Pita2 gene 299 

was detected in 40% of lines at a size of 1042 bp (Figure S1). It would be interesting to 300 

study this further to relate the results of the PCR assay to blast disease resistance in the 301 

greenhouse and in the field because, although the line may harbor numerous resistance 302 

genes (Figure 5), it may not be able to overcome the virulence of a specific blast race 303 

encountered in the field.  304 

 305 
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 316 

Figure 5. The presence of blast-resistant genes, indicated by rice lines; red color indicates 317 

Pita2 gene, which is a unique protein essential for broad-spectrum disease resistance. 318 

 319 

The PCR assay showed that eight lines, namely G7, G8, G9, G13, G14, G15, and 320 

G18, possess all examined blast-resistant genes (Figure 5). Situ Patenggang, as a resistant 321 

control, has five genes, whereas Kencana Bali, as a susceptible control, does not possess 322 

any resistance genes. The Pita2 gene encodes a protein that is essential for broad- 323 

spectrum blast resistance, mediated by the NLR R gene. Several lines were found to carry 324 

the Pita2 gene, namely G7, G8, G9, G11, G13, G14, G15, and G18. This is consistent with 325 

greenhouse screening, where lines expressing the Pita2 gene tend to be more resistant to 326 

blast disease. Sequencing analysis was conducted to determine the genes encoding the 327 

NB-ARC domain of blast-resistant proteins in new upland rice lines to detect broad- 328 

spectrum blast resistance. 329 

 330 

3. 3. Sequence analysis to determine genes encoding the NB-ARC domain proteins for blast 331 

resistance 332 

The Basic Local Alignment Search Tool X (BLASTX) program was used to verify 333 

the amino acid sequence homology from this study with NCBI amino acid sequences 334 

(Figure 6A). We found Pita2 sequences in eight lines encoding the NB-ARC protein, 335 

which were not found in the other genes, although bands were positive (Figure 6B). Blast 336 

results on NCBI show in detail the putative conserved domain of the NB-ARC location 337 

with high similarity. 338 

A.  339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

                  B. 357 
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 359 
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 361 

 362 
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 369 
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 371 

 372 

 373 

Figure 6. A. BlastX translated nucleotide protein in the NCBI gene bank; (a) query 374 

sequence with 15 subjects homologous to the data in the gene bank; (b) the putative 375 

conserved domain detected by the query gene containing the NB-ARC superfamily; (c) 376 

the NBS-LRR protein has been identified as a key defense resistance mechanism in plants. 377 

B. The conserved domain in eight blast-resistant rice lines detected the location of NB- 378 

ARC using BlastX. Yellow region showed the location of NB-ARC at sequence lengths 379 

between 300-870 (±450 bp). 380 

The conserved domain in eight blast-resistant rice lines detected the location of 381 

NA-ARC at sequence lengths between 300 and 870 (±450 bp) (Figure 6B). The results of 382 

the alignment analysis indicated that the query sequences were highly similar to 15 383 

subjects that were homologous to the data in the gene bank (Figure 6A). The highest 384 

similarity between amino acid sequences for the Pita2 gene detected in eight rice lines 385 

(Table S4) was found between the NBS-LRR resistance protein-partial [Oryza sativa indica 386 

Group], which showed 96%–99% similarity, typically encoding proteins with NLR 387 

domains. Other homologies found were NB-ARC domain containing protein-expressed 388 

[Oryza sativa japonica Group] with 96.88% similarity and blast resistance protein Pita 389 

variant 12 [Oryza barthii], blast resistance protein Pita variant 14 [Oryza nivara], and NBS- 390 

LRR-partial [Oryza sativa indica Group], with similarity of 95.3%, 93.2%, and 81.25%, 391 

respectively. Higher similarity suggests a more accurate gene sequence, where two DNA 392 

fragments may be proven to be homologous, with 70% of the base sequence or 25% of 393 

the amino acid sequence being identical (order of ≥100 bp).  394 



Agronomy 2022, 12, x FOR PEER REVIEW 11 of 20 
 

 

 395 

Figure 7. Phylogenetic tree constructed using neighbor-joining approaches and 1000 396 

bootstrap replications to compare amino acid sequences from eight rice lines identified 397 

by the Pita2 gene. 398 

 399 

The expected value (E-value) is a statistically computed probability value 400 

describing the sequence similarity of rice lines acquired from Gene Bank 401 

(www.ncbi.nlm.nih.gov). Phylogenetic analysis using the neighbor-joining method 402 

revealed that the detected rice lines carrying the Pita2 gene formed the same three groups. 403 

Figure 7 demonstrates that there were three large clusters, including cluster I, showing 404 

97% similarity in the CCF78549.1 (NBS-LRR, partial [Oryza sativa Indica Group]) 405 

assessment, with E-value 2E-123. Cluster II has 98% similarity with the accession groups 406 

AFH58009.1, CCD33216.1, AFH54048.1, AFH54050.1, AFH54047.1, AFH54039.1, 407 

ACV87221.1, and CCD21829.1, while cluster III has similarity of 44% with the accession 408 

groups ABA97435.1, ACI49447.1, AAK00132.1, ACI49442.1, ACI49449, and ACI49451.1. 409 

BLAST investigation of the amino-acid-coding gene for the NB-ARC domain-containing 410 

protein revealed significant results.  411 

 412 

3. 4. Field evaluation of blast resistance 413 
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Symptoms of blast disease began to appear on the leaf margins of the plants 7 414 

weeks after planting (WAP) (Figure 8a), and rectangular brown spots appeared at 10 415 

WAP (Figure 8b). We did not find any explosion attacks by several line numbers until 416 

the end of the observation (Figure 8c).  417 

 418 

Figure 8. Observation of blast disease in the field; (a) blast symptom on the edge of the 419 

leaf; (b) blast attack has led to the formation of a rectangular brown spot; (c) resistance 420 

line). 421 

 422 

Table 1. Scores of blast disease in the field for 19 selected upland rice lines with two 423 

varieties control resistance and susceptibility, respectively 424 

Genotype Accession 
The lowest 

score 

The highest 

score 

Mean 

score 
Reaction 

 

G1 BKL1-RS1-1-247-13 0 2 1,4 R  

G2 BKL1-RS1-1-248-14 0 3 1,8 R  

G3 BKL1-RS1-2-249-15 0 3 3,4 MR  

G4 BKL2-RS1-1-251-17 0 2 1,8 R  

G5 BKL3-RS1-1-253-18 2 3 3,4 MR  

G6 BKL4-RS1-1-256-21 0 3 3,2 MR  

G7 BKL4-RS1-2-257-22 0 1 0,4 R  

G8 BKL4-RS1-3-258-23 0 2 1 R  

G9  BKL1 B-1-259-1 0 1 0,8 R  

G10  BKL1 B-2-260-2 3 5 4,6 MS  

G11  BKL1 B-3-261-3 0 2 2,4 R  

G12  BKL2 B-1-262-4 0 2 2,6 R  

G13  BKL2 B-2-263-5 0 2 2,8 R  

G14  BKL2 B-2-264-6 0 2 1,6 R  

G15 BKL3 B-2-266-8 0 2 2,2 R  

G16  BKL3 B-3-267-9 2 4 4,2 MS  

G17  BKL4 B-1-268-10 4 4 5 MS  

G18 BKL4-B2-269-11 0 1 0,6 R  

G19  BKL4 B-3-270-12 0 1 0,6 R  
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G20 Kencana Bali 5 6 5,4 MS  

G21 Situ Patenggang 0 1 0,6 R  

The observations were performed on 10 samples of each line number; blast disease 425 

was observed based on the Standard Rice Evaluation System (IRRI, 2013). 426 

Determination of resistance used the following scale: 0-2, resistant (R); 3, moderately 427 

resistant (MR); 4–6, moderately susceptible (MS); and 7-9, susceptible (S). 428 

 429 

 Symptoms of field blast on Kencana Bali, as a susceptible variety, with the 430 

highest scale of 6, indicate that blast attack did not possess the severity to cause the death 431 

of the plant population. Situ Patenggang, as a resistant variety, only scored 1 (Table 1). 432 

