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Abstract Blast disease attacks by Pricularia oryzae on lowland rice were quite extensive in the
Province of Bengkulu, Indonesia. Screening of 19 lines inoculated with four local races (333-BT,
001-BU, 043-RM, and 373-BS) revealed variations in blast disease resistance. There were nine
rice lines (G7, G8, G9, G11, G13, G14, G15, G18, and G19) that showed resistance to blast
disease with lower severity. There are found the race-sensitive lines with high virulence (333-BT
and 373-BS), namely G3, G4, G6, G12, and G17. In addition, races 333-BT and 373-BS tended
to show high virulence in sensitive varieties of Kencana Bali. Almost all lines had low levels of
severity in low-virulence races (001-BU and 043 RM). Detection of blast-resistant genes using
specific primers is found to be detected the existence of the genes Pib, Pii, Pi5, and Pita2. This
study found that the G7, G8, G9, G11, G13, G14, G15, G18, and G19 lines are shown to be the
potential for further evaluation because they contain the Pii, Pi5, and Pita2 genes, which have
multigenic and broad-spectrum blast resistance.
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Introduction

Rice is widely grown in nine districts across the Province of Bengkulu,
Indonesia, and is cultivated for lowland rice (irrigated) and upland rice (rainfed)
production. Previous field monitoring indicated that blast-disease attacks on
lowland rice caused by the fungus Pyricularia oryzae have been widely reported
in the study districts, although the magnitudes of these attacks have not been well
documented. Nevertheless, Sudir et al. (2014) reported that blast diseases of
upland rice can infect lowland rice varieties, including IR64. High diversity and
changes in this fungus race, as well as its virulence, contribute to the reduction
of rice variety resistance (Mulyaningsih et al., 2016; Liu et al., 2017; Sheoran et
al., 2021). Another factor that may cause changes in variety resistance is the in
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the particular area. Planting rice varieties with selected genes for resistance
different race composition of P. oryzae found in specific areas. In specific areas
or locations, the choice of rice varieties with resistance genes to Pyricularia
should match the race composition (Sudir et al., 2014). In order to successfully
plant resistance varieties of the chosen gene, it's necessary to have data on the
race composition of Pyricularia in a specific region. Thus, monitoring
Pyricularia races in rice agro-ecosystems is urgently needed, especially in areas
endemic to blast disease (Xu ef al., 2021). Planting rice varieties with selected
genes for resistance must be adjusted to the race composition of Pyricularia in a
specific area or location (Sudir ef al., 2014). In a specific region, it's essential to
confirm the race composition of Pyricularia before planting the resistance gene
variety. Monitoring Pyricularia races is essential in all rice agro-ecosystems,
especially in areas prone to blast disease (Xu et al., 2021).

Research conducted by Sudir et al. (2014) to monitor blast races in six
districts of Central Java (Indonesia) during the growing season of 2013 found
122 isolates of P. grisea and 23 races. Among them, races 013 and 153 were the
most dominant, with respective magnitudes of 9.84%. In addition, races 001,
113, and 151 had respective magnitudes of 7.38%. Previous research by Utami
et al. (2000) successfully grouped blast races based on their virulence. Group I,
represented by race 001, is characterized as an avirulent, widely spread, and able
to survive in the field. Group II, represented by race 033, was characterized by
high variation in virulence and presumably able to adapt to selection pressure.
Lastly, group III belongs to highly virulent races, but it cannot survive under field
conditions and is represented by race 173.

Understanding the molecular mechanisms of plant-pathogen interactions
and resistance gene introgression relies on the identification and isolation of
resistant genes from host plants and avirulent pathogenic genes (Vasudevan et
al., 2015; Zhu et al., 2016; Ning et al., 2020; Kurrata et al., 2021). Gene
collections are currently characterized based on molecular markers to explore
untapped allele resources. This technique is crucial for recognizing genes that
confer broad-spectrum blast resistance and combating active blast races (Qu et
al.,2006; Li et al., 2020; Sheoran et al., 2021).

Molecular marking aids in the detection and combination of multiple blast-
resistance genes that confer durable resistance against various races and dynamic
blast pathogens (Xiao et al., 2016; Orasen et al., 2020). Xu et al. (2014) and
Ramkumar et al. (2015) conducted genetic studies on genes involved in virulence
in P. oryzae. Several researchers have also identified blast resistance genes that
control compatibility with certain varieties, genes that control blast development
during infection, and genes that affect the formation and penetration of the
appressorium (Vasudevan et al., 2015; Zheng et al., 2016; Xiao et al.,2017). The
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genes that were successfully cloned were Pi37 in chromosome 1 (Lin ef al.,
2007), Pib in chromosome 2, Pi9 (Qu et al., 2006), Pid2 in chromosome 6 (Chen
et al., 2006), and Pita in chromosome 12 (Bryan et al., 2000). Pupl contains
dirigent-like genes with -dioxygenase fatty acids and aspartate proteinases,
which play important roles in producing proteins involved in lignin biosynthesis
and eventually affect cell wall strength (Heuer et al., 2009). The fifteen blast-
resistance genes (Pid2, Piz, Pizt, P19, Pi36, Pi37, Pi5, Pib, Pikp, Pikh, and Pita2)
have been identified in rice through molecular marker screening for blast-
resistance genes (Su et al., 2015; Yan et al., 2017; Jiang et al., 2019; Meng et al.,
2020). This marking technique is extremely helpful for detecting several
potential blast-resistance genes with durable resistance to identify pyramiding
genes that are able to overcome multiple races and highly dynamic blast
pathogens (Xiao et al., 2015; Orasen, et al., 2020; Wang et al., 2023).

Developing sustainable blast-resistant rice varieties with horizontal
resistance is crucial. Developing blast-resistant plants through producing
genotypes with multiple resistance genes that can conquer various dynamic blast
races in farming areas is an effective strategy (Wang and Valent, 2017; Herawati
et al., 2022). Several studies have successfully developed a pyramid program
for long-term blast resistance (Xiao et al., 2016; Orasen et al., 2020; Mutiga et
al.,2021).

The genetic diversity in germplasm sources significantly contributes to
successful rice-breeding programs (Sitaresmi et al., 2013). Due to their natural
resistance to environmental stressors, pests, and diseases, local plant varieties are
highly valued as a collection of genetic resources (Khairullah ef al., 2021).
Incorporating resistance genes to stressors into rice breeding can enhance the
superiority of rice varieties (Nickolas et al., 2018; Yadav et al., 2019). Since
2015, upland rice breeding has incorporated Bugis and Sriwijaya landrace
varieties and IR 7858-1/IR148 lines for blast disease resistance (Herawati et al.,
2017; Herawati et al., 2021). The research finding was identified blast resistance
genes in upland rice inbred lines derived from crossing landrace varieties with
site-specific blast races.

Materials and methods
Screening for blast resistance

Nineteen lines derived from crosses between Sriwijaya and Bugis varieties
and drought-resistant lines (IR7858 and IR148+) were assessed for blast

resistance. As a control variety, Situ Patenggang was used as a resistant check
variety, whereas Kencana Bali was used as a susceptible check variety (Table 1,
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data supplement). The materials used were four Pyricularia races obtained in
previous experiments, i.e., races 373-BS and 333-BT representing high virulence
races, race 043-RM representing moderate virulence races, and race 001-BU
representing low virulence races. Isolates taken from previous experiments were
propagated with PDA media for 4-5 days. The petri dishes with PDA medium
were inoculated with fungal hyphae. The rice seedlings were sprayed uniformly
with the spore suspension when they had three to four leaves (18 to 21 days old).
24 hours post-exposure, inoculated plants were moved to a screen house for
humidity preservation. Disease scale observations were carried out 7 days after
inoculation following the IRRI SES (IRRI, 2013) (Table 2, data supplement).
The length of the latency period, the quantity, the percentage, and the severity of
the lesions were all observed.