The highest values for the G10, G16, and G17 lines, with a score of 4-5, indicated a 433 

moderate susceptibility response. Several lines showed a resistant response, with a score 434 

of 0-1, in the G7, G8, G9, G18, and G19 lines. 435 

 436 

Figure 9. A. The severity level of blast disease in the field in 19 genotypes, with Kencana 437 

Bali as a sensitive and Situ Patenggang as a resistant control. Different letters indicate 438 

statistically significant differences at P=0,05 by LSD test. B. The expression of the Pita2  439 

gene in the G7, G8, G9, G11, G13, G14, G15, and G18 lines amplified at 1042 bp showed 440 

the consistency of blast resistance in the field. 441 

 442 

All lines showed a level of disease severity below that of the susceptible variety, 443 

Kencana Bali (62%) (Figure 10A), with severity ranging from 30% to 49%, i.e., the G5, G6, 444 

G10, G16, and G17 lines had scores between 4 and 5, indicating moderate susceptibility 445 

based on IRRI SES (Table 1). Several lines had a score of 1, equal to Situ Patenggang, with 446 

severity < 20%, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, and G19 447 

(Figure 9A). We found that there was consistency in the PCR assay for Pita2 gene 448 

detection, which tended to be associated with high resistance in the field and in the 449 

greenhouse conditions, namely being found in the G7, G8, G9, G11, G13, G14, G15, and 450 

G18 lines Figure 9B). 451 
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 452 

 4. Discussion 453 

 454 

The high genetic diversity of the race, the occurrence of race changes, and the 455 

virulence of the fungus P. oryzae are factors that determine the resistance of rice varieties 456 

and whether they can and how readily they can develop blast disease [34, 6]. Varieties 457 

that have certain resistance genes must be adapted to the composition of the P. oryzae 458 

race in an area or specific location before planting  [34]. Therefore, the cultivation of 459 

resistant varieties must be supported by data on the P. oryzae race composition of an area. 460 

Thus, it is necessary to monitor P. oryzae races in each rice agroecosystem, especially in 461 

areas where blast disease is endemic. The development of blast-resistant rice varieties 462 

that are durable and have horizontal resistance needs to be performed. One strategy to 463 

develop blast-resistant varieties can be implemented, among others, by forming 464 

genotypes through pyramiding genes or multiple resistance genes, so as to overcome the 465 

variety of blast races that develop in the field [3, 4]. Previous researchers have 466 

successfully carried out a pyramid program to obtain more durable blast resistance [35, 467 

36, 37, 38]. 468 

The availability of germplasm resources representing high genetic diversity, 469 

through their collection and maintenance, is important in supporting rice breeding 470 

programs. Landrace varieties have been tested for their resistance to various 471 

environmental stresses, as well as pests and diseases, so they are a valuable pool of 472 

genetic resources. Genes resistant to various stresses of local varieties can be used to 473 

improve a variety through plant breeding. We have carried out a series of research 474 

studies through a drought-tolerant and blast-resistant upland rice breeding program 475 

using local Sriwijaya and Bugis and the IR 7858-1/IR148 line as gene donors for blast 476 

disease resistance [7, 8, 9]. Nineteen lines with good agronomic traits and high yield 477 

potential were selected for the detection of broad-spectrum blast resistance in this study. 478 

We used a combination of experiments, namely screening in a greenhouse, PCR assay, 479 

and field observation, and local isolates obtained from blast-endemic areas. Inoculation 480 

of isolates under greenhouse conditions showed the varying resistance of the lines, which 481 

was nonetheless higher, overall, than that of the susceptible control K. Bali (Figure 3). 482 

The latent period until the first lesion appears was the same as for resistant lines and 483 

Situpatenggang (Figure 2a), while the highest percentage of lesions on leaves was found 484 

in K. Bali (Figure 2c). Disease severity levels below 10% were found in the G7, G8, G9, 485 

G11, G13, G14, G15, and G18 lines. Although it was found that G11 was sensitive to 486 

isolates RM-023, and BS-024, in the field the severity was less than 20% (Figure 9A). It 487 

was observed in this study that isolate BU-022 and BS-24 is more virulent than isolate 488 

BT-021 and RM-023; it is noted that isolate BU-022 and BS-24 was obtained from an 489 

endemic area of blast, where a large number of farmers cultivate upland rice. It is thus 490 

necessary to conduct further studies on the virulence of local isolates in Bengkulu 491 

Province. Currently, we are conducting research on the virulence of various local isolates 492 

in differential varieties, with confirmation by PCR assay.  493 
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Field assessment showed that several lines had blast attacks that were less than 494 

20% severity at a scale of 0–2, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, 495 

and G19. The results of the blast-resistant gene detection revealed that the lines had 5–6 496 

resistance genes, namely Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib, which corresponded 497 

highly with having scores of 0–2 in the field blast observations. Generally, varieties with 498 

only a single resistance gene outgrow emerging lethal races [39, 40], and the presence of 499 

additional major resistance genes in plants will confer broad-spectrum resistance for a 500 

longer duration [35, 36, 37, 38]. The results of this study also indicate that plants have 501 

different degrees of resistance, confirming that there is a varying ability of plants to 502 

overcome blast attacks. Molecular detection via PCR assay revealed that not all tested 503 

lines possess the Pita2 gene, which showed high concordance with the field blast 504 

observations, whereby the lines in which the Pita2 gene was detected, namely G7, G8, G9, 505 

G11, G13, G14, G15, and G18, had a disease severity level of less than 10% and scores of 506 

0–2,which is a very interesting finding. Gene pyramiding is widely regarded as an 507 

effective method for developing varieties with broad-spectrum and long-lasting 508 

resistance. A previous study demonstrated that resistance genes such as Pi1, Pi5, Piz-5, 509 

Pita, and Pi-gm could be improved into elite cultivars through marker-assisted selection 510 

[41, 42].  511 

We performed sequencing on the lines that were shown to carry the Pita2 gene. 512 

Therefore, further studies were conducted with sequencing of the eight lines to 513 

determine the expression of genes encoding the NB-ARC domain of blast-resistant 514 

proteins. Conserved domain analysis revealed that eight blast-resistant rice lines were 515 

found to encode NB-ARC at sequence lengths between 300 to 870, an association that was 516 

considered very significant at the lowest E-value of 8.45e−11. The BLASTX program was 517 

used to determine the homology of amino acid sequences from this study with those 518 

from NCBI databases. Sequence analysis via BLASTX revealed that there were 15 gene 519 

homologs of the eight rice lines detected as the Pita2 gene. The highest similarity between 520 

amino acid sequences for the Pita2 gene detected in eight rice lines was observed for the 521 

NBS-LRR resistance protein-partial [Oryza sativa Indica group], with a similarity level of 522 

81%–99%. The result is consistent with the phylogenetic tree, which demonstrates that 523 

the groups of homologous genes are closely related to the sequences of eight lines. In 524 

addition, the Pita protein [Oryza sativa Japonica group], blast resistance protein Pita 525 

variant 5 [Oryza sativa Japonica group], and NBS-LRR partial [Oryza sativa Indica group] 526 

had the lowest associated E values, which were between 7e−119 and 8e−119. The BLAST 527 

analysis for the gene coding for the NB-ARC domain-containing protein showed 528 

significant identity. The E-value for the BLAST analysis is considered to be significant if 529 

the in-between value is 1 × 10−10 or lower [43]. 530 

The phylogeny also demonstrated that the sequences of eight lines formed three 531 

clusters. Moreover, the alignment analysis in this study showed that the query sequences 532 

had very high similarity with 15 homologs in GenBank. The putative conserved domain 533 

results identified the query gene sequence as containing a domain corresponding to the 534 

NA-ARC superfamily. Furthermore, the NBS-LRR resistance gene has been expressed in 535 



Agronomy 2022, 12, x FOR PEER REVIEW 16 of 20 
 

 

the largest group of plant resistance genes, with a key role in plant defense responses. 536 

The immune system in plants depends upon the role of encoded proteins, and it is 537 

revealed these genes are more highly conserved than others. Plants encode resistance 538 

proteins (R) through pathogen gene-for-gene recognition by inducing defense 539 

hypersensitivity responses to protect against pathogen infection [44].  540 

The R protein is found between APAF-1 and CED-4 on the plant-conserved ARC 541 

domain. Through nucleotide bond formation with P-loop and Walker motifs, ARC1 542 

contains a four helical bundle and ARC2 has a winged helical fold, together constructing 543 

the three subdomains of the NB-ARC domain [45, 46]. Signal initiation is triggered by the 544 

ARC domain, which translates the modulated elicitor from the C-terminal [47].  545 

We confirmed the presence of the gene encoding the NB-ARC domain of novel 546 

blast resistance proteins in eight new rice lines from the breeding program aimed at the 547 

development of landrace varieties. The study also revealed that these lines possess 548 

polygenic genes with potential for broad-spectrum blast resistance. Further studies on 549 

the performance and resistance of lines in local blast race isolates and field trials in 550 

various blast-endemic areas will also provide valuable information about their potential 551 

as candidates for new rice varieties. The blast-resistant genes could provide genetic 552 

resources for breeding programs that are needed to develop rice varieties with longer- 553 

lasting resistance and long-term resistance. 554 

 555 

5. Conclusions 556 

In this study, eight rice accessions were found to show complete resistance to 557 

blast based on a field evaluation and greenhouse conditions. The molecular analysis 558 

showed that the lines had numerous genes, where the Pita2 gene was the target of the 559 

DNA sequencing for the analysis of genes encoding the NB-ARC domain of blast 560 

resistance proteins at sequence lengths between 329 and 873. This study revealed that 561 

resistance gene introgression in the landrace germplasm could be a source of blast- 562 

resistant genes to develop new varieties. The eight lines analyzed in this study, namely 563 

G7, G8, G9, G11, G13, G15, and G18, have polygenic resistance and potential as a novel 564 

genetic resource in the program for breeding various blast-resistant upland rice cultivars 565 

to overcome infection by blast pathogens that have multiple races and varied dynamics. 566 

Further comprehensive studies should be performed to confirm the performance and 567 

resistance of the candidate lines in field trials at various blast-endemic areas before they 568 

can be released as new rice varieties. 569 

 570 

Supplementary Materials: The following supporting information can be downloaded 571 

at:https://www.mdpi.com/article/10.3390/agronomy12081930/s1, Table S1. Selected lines 572 

resulting from crossbred for identification of blast resistance; Table S2. The scale of blast 573 

disease symptoms for field assessment based on SES IRRI; Tabel S3. Primer 574 

characteristics for identifying blast resistance; Table S4. Analysis of gene homology using 575 

BLASTX; Figure S1. PCR assay showed blast resistance gene expression in 19 upland rice 576 
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lines using specific primers Pi37, Pib, Pi-d2, Pi-ta2, Pik-m, and Pik (M = 100 bp marker, 577 

SP = Situ Patenggang, KB = Kencana Bali; 1– 19 = line numbers). 578 
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clare.yan@mdpi.com <clare.yan@mdpi.com> 30 September 2022 09.18
Kepada: Reny Herawati <reny.herawati@unib.ac.id>
Cc: Siti Herlinda <sitiherlinda@unsri.ac.id>, Dwi Wahyuni Ganefianti <ganefianti_crp@yahoo.com>, Hendri
Bustamam <hendribustamam@unib.ac.id>, Sipriyadi Sipriyadi <sipriyadi@unib.ac.id>, Agronomy Editorial Office
<agronomy@mdpi.com>

Dear Dr. Herawati,

My apology for sending you another reminder on the proofreading of your
paper. We would like to let you know that the proofreading work will
only take about 30­60 minutes.

We would be appreciated it if you kindly take some time to finish it and
send the final proofed version to us today. We hope to publish your
manuscript this month so that your paper can be accessed and circulated
by relevant experts soon and it will benefit from the citations of the
papers.

You are free to upload the proof via the following link directly:
https://susy.mdpi.com/user/manuscripts/resubmit/9abe9a1fbf7b2c9a6376587bf740e28b

Also, if the reference order is wrong, please just confirm that the
reference numbers are consistent with the corresponding reference in the
reference list. We will help to renumber the references to make them
appear in sequential numerical order.

Our copy editor has done layout work for your manuscript. Please use
track­changes function if any modification is needed. Please NEVER use
EndNote or other tools to re­arrange the reference order.

We appreciated very much for your cooperation and expect to receive the
proof.
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solely for the use of the individual or entity to whom they are
addressed. If you have received this message in error, please notify me
and delete this message from your system. You may not copy this message
in its entirety or in part, or disclose its contents to anyone.
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We are editing file right now
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Dear Dr. Herawati,

Thanks for your kind reply.

I am looking forward to receiving it and hope you have a nice day.
[Kutipan teks disembunyikan]
On 2022/9/30 15:20, Reny Herawati wrote:
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today. We hope to publish your manuscript this month so that your paper can be accessed and circulated
by relevant experts soon and it will benefit from the citations of the papers.
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in sequential numerical order.

Our copy editor has done layout work for your manuscript. Please use
 track­changes function if any modification is needed. Please NEVER use EndNote or other tools to re­
arrange the reference order.
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entity to whom they are addressed. If you have received this message in error, please notify me and delete
this message from your system. You may not copy this message in its entirety or in part, or disclose its
contents to anyone.
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Abstract: Blast disease is generally more important in upland rather than lowland rice cultivation, 

representing one of the biotic obstacles in the development of upland rice. The objective of this study 

was to detect broad-spectrum blast resistance gene Pita2 encoding the NB-ARC (nucleotide-binding 

adaptor common in APAF-1, R proteins, and CED-4) domain of blast-resistant proteins in new up-

land rice lines from the breeding program for landrace rice varieties, with the goal of providing a 

novel source of blast-resistant germplasm for application in future upland rice breeding programs. 

In this study, we screened 19 inbred lines of landrace rice varieties challenged using local virulent 

isolates in greenhouse conditions and performed field evaluations to confirm blast resistance. Mo-

lecular analysis was conducted using six specific primers to detect broad-spectrum blast resistance, 

and sequence analysis was performed to detect the NB-ARC domain of blast-resistant proteins in 

the lines. Consistent results were observed between greenhouse screening and field evaluations, 

although there was variance in the level of resistance. The PCR assay showed that there were eight 

positive lines (G7, G8, G9, G11, G13, G14, G15, and G18) containing the Pita2 gene. Conserved do-

main analysis revealed that eight blast-resistant rice lines encode NB-ARC at sequence lengths rang-

ing between 300 and 870 (450 bp). Using these sequences in BLASTX searching revealed 15 gene 

homologs of the eight rice lines, which were detected as Pita2 genes, with a similarity level of 81–

99%. Further comprehensive studies should be performed to confirm the performance and re-

sistance of candidate lines in field trials in various blast-endemic areas before being released as new 

upland rice varieties able to overcome the problem of blast disease in the field. In addition, the lines 

can also be used as a novel genetic resource in the blast-resistant upland rice breeding program on 

various rice cultivars. 

Keywords: blast resistance; landraces; NB-ARC domain-containing protein; broad-spectrum re-

sistance; Pita2 gene; upland rice lines 

 

1. Introduction 

The most significant upland rice disease is blast, which is caused by the fungus 

Pyricularia oryzae (Cooke) Sacc. In the tropics, blast disease generally has greater impacts 

on upland rice cultivation than lowland rice cultivation, representing one of the biotic 

obstacles in the development of upland rice. The rate of yield loss caused by blast disease 
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in endemic areas reaches 50–100% [1]. In the Ciherang variety, the decrease in yield was 

3.65 tons/ha or equivalent to 61% of the average production [2]. 

The chemical control of blast disease increases production costs. Therefore, the use 

of superior blast-resistant varieties is cheaper and more effective. The development of su-

perior varieties requires a different source of new blast-resistant genes. Thus, the availa-

bility of genetic diversity maintained in germplasm sources is an important factor in sup-

porting rice breeding programs. The genetic background of superior varieties can be 

broadened through recommendations for landrace varieties in the breeding program [3,4]. 