Determination of blast-resistant genes

Four specific primer pairs were used to detect multigenic blast resistance
genes: (1) Pib (F: GACTCGGTCGACCAATTCGCC; R:

ATCAGGCCAGGCCAGATTTG), ) Pii (F:
GGATGATGTGATCTGCAGAG:; R: CTCTTGGTGATCTTTGTTAC), (3) Pi5
(F: GATATGGTTGAAAAGCTAATCTCA; R-

ATCATTGTCCTTCATATTCAGAGT), and 4) Pita2 (F:
AGCAGGTTATAAGCTAGGCC; R: CTACCAACAAGTTCATCAAA (Table
3, data supplement). 0.1 g of rice leaf samples were crushed using liquid nitrogen
and total DNA was isolated following the Wizard Genomic DNA Purification
Kit protocol. The sample was placed into a 2 mL Eppendorf tube, heated in a
water bath at 65°C for 15 minutes, vortexed for 1-3 seconds, and 600 pL
incubated at 37°C for 15 minutes. 200ul of Protein Precipitation Solution was
added and centrifuged for 3 minutes at 13,000 rpm. In a 1.5 ml microtube, add
600pul of room-temperature isopropanol to the supernatant. The centrifugation of
the solution lasted for 1 minute at room temperature. Allow the solution to dry
for 15 minutes before continuing. Alternatively, incubate at 65°C with 100ul
DNA Rehydration Solution for 1 hour, or store overnight at 4°C.

PCR was performed at 94°C for 5 minutes as a preliminary step, followed
by 35 cycles consisting of denaturation at 94°C for 1 minute, annealing for 2
minutes, and extension at 72°C for 2 minutes, concluding with a final extension
at 72°C for 10 minutes. DNA electrophoresis was performed on a 1.5% TBE
agarose gel (0.6 g agarose in 1x40 mL TAE buffer) for 30 minutes at 100 V to
assess amplification success. The DNA bands' dispersion was evaluated by
observing the electrophoresis results under a UV transilluminator following a 10-
minute EtBr soak, a 5-minute ddH2O rinse, and drying. Blast resistance genes
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were identified when bands of a specific size were present in the lines tested for
each primer.

Multigenic resistance genes in selected lines were identified through DNA
sequencing using BigDye® Terminator First Base Services (Genetika Sains
Indonesia publishes the scientific research). The alignment analysis was carried
out using ClustalX and Mega X software version 10.2.6, while the sequencing
results were edited with Bioedit software version 7.2. Amino acid analysis was
performed using BLASTX from NCBI (www.ncbi.nlm.nih.gov/BLAST/). 1000
Neighbor-Joining trees were generated using MEGA X for phylogenetic
construction.

Data analysis

The following formula developed by IRRI (2013) was used to assess
disease severity:
T o(nixvi)

NxZ

DS = x 100% (1)

where Disease severity is measured by DS; symptom criteria score is measured
by v in the family i-th; number of families assaulted is measured by ni in the i-th

score; number of clumps detected is measured by N; and highest score is
measured by Z.

Results
Blast resistance in inbred rice lines

Screening of 19 evaluated lines inoculated with four local races (333-BT,
001-BU, 043-RM, and 373-BS) indicated variations in blast resistance. The
latent period, as indicated by the appearance of lesions for the first time in
susceptible varieties since inoculation, took less than 3 days for K. Bali, whereas
for the resistant varieties, Salumpikit took 4-5 days since the first inoculation
(Figure 1A). This finding was confirmed based on the number of lesions and
percentage in the leaf (Figure. 1B, C). There were nine rice lines (G7, G8, G9,
Gl11, G13, G14, G15, G18, and G19) that showed resistance to blast disease with
lower severity (Figure 2). There are race-sensitive lines with high virulence (333-
BT and 373-BS), namely G3, G4, G6, G12, and G17. In addition, races 333-BT
and 373-BS tended to show high virulence in sensitive varieties of K. Bali.
Almost all lines had low severity in the low-virulence races (001-BU and 043
RM). Overall, there was consistency in line resistances (based on the severity of
the 19 upland rice lines), in which those of low virulence races tended to be more
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resistant to almost all lines, and there were several lines that showed low severity
in high virulence races.
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Figure 1. Screening blast resistance of upland rice lines under greenhouse
conditions using races 333-BT, 001-BU, 043-RM, and 373-BS: (A) measuring
the latent period, (B) number of lesions on leaves, and (C) percentage of lesions,
with significant differences (*) in all variables between the tested lines and
control varieties as determined by two-tailed Student’s t-tests (p < 0.05)
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Figure 2. The severity of the 19 rice lines, including SP and KB as control
varieties, were inoculated with 333-BT, 001-BU, 043-RM, and 373-BS
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Detection of blast-resistant genes