Blast control through the assembly of rice varieties that have durable and polygenic 

resistance seeks to overcome blast pathogens that have multiple races and are very dy-

namic [5,6]. Therefore, the breeding program to obtain superior rice varieties is imple-

mented through several stages: namely, determining the parents as the source of re-

sistance genes, crossing between two or more elders, and evaluating the progenies. We 

have been conducting a breeding program since 2010, with the establishment of a baseline 

population and recurrent selection using Sriwijaya and Bugis as landrace varieties and IR 

7858-1 and IR148 lines as donor parents of drought- and blast-resistant genes [7–9]. 

The evaluation of blast resistance in rice can be conducted in the field in endemic 

areas using a natural inoculum or in a screen house using an artificial inoculum [10]. Mo-

lecular detection of resistance genes can also be performed in these areas [3,11]. Further-

more, field evaluation can be conducted at a further stage to obtain varieties in the field 

resistant to various racial compositions because the varieties released to farmers will face 

multiracial environmental conditions [3]. Molecular detection is often conducted and 

helps breeders in selecting genotypes that have blast-resistant genes before being released 

as new varieties. 

It is necessary to learn more about the molecular mechanisms involved in host–path-

ogen interactions and the strategic interrogation of resistance genes in cultivars, especially 

in terms of the identification of host resistance genes and pathogen avirulence genes. Cur-

rently, molecular markers are widely used to characterize collections of unrevealed gene 

banks, especially in untapped different allele resources [12,13]. However, the identifica-

tion of broad-spectrum blast-resistant genes is critical for protecting plants against dy-

namic races of P. oryzae. 

The genetically related virulence traits of P. oryzae have been studied by several re-

searchers. There are several genes that have been cloned, namely Pi37 on chromosome 1 

[14], Pib on chromosome 2, Pi9 [15] and Pid2 [16] on chromosome 6, and Pita on chromo-

some 12 [17]. Pup1 also contains genes for dirigent-like, fatty acid α-dioxygenase and as-

partic proteinase, which govern the production of proteins that are critical in lignin bio-

synthesis, thereby affecting the hardness of plant cell walls [18]. Ref. [19] used 11 major 

blast resistance genes of rice (Pi-d2, Pi-z, Piz-t, Pi-9, Pi-36, Pi-37, Pi5, Pi-b, Pik-p, Pik-h, and 

Pita2) to identify 32 accessions resistant to P. oryzae using molecular markers. Previous 

studies revealed that Pita2 have provided a broad spectrum for blast resistance compared 

to the Pita, and it is located at the centromere region of chromosome 12 [20,21]. Some of 

the cloned R genes encode proteins containing a nucleotide-binding site-rich repeat do-

main (NBS-LRR) [5,22]. Recent studies revealed that Pita2 encodes a novel R protein 

unique to Pita, which is exactly the same as the previously cloned Ptr [23]; furthermore, it 

was found that Pita2 rather than Pita was responsible for the specificity for some of the 

differential isolates with AvrPita.  

Resistance proteins (R) in plants are involved in pathogen recognition and the sub-

sequent activation of the innate immune response. Most resistance proteins contain a cen-

tral nucleotide-binding domain. This is known as the NB-ARC domain and consists of 

three subdomains: NB, ARC1, and ARC2 [24,25]. The NB-ARC domain is a functional 

ATPase domain, and its nucleotide-binding state is proposed to regulate R protein activ-

ity. The nucleotide-binding site-leucine-rich repeat (NBS-LRR) resistance gene is the most 

decisive in determining the plant defense response, thus comprising the most predomi-

nant family of plant resistance genes [26,27]. Gene expression occurs based on the 
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recognition of proteins encoding for components of the immune system in plants. The 

core nucleotides in the NB-LRR protein are part of the NB-ARC domain due to their pres-

ence in APAF-1 (apoptotic protease-activating factor-1), protein R, and CED-4 (Caenorhab-

ditis elegans death-4 protein) [28]. The presence of effectors encoded by pathogens pro-

motes intramolecular interactions involving NBS-NLR, among others, which triggers the 

oligomerization of NLRs due to the substitution of ADP by (d) ATP in the NB-ARC do-

main. The induction of oligomerization is a well-known phenomenon triggered in animal 

NLRs [29,30]. NB-ARC has been revealed as the main domain facilitating NLR self-asso-

ciation in animal NLR structural analysis [31]. By contrast, there is a lack of knowledge 

about the decisive domain involved in the oligomerization of plant NLRs. 

There is limited research on the structure of blast-resistant-gene-encoded proteins. 

Among them is the characterization of proteins from Pita and Pi54, including the down-

stream interaction partners of plant NBS-LRR proteins [32]. It is known that the NBS-LRR 

protein is involved in plant defense mechanisms. 

The aim of this study was to detect the presence of the broad-spectrum resistance 

Pita2 gene encoding the NB-ARC domain of blast-resistant proteins in upland rice lines, 

which were obtained from breeding landrace varieties. This will provide opportunities 

for a new source of blast-resistant germplasm for application in future upland rice breed-

ing programs. 

2. Materials and Methods 

The experiment was conducted from March 2020 to April 2021. Molecular analysis 

was conducted in the Biotechnology Laboratory of Crop Production and the Biology La-

boratory of Mathematics and Natural Sciences, University of Bengkulu. Screening of blast 

resistance was conducted in the greenhouse of the Plant Protection Department, Faculty 

of Agriculture, University of Bengkulu. Field evaluation was conducted in Desa Aur Gad-

ing Vill, Kerkap District, North Bengkulu Regency. The material consisted of 19 selected 

lines having good agronomic traits and high yield potential from the landrace breeding 

program, Situ Patenggang and Kencana Bali, respectively, as resistant and sensitive con-

trol varieties for checks (Table S1). 

2.1. Screening for Blast Resistance 

Leaf samples were taken in the field, which was located in North Bengkulu (BU-022), 

Central of Bengkulu (BT-021), City of Bengkulu (RM-023), and South Bengkulu (BS-024). 

Isolation was performed by taking samples of plant parts (leaves or panicles) with symp-

toms in the form of typical lesions. Samples were cut into 1–2 cm long sections and placed 

on moistened filter paper in a Petri dish containing sterile water, followed by incubation 

at room temperature for 24–48 h to stimulate P. oryzae sporulation. After 24–48 h of incu-

bation, the gray part of the sample was slowly smeared onto the surface of 4% WA me-

dium. Isolation was carried out for monoconidia or single conidia using a needle mounted 

on a microscope (Figure 1d). After 4–5 days, the fungal hyphae were transferred onto Petri 

dishes containing potato dextrose agar (PDA) media for further propagation. Plant inoc-

ulation was performed by evenly spraying the spore suspension onto rice seedlings aged 

18–21 days (having 3–4 leaves). Plants that were inoculated were stored in a humid room 

for 24 h, and then placed in a screen and condensed to maintain environmental humidity. 

Observation of the disease scale was performed using the Standard Evaluation System 

IRRI [33] at 7 days after inoculation (HSI) (Table S2). Observations were made regarding 

the latent period, number of lesions, percentage of lesion, and disease severity level. 
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Figure 1. Screening for blast disease resistance of selected rice lines under greenhouse conditions: 

(a) growth of isolate in Petri dish after purification; (b) pure culture of blast; (c) microscopic identi-

fication of P. oryzae at 100× magnification; (d) isolation of monoconidia or single conidia using a 

needle mounted on a microscope; (e) greenhouse experiment; (f) the blast lesion lengths of suscep-

tible line; (g) blast lesion scale on rice leaves, ranging from 1 to 6 base on SES IRRI modified (0: no 

symptom; 1: spots in the form of needle of several mm but not yet elliptical; 2–3: Elliptical shaped 

spots, infected leaf surface area reaches 2%; 4–5: Infected leaf surface area reaches > 2 ≤ 10%); 6–7: 

Infected leaf surface area reaches >10 ≤ 50%) (Table S2). 

2.2. DNA Extraction, PCR Analysis and DNA Amplification 

Fresh leaf samples were collected from plants in the greenhouse trial. The leaf sam-

ples were placed in plastic and then in a designated box filled with ice to maintain their 

freshness. A total of 0.1 g of rice leaf pieces was crushed by adding liquid nitrogen, and 

total DNA isolation was then conducted using the Promega Wizard Genomic DNA Puri-

fication Kit according to the included protocol. The leaf powder was placed in a 2 mL 

Eppendorf tube, and 600 µL of Nuclei Lysis Solution were added; the mixture was vor-

texed for 1–3 s and then heated in a 65 °C water bath for 15 min. The sample was then 

treated with 3 µL of RNase solution and incubated at 37 °C for 15 min. Following this, 200 

µL of protein precipitation solution were added, and the mixture centrifuged for 3 min at 

13,000 rpm. The supernatant was then transferred into a 1.5 mL microtube, and 600 µL of 

isopropanol were added followed by incubation at room temperature. Centrifugation was 

repeated for 1 min at room temperature. The solution was then withdrawn and allowed 

to dry for 15 min. After this, 100 µL of DNA rehydration solution were added, and the 

mixture was incubated at 65 °C for 1 h or 4 °C overnight. The total extracted DNA served 

as a template for gene amplification using PCR. In sensitivity checks, Situ Patenggang 

DNA was used as the positive control, whereas Kencana Bali DNA was used as the nega-

tive control. Six pairs of primers were used in this study—Pib, Pi-37, Pi-d2, Pita2, Pik, and 

Pik-m—to identify the multigenic genes in rice lines (Table S3). 

The amplification procedure began with a 5-min predenaturation at 94 °C, followed 

by 35 cycles of denaturation at 94 °C for 1 min, annealing for 2 min, extension at 72 °C for 

2 min, and final extension at 72 °C for 10 min. Electrophoresis in 1% agarose gel in TBE 

buffer was used to visualize the PCR products. The electrophoretic gel was immersed in 

1% EtBr for 10 min, rinsed with ddH2O for 5 min, and visualized under an ultraviolet 

transilluminator to observe the distribution of the DNA bands. The presence of bands of 

a certain size in the tested lines, corresponding to specific primer sets, indicates the pres-

ence of blast-resistant genes. 
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2.3. Sequencing and Analysis Data 

DNA sequencing was performed on rice lines for confirmation of Pita2 resistance 

gene detection using BigDye® Terminator First Base Services in Malaysia (PT. Genetics 

Sains Indonesia). The sequence data were edited using BioEdit version 7.2 and aligned 

using ClustalX version 2.0 and Mega X version 10.2.6. Data sequences were translated into 

amino acids and then analyzed using the Basic Local Alignment Search Tool X (BLASTX) 

of NCBI (www.ncbi.nlm.nih.gov/BLAST/)(acces on 23 January 2022) to detect the NB-

ARC protein and verify homology with amino acid sequences in the GenBank database. 

The Conserved Domain Database (CDD) from the NCBI tool was used to identify the se-

quences encoding the NB-ARC protein. The phylogenetic construction was conducted us-

ing the neighbor-joining method of the MEGA X program, with 1000 bootstraps. 

2.4. Field Evaluation of Blast Resistance 

Field evaluation was conducted in Aur Gading village, an area in which blast disease 

is endemic. The seeds were planted in a 2 m × 3 m plot, with spacing of 20 cm × 20 cm. 

Fertilization was carried out three times. The first fertilization of the plants was carried 

out 21–25 days after planting (DAP) at the following doses: urea, 200 kg/ha; TSP, 150 

kg/ha; and KCl, 90 kg/ha. The second fertilization was carried out at 60–65 DAP with a 1/3 

dose of urea, 200 kg/ha, and ½ dose of KCl, 90 kg/ha. The third fertilization was carried 

out at 70–75 HST with a 1/3 dose of urea, 200 kg/ha. Blast disease symptoms were ob-

served using a scale centered on the Standard Evaluation System for Rice [33] (Table S2). 

The level of line resistance was determined using the following classification system: 0–2, 

resistant (R); 3, moderately resistant (MR); 4–6, moderately susceptible; and 7–9, suscep-

tible (S). 

The following formula was used to determine the severity of the disease: 

𝐷𝑆 =
∑ (𝑛𝑖. 𝑣𝑖)𝑛

𝑖=0

𝑁. 𝑍
 ×  100% (1) 

where DS denotes the disease severity; v is the score according to symptom criteria in 

family I; ni is the number of families attacked in the i-th score; N denotes the total clumps 

observed; Z is the highest score. 

3. Results 

3.1. Screening for Blast Resistance 

Overall, 19 lines inoculated with four isolates, BT-021, BU-022, RM-023, and BS-024 

showed varying blast resistance. The latent period, i.e., up to when the first lesion ap-

peared in susceptibility checks, was less than 3 days for K. Bali, whereas it appeared later 

during checks of SP-resistant strains (Figure 2a). This is also evident from the number and 

percentage of lesions (Figure 2b,c). This shows that the susceptible varieties have a high 

degree of susceptibility to blast disease. Several rice cultivars showed resistance to blast 

disease, with lower severity observed for G7, G8, G9, G11, G13, G14, 218 G15, and G18, 

although G11 was sensitive to isolates RM-023, BS-024. This showed that the blast race has 

genetic diversity that causes different responses in plants (Figure 3). Interestingly, isolates 

BU-022 and BS-024 tended to be more virulent than BT-021 and RM-023. It can be seen 

from the heat map based on the severity of the 19 upland rice lines, where high values are 

shown in red, and low values are shown in yellow (Figure 4). 

http://www.ncbi.nlm.nih.gov/BLAST/)(acces
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Figure 2. Screening for blast resistance in an inbred upland rice line using four isolates, BT-021, BU-

022, RM-023, and BS-024, under greenhouse conditions: (a) the latent period, namely the time until 

lesions first appeared in the tested lines and the SP-resistant and KB-susceptible control varieties; 

(b) the number of leaf lesions on the tested lines and the SP-resistant and KB-susceptible control 

varieties. “*" indicate statistical significance by two-tailed Student’s t-tests (p < 0.05); (c) percentage 

of lesions appearing on leaves counted in one clump 

 

Figure 3. Expression of severity in 19 inbred upland rice lines, SP and KB as resistant and susceptible 

control varieties, respectively, which were inoculated with four isolates, BT-021 and BU-022, RM-

023, and BS-024. Asterisks indicate statistical significance by two-tailed Student’s t-tests (p < 0.05). 

 

 

 

 

 

 

 

 

 

Figure 4. Heat map to show the virulence of isolates BT-021, BU-022, RM-023, and BS-024 based on 

severity level on 19 upland rice lines. High values are indicated in red and low values in yellow. 
Commented [M1]: Author change hyphen (-) into 

minus sign (−, “U+2212”) 
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3.2. Detection of Blast-Resistant Genes 

Detection of blast-resistant genes was performed on 19 inbred upland rice lines using 

six primers specific for blast-resistant genes (Table S3). The findings indicated that the six 

primers could detect the presence of the genes Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib (Fig-

ure S1). The genes Pi37, Pib, Pid2, Pik-m, and Pik were detected in 100% of the tested lines, 

with sizes 1149, 388, 1058, 171, and 226 bp, respectively. Meanwhile, the Pita2 gene was 

detected in 40% of lines at a size of 1042 bp (Figure S1). It would be interesting to study 

this further to relate the results of the PCR assay to blast disease resistance in the green-

house and in the field because, although the line may harbor numerous resistance genes 

(Figure 5), it may not be able to overcome the virulence of a specific blast race encountered 

in the field. 

 

Figure 5. The presence of blast-resistant genes, indicated by rice lines; the red color indicates a Pita2 

gene, which is a unique protein essential for broad-spectrum disease resistance. 