The presence of the blast resistance gene was detected in 19 inbred lines
resulting from single crosses of Bengkulu landraces using four specific primers
(Table 3). Results concluded that all four primers could determine the presence
of the Pib, Pii, Pi5, and Pita2 genes (Figure 3). The Pib gene was detected at
100% in the lines tested (388 bp), the Pii gene was detected in G5, G6, G8, G9,
Gl1, G14, G15, G16, G17, G18, and G19, or 58% expressed at 484 bp, and the
Pi5 gene was expressed in lines G14, G16, G17, and G19 (21%) with a size of
1450 bp. Meanwhile, 40% of the Pita2 gene was detected at 1042 bp in lines G7,
G8, GY, G11, G13,G14, G15, and G18. Sequencing of lines carrying the Pii, Pi5,
and Pita2 genes confer resistance to pathogens with high virulence.

388 bp -------------------

Pib

434 bp

Pii

1042 bp

Pita2

1450 bp

Pi5

Figure 3. DNA amplification of the blast resistance genes Pib (388 bp), Pii (484
bp), Pita2 (1042 bp), and Pi5 in 19 selected rice lines with Situ Patenggang (SP)
and Kencana Bali (KB) as positive and negative controls, respectively (M= DNA
ladder of 100 kb)
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Table 1. The homology of genes Pita2, Pi5, and Pii among rice lines was
analyzed utilizing NCBI's BLASTX tool
Genotype Homology E-value Identif Accesion
y number
G8 Pi-ta, Oryza sativa Indica Group partial pi- 0,00 99,90% HE661565.1
G9 Pi-ta, ta gene for NBS-LRR, cultivar Vana
G10_Pi-ta, surya, exons 1-3

G12 Pi-ta, Oryza sativa Indica Group cultivar 0,00 99,90% GU269201.1
G14 Pi-ta, Amano Bavo Pi-ta gene, partial cds.

G15_Pi-ta, . . . o

G16_Pi-ta, Oryza sativa Indica Group partial 0,00 99,90% HE589949.1

pita gene for NBS-LRR, cultivar

Parimala kalvi, exons 1-3

Oryza sativa Indica Group partial 0,00 99,90% HE589953.1
pita gene for NBS-LRR, cultivar

Thule atte, exons 1-3

Oryza sativa cultivar Tijun NBS- 0,00 99,90% JF897634.1
LRR resistance protein (Pita) gene,

partial cds

Oryza sativa Indica Group cultivar 0,00 99,80% GU269203.1
Podumoni Ahu Pi-ta gene, partial

cds.

Oryza sativa blast resistance protein 0,00 99,90% EU770217.1
Pi-ta variant 11 gene, complete cds

G19 Pi-ta

Oryza rufipogon Pi-ta gene, 0,00 99,80% AB364482.1
complete cds, strain: W1972.
Oryza sativa Indica Group cultivar 0,00 99,80% JN230597.1

HPR-2178 NBS-LRR resistance
protein (Pita) gene, partial cds.
Oryza sativa cultivar Beesginsali 0,00 99,80% JF897635.1
NBS-LRR resistance protein (Pita)
gene, partial cds.
G6_Pii, Oryza sativa cultivar Fujisaka 5 Pii- 0,00 99,79% MH490983.1
G9 _Pii, 2 gene, complete cds.

G15_Pii,  Oryza sativa Indica Group cultivar 0,00 99,79% CP018165.1
G18 Pii, Shuhui498 chromosome 9 sequence.
gég—iﬁ’ Oryza sativa 301246 QTL43_2-14 0,00  99,79%  KMO016820.1
— 7 protein gene, complete cds.
Oryza sativa 301278 QTL43 2-13 0,00 99,79% KMO016819.1

protein gene, complete cds.
Oryza sativa cultivar Fujisaka 5 Pii- 0,00 99,79% MH490981.1
2 mRNA, complete cds.