The PCR assay showed that eight lines, namely G7, G8, G9, G13, G14, G15, and G18, 

possess all examined blast-resistant genes (Figure 5). Situ Patenggang, as a resistant con-

trol, has five genes, whereas Kencana Bali, as a susceptible control, does not possess any 

resistance genes. The Pita2 gene encodes a protein that is essential for broad-spectrum 

blast resistance, mediated by the NLR R gene. Several lines were found to carry the Pita2 

gene, namely G7, G8, G9, G11, G13, G14, G15, and G18. This is consistent with greenhouse 

screening, where lines expressing the Pita2 gene tend to be more resistant to blast disease.  

3.3. Sequence Analysis to Determine Genes Encoding the NB-ARC Domain Proteins for Blast 

Resistance 

The Basic Local Alignment Search Tool X (BLASTX) program was used to verify the 

amino acid sequence homology from this study with NCBI amino acid sequences (Figure 

6A). We found Pita2 sequences in eight lines encoding the NB-ARC protein, which were 

not found in the other genes, although bands were positive (Figure 6B). Blast results on 

NCBI show in detail the putative conserved domain of the NB-ARC location with high 

similarity. 
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Figure 6. (A) BlastX translated nucleotide protein in the NCBI gene bank; (a) query sequence with 

15 subjects homologous to the data in the gene bank; (b) the putative conserved domain detected 

by the query gene containing the NB-ARC superfamily; (c) the NBS-LRR protein has been identified 

as a key defense resistance mechanism in plants. (B) The conserved domain in eight blast-resistant 

rice lines detected the location of NB-ARC using BlastX. The yellow region showed the location of 

NB-ARC at sequence lengths between 300–870 (±450 bp). 

The conserved domain in eight blast-resistant rice lines detected the location of NA-

ARC at sequence lengths between 300 and 870 (±450 bp) (Figure 6B). The results of the 

alignment analysis indicated that the query sequences were highly similar to 15 subjects 

that were homologous to the data in the gene bank (Figure 6A). The highest similarity 

Commented [M2]: Author provide a clear picture 

of Figure 6 
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between amino acid sequences for the Pita2 gene detected in eight rice lines (Table S4) was 

found between the NBS-LRR resistance protein-partial (Oryza sativa indica Group), which 

showed 96–99% similarity, typically encoding proteins with NLR domains. Other homol-

ogies found were an NB-ARC domain containing protein-expressed (O. sativa japonica 

Group) with 96.88% similarity and blast resistance protein Pita variant 12 (O. barthii), blast 

resistance protein Pita variant 14 (O. nivara), and NBS-LRR-partial (O. sativa indica 

Group), with similarity of 95.3%, 93.2%, and 81.25%, respectively. Higher similarity sug-

gests a more accurate gene sequence, where two DNA fragments may be proven to be 

homologous, with 70% of the base sequence or 25% of the amino acid sequence being 

identical (order of ≥100 bp). 

The expected value (E-value) is a statistically computed probability value describing 

the sequence similarity of rice lines acquired from Gene Bank (www.ncbi.nlm.nih.gov) 

(accessed On 23 January 2022). Phylogenetic analysis using the neighbor-joining method 

revealed that the detected rice lines carrying the Pita2 gene formed the same three groups. 

Figure 7 demonstrates that there were three large clusters, including cluster I, showing 

97% similarity in the CCF78549.1 (NBS-LRR, partial [O. sativa Indica Group]) assessment, 

with E-value 2E-123. Cluster II has 98% similarity with the accession groups AFH58009.1, 

CCD33216.1, AFH54048.1, AFH54050.1, AFH54047.1, AFH54039.1, ACV87221.1, and 

CCD21829.1, while cluster III has similarity of 44% with the accession groups ABA97435.1, 

ACI49447.1, AAK00132.1, ACI49442.1, ACI49449, and ACI49451.1. BLAST investigation 

of the amino-acid-coding gene for the NB-ARC domain-containing protein revealed sig-

nificant results. 

 

Figure 7. Phylogenetic tree constructed using neighbor-joining approaches and 1000 bootstrap rep-

lications to compare amino acid sequences from eight rice lines identified by the Pita2 gene. 

3.4. Field Evaluation of Blast Resistance 

Symptoms of blast disease began to appear on the leaf margins of the plants 7 weeks 

after planting (WAP) (Figure 8a) and rectangular brown spots appeared at 10 WAP 
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(Figure 8b). We did not find any explosion attacks by several line numbers until the end 

of the observation (Figure 8c). 

 

Figure 8. Observation of blast disease in the field; (a) blast symptom on the edge of the leaf; (b) blast 

attack has led to the formation of a rectangular brown spot; (c) resistance line 

Symptoms of field blast on Kencana Bali, as a susceptible variety, with the highest 

scale of 6, indicate that the blast attack did not possess the severity to cause the death of 

the plant population. Situ Patenggang, as a resistant variety, only scored 1 (Table 1). The 

highest values for the G10, G16, and G17 lines, with a score of 4–5, indicated a moderate 

susceptibility response. Several lines showed a resistant response, with a score of 0–1, in 

the G7, G8, G9, G18, and G19 lines. 

Table 1. Scores of blast disease in the field for 19 selected upland rice lines with two varieties control 

resistance and susceptibility, respectively. 

Genotype Accession 
The Lowest 

Score 

The Highest 

Score 

Mean 

Score 
Reaction 

G1 BKL1-RS1-1-247-13 0 2 1.4 R 

G2 BKL1-RS1-1-248-14 0 3 1.8 R 

G3 BKL1-RS1-2-249-15 0 3 3.4 MR 

G4 BKL2-RS1-1-251-17 0 2 1.8 R 

G5 BKL3-RS1-1-253-18 2 3 3.4 MR 

G6 BKL4-RS1-1-256-21 0 3 3.2 MR 

G7 BKL4-RS1-2-257-22 0 1 0.4 R 

G8 BKL4-RS1-3-258-23 0 2 1 R 

G9 BKL1 B-1-259-1 0 1 0.8 R 

G10 BKL1 B-2-260-2 3 5 4.6 MS 

G11 BKL1 B-3-261-3 0 2 2.4 R 

G12 BKL2 B-1-262-4 0 2 2.6 R 

G13 BKL2 B-2-263-5 0 2 2.8 R 

G14 BKL2 B-2-264-6 0 2 1.6 R 

G15 BKL3 B-2-266-8 0 2 2.2 R 

G16 BKL3 B-3-267-9 2 4 4.2 MS 

G17 BKL4 B-1-268-10 4 4 5 MS 

G18 BKL4-B2-269-11 0 1 0.6 R 
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G19 BKL4 B-3-270-12 0 1 0.6 R 

G20 Kencana Bali 5 6 5.4 MS 

G21 Situ Patenggang 0 1 0.6 R 

The observations were performed on 10 samples of each line number; blast disease was observed 

based on the Standard Rice Evaluation System (IRRI, 2013). Determination of resistance used the 

following scale: 0–2, resistant (R); 3, moderately resistant (MR); 4–6, moderately susceptible (MS); 

and 7–9, susceptible (S). 

All lines showed a level of disease severity below that of the susceptible variety, 

Kencana Bali (62%) (Figure 9A), with severity ranging from 30% to 49%, i.e., the G5, G6, 

G10, G16, and G17 lines had scores between 4 and 5, indicating moderate susceptibility 

based on IRRI SES (Table 1). Several lines had a score of 1, equal to Situ Patenggang, with 

severity <20%, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, and G19 (Figure 

9A). We found that there was consistency in the PCR assay for Pita2 gene detection, which 

tended to be associated with high resistance in the field and in the greenhouse conditions, 

namely being found in the G7, G8, G9, G11, G13, G14, G15, and G18 lines (Figure 9B). 

Figure 9. (A) The severity level of blast disease in the field in 19 genotypes, with Kencana Bali as a 

sensitive and Situ Patenggang as a resistant control. Different letters indicate statistically significant 

differences at p = 0.05 by LSD test; (B) the expression of the Pita2 gene in the G7, G8, G9, G11, G13, 

G14, G15, and G18 lines amplified at 1042 bp showed the consistency of blast resistance in the field. 

4. Discussion 

The high genetic diversity of the race, the occurrence of race changes, and the viru-

lence of the fungus P. oryzae are factors that determine the resistance of rice varieties and 

whether they can and how readily they can develop blast disease [6,34]. Varieties that 

have certain resistance genes must be adapted to the composition of the P. oryzae race in 

an area or specific location before planting [34]. Therefore, the cultivation of resistant va-

rieties must be supported by data on the P. oryzae race composition of an area. Thus, it is 

necessary to monitor P. oryzae races in each rice agroecosystem, especially in areas where 

blast disease is endemic. The development of blast-resistant rice varieties that are durable 

and have horizontal resistance needs to be performed. One strategy to develop blast-re-

sistant varieties can be implemented, among others, by forming genotypes through pyra-

miding genes or multiple resistance genes, so as to overcome the variety of blast races that 
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develop in the field [3,4]. Previous researchers have successfully carried out a pyramid 

program to obtain more durable blast resistance [35–38]. 

The availability of germplasm resources representing high genetic diversity, through 

their collection and maintenance, is important in supporting rice breeding programs. 

Landrace varieties have been tested for their resistance to various environmental stresses, 

as well as pests and diseases, so they are a valuable pool of genetic resources. Genes re-

sistant to various stresses of local varieties can be used to improve a variety through plant 

breeding. We have carried out a series of research studies through a drought-tolerant and 

blast-resistant upland rice breeding program using local Sriwijaya and Bugis and the IR 

7858-1/IR148 line as gene donors for blast disease resistance [7–9]. Nineteen lines with 

good agronomic traits and high yield potential were selected for the detection of broad-

spectrum blast resistance in this study. We used a combination of experiments, namely 

screening in a greenhouse, PCR assay, and field observation, and local isolates obtained 

from blast-endemic areas. Inoculation of isolates under greenhouse conditions showed 

the varying resistance of the lines, which was nonetheless higher, overall, than that of the 

susceptible control K. Bali (Figure 3). The latent period until the first lesion appears was 

the same as for resistant lines and Situpatenggang (Figure 2a), while the highest percent-

age of lesions on leaves was found in K. Bali (Figure 2c). Disease severity levels below 10% 

were found in the G7, G8, G9, G11, G13, G14, G15, and G18 lines. Although it was found 

that G11 was sensitive to isolates RM-023, and BS-024, in the field, the severity was less 

than 20% (Figure 9A). It was observed in this study that isolates BU-022 and BS-24 are 

more virulent than isolates BT-021 and RM-023; it is noted that isolates BU-022 and BS-24 

were obtained from an endemic area of blast, where a large number of farmers cultivate 

upland rice. It is thus necessary to conduct further studies on the virulence of local isolates 

in Bengkulu Province. Currently, we are conducting research on the virulence of various 

local isolates in differential varieties, with confirmation by PCR assay. 

Field assessment showed that several lines had blast attacks that were less than 20% 

severity at a scale of 0–2, namely G1, G4, G7, G8, G9, G11, G12, G13, G14, G15, G18, and 

G19. The results of the blast-resistant gene detection revealed that the lines had 5–6 re-

sistance genes, namely Pi-d2, Pita2, Pi-37, Pik, Pik-m, and Pib, which corresponded highly 

with having scores of 0–2 in the field blast observations. Generally, varieties with only a 

single resistance gene outgrow emerging lethal races [39,40], and the presence of addi-

tional major resistance genes in plants will confer broad-spectrum resistance for a longer 

duration [35–38]. The results of this study also indicate that plants have different degrees 

of resistance, confirming that there is a varying ability of plants to overcome blast attacks. 

Molecular detection via PCR assay revealed that not all tested lines possess the Pita2 gene, 

which showed high concordance with the field blast observations, whereby the lines in 

which the Pita2 gene was detected, namely G7, G8, G9, G11, G13, G14, G15, and G18, had 

a disease severity level of less than 10% and scores of 0–2, which is a very interesting 

finding. Gene pyramiding is widely regarded as an effective method for developing vari-

eties with broad-spectrum and long-lasting resistance. A previous study demonstrated 

that resistance genes such as Pi1, Pi5, Piz-5, Pita, and Pi-gm could be improved into elite 

cultivars through marker-assisted selection [11,41]. 

We performed sequencing on the lines that were shown to carry the Pita2 gene. 

Therefore, further studies were conducted with sequencing of the eight lines to determine 

the expression of genes encoding the NB-ARC domain of blast-resistant proteins. Con-

served domain analysis revealed that eight blast-resistant rice lines were found to encode 

NB-ARC at sequence lengths between 300 to 870, an association that was considered very 

significant at the lowest E-value of 8.45 x 10-11. The BLASTX program was used to deter-

mine the homology of amino acid sequences from this study with those from NCBI data-

bases. Sequence analysis via BLASTX revealed that there were 15 gene homologs of the 

eight rice lines detected as the Pita2 gene. The highest similarity between amino acid se-

quences for the Pita2 gene detected in eight rice lines was observed for the NBS-LRR re-

sistance protein-partial (Oryza sativa Indica group), with a similarity level of 81–99%. The 
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result is consistent with the phylogenetic tree, which demonstrates that the groups of ho-

mologous genes are closely related to the sequences of eight lines. In addition, the Pita 

protein [Oryza sativa Japonica group], blast resistance protein Pita variant 5 [Oryza sativa 

Japonica group], and NBS-LRR partial [Oryza sativa Indica group] had the lowest associ-

ated E values, which were between 7 x 10−11 and 8 x 10−11 The BLAST analysis for the gene 

coding for the NB-ARC domain-containing protein showed a significant identity. The E-

value for the BLAST analysis is considered to be significant if the in-between value is 1 × 

10−10 or lower [42]. 

The phylogeny also demonstrated that the sequences of eight lines formed three clus-

ters. Moreover, the alignment analysis in this study showed that the query sequences had 

very high similarity with 15 homologs in GenBank. The putative conserved domain re-

sults identified the query gene sequence as containing a domain corresponding to the NA-

ARC superfamily. Furthermore, the NBS-LRR resistance gene has been expressed in the 

largest group of plant resistance genes, with a key role in plant defense responses. The 

immune system in plants depends upon the role of encoded proteins, and it is revealed 

that these genes are more highly conserved than others. Plants encode resistance proteins 

(R) through pathogen gene-for-gene recognition by inducing defense hypersensitivity re-

sponses to protect against pathogen infection [43]. 

The R protein is found between APAF-1 and CED-4 on the plant-conserved ARC do-

main. Through nucleotide bond formation with P-loop and Walker motifs, ARC1 contains 

a four helical bundle and ARC2 has a winged helical fold, together constructing the three 

subdomains of the NB-ARC domain [44,45]. Signal initiation is triggered by the ARC do-

main, which translates the modulated elicitor from the C-terminal [46]. 

We confirmed the presence of the gene encoding the NB-ARC domain of novel blast 

resistance proteins in eight new rice lines from the breeding program aimed at the devel-

opment of landrace varieties. The study also revealed that these lines possess polygenic 

genes with the potential for broad-spectrum blast resistance. Further studies on the per-

formance and resistance of lines in local blast race isolates and field trials in various blast-

endemic areas will also provide valuable information about their potential as candidates 

for new rice varieties. The blast-resistant genes could provide genetic resources for breed-

ing programs that are needed to develop rice varieties with longer-lasting resistance and 

long-term resistance. 