Oryza sativa 312007 QTL43 2-1 0,00 99,22% KMO016807.1
protein gene, complete cds.
Oryza sativa Japonica Group Pii-2 0,00 99,22% LC190730.1

mRNA for putative disease
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Genotype Homology E-value Identif Accesion
y number
resistance protein, complete cds,
cultivar: Hitomebore.
G16_Pi5, Oryza sativa Indica Group cultivar 0,00 99,41% CP018165.1
G17_Pi5, Shuhui498 chromosome 9 sequence.
GI9_Pi5 Oryza sativa Indica Group cultivar 0,00 99,41% CP054684.1
Minghui 63 chromosome 9.
Oryza brachyantha ankyrin repeat- 0,004 83,18% XM 015840816.
containing protein At5g02620-like 1
(LOC102714950), mRNA.
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Figure 4. A neighbor-joining tree, built from amino acid sequences of rice lines
identified by Pita2, Pii, and Pi-5 genes, was verified with 1000 bootstrap

replications
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Table 2. Interactions of the Pib, Pii, Pita2, and Pi5 genes with blast races of 001-
BU, 043-RM, 333-BT, and 373-BS in 19 upland rice lines

Lines Gene* Race**
Pib  Pii Pita2 Pi5 001-BU  043-RM  333-BT  373-BS

Gl + + - - R R MR MR
G2 + - - - R MR MR MR
G3 + - - - R MR MR S
G4 + - - - R MR MR S
G5 + + - - R MR R MR
G6 + + - - R MR MR S
G7 + - + - R R R

G8 + + + - R R R R
G9 + + + - R R R R
G10 + - - - R MR MR MR
Gl11 + + + - R R R R
GI2 + - - - R MR S S
G13 + - + - R R R R
Gl14 + + + + R R R R
G15 + + + - R R R R
Gl6 + + - + R MR R MR
G17 + + - + R MR MR MR
G18 + + + - R R R R
G19 + + - + R R R R
KB - - - - S S S S
SP + + R R R R

*(+) gene present, (-) gene absent;**Scoring based on SES IRRI (2013) R: Resistance, MR:
Moderately Resistance, S: Susceptible

The sequencing results were analyzed using the BLASTX (Basic Local
Alignment Search Tools X) program with the amino acid sequences from NCBI
to distinguish the homology of the amino acid sequences (Table 1). In 14 rice
lines, the NBS-LRR-partial resistance protein, which encodes a protein with
NLR domain nucleotide bonds, exhibited the highest similarity (99%) to the
amino acid sequences of the Pita2, Pii, and Pi5 genes. Other homologs included
the Oryza sativa Japonica Group Pii-2 putative disease-resistant protein with
99% similarity and the Pi5 Oryza sativa Indica Group cultivar Shuhui498 with
the chromosome 9 sequence. High homology, with a minimum of 100 base pairs
and at least 70% base sequence or 25% amino acid sequence identity, indicates
precise gene sequencing. The E-value of nucleotide binding site-leucine rich
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repeat (NLR) domains in rice lines from GenBank (www.ncbi.nlm.nih.gov)
represents the statistical probability of sequence similarity. All accessions in the
gene bank recorded a value of 0 for the tested sequences in Table 1. According
to phylogenetic analysis using the neighboring joining method, rice lines with
Pita2, Pi5, and Pii genes formed three similar groups, and all tested lines were
closely related to their respective homologous accession numbers (Figure 4).

Discussion

19 lines' blast resistance levels varied in the screening results. The latent
period of sensitive variety K. Bali was less than 3 days. In K. Bali, it takes 4-5
days to grow the resistant Salumpikit variety. Result provided the number and
percentage of lesions. Blast disease poses a significant threat to susceptible
plants. High virulence races, such as 373 and 333, cause susceptibility in lines
like G3, G4, G6, G12, and G17, while low virulence races, including 001 and
043, induce resistance in almost all other lines. Several rice lines showed
resistance to all the tested races, including G7, G8, G9, G11, G13, G14, G15,
G18, and G19.

The determination of blast resistance genes showed that four specific
primers could detect the genes Pib, Pii, Pi5, and Pita2. Pib was detected at 100%
in the tested lines (388 bp), whereas Pii was detected in G5, G6, G8, G9, Gl11,
Gl4, Gl15, Gl6, G17, G18, and G19, representing 58% expressed in 484 bp.
Meanwhile, the Pita2 gene was 40% detected at 1042 bp in lines G7, G8, G9,
Gl11, G13, G14, G15, and G18, and the Pi5 gene was expressed in lines G14,
G16, G17, and G19. Interestingly, it appeared that the presence of this gene was
related to the virulence of the pathogen, in which plants that were detected to
have the Pib gene are able to overcome attacks by pathogens with low virulence,
while Pii is able to control attacks by pathogens with moderate virulence and is
expressed in 58% of lines. Pi5 and Pita2 were only detected in a few lines,
indicating that the plant was able to overcome pathogens with high virulence. It
was previously known that the Pita2 gene conferred broad-spectrum blast
resistance and that its location was in the centromere region on chromosome 12
(Meng et al., 2020; Herawati et al., 2022; He et al., 2022).

The cellular development and morphology of P. oryzae are very adaptive
to the infected rice plants. It has been reported that this pathogenic fungus has
high genetic diversity (Longya ef al., 2020; Sheoran et al., 2021). Therefore, it is
crucial to create rice varieties that are blast-resistant and horizontally resistant.
Creating genotypes through the pyramiding of resistance genes or the use of
multiple resistance genes is one method for creating blast-resistant varieties that
can be used to combat various blast races that might emerge in rice fields. A
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pyramid program has been successfully used by researchers to induce long-
lasting blast resistance (Xiao et al., 2016; Orasen et al., 2020)

As suggested by the sequence analysis of BlastX, 10 gene homologs from
eight rice lines detected by Pita2 and seven gene homologs from six lines
detected by Pii were found in the gene bank. Among the Pita2 gene sequences
discovered in eight rice lines, the NBS-LRR protein from the Indica group of
Oryza sativa showed the highest 99% similarity with the probable disease
resistance Pii mRNA gene. These results are consistent with the phylogenetic
analyses, which revealed a very close relationship between homologous gene
groups and the rice lines tested. Through pathogen recognition, plants produce
resistance proteins (R) in response to their activation of hypersensitive defense
mechanisms. (Takken et al., 2006). The NBS-LRR resistance gene, which is the
most common family of plant resistance genes (Meyers ef al., 1999; Nimchuk e?
al., 2003), encapsulates the most significant plant resistance gene. Resistance
genes generally have a structure consisting of an N-terminal nucleotide binding
(NB) domain and C-terminal leucine-rich repeats (LRRs) (Seong et al., 2020 and
Maruta et al., 2022).

Interactions of Pib, Pii, Pita2, and Pi5 genes with blast races 001, 043, 333,
and 373 in 19 upland rice lines are demonstrated. Resistance to race 001 is
conferred by all lines via the Pib gene. According to Amir et al. (2000), four
races (001, 003, 033, and 173) exist seasonally. These isolates are widely
distributed. Isolates of race 001 have the lowest pathogenicity level of virulence,
spread widely, and can survive long in the field (Utami et al., 2000). The Pii gene
is not expressed in all lines, but expression of this gene was observed in 001, 043,
and 333, which were moderately resistant to resistance. In all tested races - G7,
G8, G9, G11, G13, G14, G15, and G18 - resistance was present due to the Pita2
gene. A recent study revealed that Pita's Pita2 encodes an R protein identical to
the previously cloned Ptr (Meng et al., 2020; Herawati et al., 2022). The study
revealed that Pita2 confers resistance to all avr-Pita races in the multigene-
detected lines, including those in lines G7, G8, G9, G11, G13, G14, G15, G18,
and G19. Therefore, blast-resistant rice varieties with long-term and polygenic
resistance are essential. One of the strategies to overcome multi-racial blast
pathogens is to develop blast-resistant varieties that have many resistance genes
through pyramiding genes (Xiao ef al., 2016; Orasen et al., 2020).

Information on the geographical composition and dominance of blast
disease pathogenic races in particular rice ecosystems is important as a basis for
determining disease control strategies using resistant varieties. The suitability of
planting resistant varieties with a composition of pathogenic races in the field
would increase the effectiveness of blast disease control and eventually suppress
disease transmission. Furthermore, farmers can combat blast disease by planting
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resistant cultivars in accordance with the available races in each location, using
information on the distribution of blast races as a guide. In this study, we found
that the G7, G8, G9, G11, G13, G14, G15, G18, and G19 lines have the potential
to be further evaluated because they contain the Pii, Pi5, and Pita2 genes, which
have multigenic and broad-spectrum blast resistance.
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