5. Conclusions 

In this study, eight rice accessions were found to show complete resistance to a blast 

based on a field evaluation and greenhouse conditions. The molecular analysis showed 

that the lines had numerous genes, where the Pita2 gene was the target of the DNA se-

quencing for the analysis of genes encoding the NB-ARC domain of blast resistance pro-

teins at sequence lengths between 329 and 873. This study revealed that resistance gene 

introgression in the landrace germplasm could be a source of blast-resistant genes to de-

velop new varieties. The eight lines analyzed in this study, namely G7, G8, G9, G11, G13, 

G15, and G18, have polygenic resistance and a potential as a novel genetic resource in the 

program for breeding various blast-resistant upland rice cultivars to overcome infection 

by blast pathogens that have multiple races and varied dynamics. Further comprehensive 

studies should be performed to confirm the performance and resistance of the candidate 

lines in field trials at various blast-endemic areas before they can be released as new rice 

varieties. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/xxx/s1, Table S1. Selected lines resulting from crossbred for identification 

of blast resistance; Table S2. The scale of blast disease symptoms for field assessment based on SES 

IRRI; Tabel S3. Primer characteristics for identifying blast resistance; Table S4. Analysis of gene ho-

mology using BLASTX; Figure S1. PCR assay showed blast resistance gene expression in 19 upland 

http://www.mdpi.com/xxx/s1
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rice lines using specific primers Pi37, Pib, Pi-d2, Pi-ta2, Pik-m, and Pik (M = 100 bp marker, SP = Situ 

Patenggang, KB = Kencana Bali; 1–19 = line numbers). 
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Final Check: [Agronomy] Manuscript ID: agronomy­1936283; doi:
10.3390/agronomy12102373. Paper has been published.
1 pesan

clare.yan@mdpi.com <clare.yan@mdpi.com> 18 Oktober 2022 14.55
Kepada: reny.herawati@unib.ac.id, sitiherlinda@unsri.ac.id, ganefianti_crp@yahoo.com,
hendribustamam@unib.ac.id, sipriyadi@unib.ac.id
Cc: billing@mdpi.com, website@mdpi.com, ostrbenk@mdpi.com, agronomy@mdpi.com

Dear Author(s),

Congratulations for having your paper "Improving Broad Spectrum
Blast Resistance by Introduction of the Pita2 Gene: Encoding the NB­ARC
Domain of Blast­Resistant Proteins into Upland Rice Breeding Programs"
published in Agronomy (ISSN 2073­4395; IF=3.417). We really enjoyed
cooperating with you. Your paper is collected in Agronomy, Volume 12,
Issue 10, which will be released on 26 October 2022. After that, any
changes and updates will be unacceptable. Please carefully check your paper:
https://www.mdpi.com/2073­4395/12/10/2373
If there are incorrect contents, please inform us within 24 hours.
Please understand that at this stage we do not accept any changes in
linguistic issues.
­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­
Here is a checking list for your convenience:
1. Name, affiliation, email;
2. The specific symbols in Tables and Figures have been clearly annotated;
3. The citations of Tables, Figures, Supplementary Materials and
References are correct;
4. Whether a copyright permission is required for Figure or Table
involving references;
5. The link of the supplementary materials is available, and the
supplementary materials are complete;
6. All authors have been mentioned in Author Contributions part;
7. The Funding information;
8. Typo or other details
­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­
In the meanwhile, may we kindly emphasize again that Agronomy is a fully
open­access journal, you and all the co­authors have the copyright of
your paper. We kindly ask you to share this paper on your academic and
social media accounts (Twitter, LinkedIn, Researchgate, Facebook,
Mendeley, etc.). You may wish to tag us and follow the journal
@Agronomy_Mdpi on Twitter or Agronomy MDPI on LinkedIn.  You may wish to
tag us and follow the journal @Agronomy_Mdpi on Twitter，Agronomy MDPI
on LinkedIn and Facebook: Agronomy MDPI. The paper promotion tips is
also available in the following link: https://www.mdpi.com/authors/promoting

We look forward to our next collaboration.

Kind regards,

Clare Yan
Assistant Editor
E­Mail: clare.yan@mdpi.com
Twitter: @Agronomy_Mdpi
LinkedIn: Agronomy MDPI
­­­­­­­­­­­­­­­­­­­­­­­­­
We are very pleased to announce that the New Impact Factor
of /Agronomy/ has increased to 3.949 (2021),

https://www.mdpi.com/2073-4395/12/10/2373
https://www.mdpi.com/authors/promoting
mailto:clare.yan@mdpi.com
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ranking in Q1 (18 of 90) in the "Agronomy" category
and Q1 (55 of 238) in the "Plant Sciences" category.
the Five­year IF: 4.117

New CiteScore 2021:  3.9, #98 of 370, Q2  (Agronomy and Crop Science).

Read Agronomy Most Cited & Viewed Articles:
https://www.mdpi.com/journal/agronomy/most_cited

2nd International Electronic Conference on Agronomy (IECAG2022)
Abstract submission deadline: 1st July 2022
https://sciforum.net/event/IECAG2022

Journal Awards Application:
https://www.mdpi.com/journal/agronomy/awards
­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­

Disclaimer: MDPI recognizes the importance of data privacy and
protection. We treat personal data in line with the General Data
Protection Regulation (GDPR) and with what the community expects of us.
The information contained in this message is confidential and intended
solely for the use of the individual or entity to whom they are
addressed. If you have received this message in error, please notify me
and delete this message from your system. You may not copy this message
in its entirety or in part, or disclose its contents to anyone.

On 2022/9/30 21:59, agronomy@mdpi.com wrote:
Dear Authors,

We are pleased to inform you that your article "Improving Broad Spectrum Blast Resistance by Introduction
of the Pita2 Gene: Encoding
the NB­ARC Domain of Blast­Resistant Proteins into Upland Rice
Breeding Programs" has been published in Agronomy and is available
online:

Abstract: https://www.mdpi.com/2073­4395/12/10/2373 PDF Version: https://www.mdpi.com/2073­4395
/12/10/2373/pdf The meta data of your article, the manuscript files and a publication certificate are available
here (only available to corresponding authors after login):

https://susy.mdpi.com/user/manuscripts/review_info/9abe9a1fbf7b2c9a6376587bf740e28b

Topic:
https://www.mdpi.com/topics/Breeding_Technology_Plants

Please note that this is an early access version. The complete PDF, HTML, and XML versions will be
available soon. Please take a moment to check that everything is correct. You can reply to this email if
there is a problem. If any errors are noticed, please note that all authors must follow MDPI's policy on
updating published papers, found
here: https://www.mdpi.com/ethics#16.

To encourage open scientific discussions and increase the visibility
 of published articles, MDPI recently implemented interactive commenting and recommendation
functionalities on all article webpages
(side bar on the right). We encourage you to forward the article link
to your colleagues and peers.

We encourage you to set up your profile at www.SciProfiles.com, MDPI’s researcher network platform.
Articles you publish with MDPI will be linked to your SciProfiles page, where colleagues and peers will be
able to see all of your publications, citations, as well as your other academic contributions. Please also feel
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free to send us feedback on the platform that we can improve it quickly and make it useful for scientific
communities.

You can also share the paper on various social networks by clicking the links on the article webpage.
Alternatively, our Editorial Office
can post an announcement of your article on our Twitter channel,
please send us a text of up to 200 characters with spaces. Please
note that our service Scitations.net will automatically notify
authors cited in your article. For further paper promotion guidelines, please refer to the following link:
https://www.mdpi.com/authors/promoting.

We would be happy to keep you updated about new issue releases of agronomy. Please enter your e­mail
address in the box at https://www.mdpi.com/journal/agronomy/toc­alert/ to receive notifications. After issue
release, a version of your paper including
the issue cover will be available to download from the article
abstract page.

To order high quality reprints of your article in quantities of 25­1000, visit: https://www.mdpi.com/2073­4395
/12/10/2373/reprints

We support the multidisciplinary preprint platform /Preprints/,
which permanently archives full text documents and datasets of
working papers in all subject areas. Posting on the platform is
entirely free of charge, and full details can be viewed at http://www.preprints.org.

We are dedicated to providing an outstanding publishing service, and
 we invite you to complete our author satisfaction survey https://www.surveymonkey.com/r
/authorfeedbackmdpi. The survey contains 20 short questions and will only take a couple of minutes to
complete.

To help us improve our Production and English editing service, provided as part of MDPI’s editorial process,
please take a few minutes to participate in the following survey: https://www.surveymonkey.com/r
/38TKGWF (for Production and English editing service).

Thank you for choosing Agronomy to publish your work, we look forward
to receiving further contributions from your research group in the
future.

Kind regards,

­­ MDPI Postfach, CH ­ 4020 Basel, Switzerland Office: St. Alban­Anlage 66, 4052 Basel, Switzerland Tel.
+41 61 683 77 34 Fax: +41 61 302 89 18 E­mail: website@mdpi.com https://www.mdpi.com/
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