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Abstract
Rice blast, caused by the fungal pathogen Magnaporthe oryzae, is a destructive disease in rice. The use of blast-resistant vari-

eties is possibly one of the best economically and environmentally efficient ways to cultivate rice. Four-way crosses between two
F1s were performed from UKMRC2 × Teqing and UKMRC2 × Tetep. A segregating population of 30 4-way F1 lines and 72 4-way F4
lines were screened with a set of 51 single nucleotide polymorphic (SNP) markers representing Pi9, Pi5, Pib, Piz, Pita, and Pi54

genes to evaluate the sequence variation. Field blast screening was carried out using six newly identified Malaysian isolates of M.

oryzae. Blast disease score of 1 or 2 was observed in 28 4-way F1 lines and 57 4-way F4 lines. The 4-way F4 population showed
the resistant alleles for Pi54 and Pita. According to Sequenom data, both generated reproducible and aggressive calls. The SNP

data revealed nine sequence variants, which showed the presence of two putative haplotype blocks for Pi54 and Pita respectively.
Qgene analysis of the 4-way F4 population showed Pi54 with LOD of 14 (R2 = 56.6%) and Pita with LOD of 14 (R2 = 72.4%). Pi54

was mapped to a region of 312 kb on chromosome 11 flanked by SNPs Pi54-3 and Pi54-19 while, Pita was mapped to a region
of 175 kb on Chromosome 12 flanked by SNPs Pita-10 and Pita-3. The resistance alleles highlighted in this study can be used in
development of rice blast disease resistant varieties having high yield through gene pyramiding.
Keywords: Rice blast; Pi54; Pita; Sequence variants; Qgene analysis

Key message
The 4-way F4 segregating population, from Sequenom data shows the SNP resistant alleles for Pi54 (R2=56.6%) and Pita (R2=72.4%)

with LOD score of 14 each. Pi54 was mapped to a region of 312 kb on chromosome 11 and Pita was mapped to a region of 175 kb on
Chromosome 12.
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Introduction
Rice is one of the most important food crops and a primary source of energy for more than half of the world’s population. Approxi-

mately 154 million hectares or 11% of the world’s cultivated area is used for rice production, of which above 90% of rice is produced
and consumed within Asia (Sankar et al., 2011). Rice blast is one of the most destructive diseases and is caused by the fungal pathogen

Magnaporthe oryzae, limiting crop production in various parts of the world. This disease causes considerable yield losses (60-80%) in

almost all the major ecosystems where rice is grown (Talbot, 2003). The blast disease strikes all the aerial parts of the rice plant, with
most infections occurring on the leaves. The disease causes diamond-shaped lesions with a grey or white centre and brown border
that are approximately 1.0-1.5 cm long and 0.3-0.5 cm wide. Although many resistant rice varieties are already developed in several
countries, sometimes they are unstable and tend to become susceptible after a few years of release (Kiyosawa, 1982). Sufficient knowledge of the fungus and the host resistance is important to overcome this problem.

Numerous genes contributing resistance to rice blast have already been found in both indica and japonica rice cultivars such as Tjina

(Pib), Tetep (Pib, Pi1, and Pita), Moroberekan (Pi5 and Pi7), 5173 (Piz-5 = Pi2), TKM1 (Piz-t), Tadukan (Pita) and Zenith (Piz) (Camp-

bell et al., 2004; Inukai et al., 1994; Wang et al., 1994). Wild relatives in the genus Oryza represent the majority of the existing genetic
variations in rice. These wild relatives were used to broaden the genetic background of cultivated rice in breeding programmes (Xiao

et al., 1998; Moncada et al., 2001; Septiningsih et al., 2003; Wickneswari and Bhuiyan, 2014). Pi9 is a resistance gene that isoriginated

from the wild species, O. minuta (Liu et al., 2002). Pib (Wang et al., 1999), Pita (Bryan et al., 2000), Piz-5, Piz-t and Pi9 (Zhou et al., 2006)
were all studied using map-based cloning techniques. Additionally, major genes Pi1, Piz-5 (Pi2), Pi5, Pi9, and Pi40 were found showing

broad spectrum resistance to M. oryzae (Jeon et al., 2003; Jeung et al., 2007). Pi54 was associated with ‘Tetep’, an indica rice variety

on chromosome 11, in vicinity to a set of other blast (Pik, Pikm, Pikp, Piks etc.) genes. Pita was cloned by map-based cloning method

by Bryan et al. (2000) from a rice variety, Tadukan (Accession No. AF207842). Pita was found to be located near to the centromere of
chromosome 12 and it is also one of the widely used blast resistance gene in many breeding programmes (Costanzo and Jia, 2010).
This gene also confers broad spectrum resistance to different races of M. oryzae (Jia et al., 2004). However, the effective use of blast-re-

sistant genes has been limited due to the development of new blast races. Hence, it is necessary that broad spectrumblast-resistant
genes are identified so that effective protection against robust blast isolates of M. oryzae can be achieved.

The availability of a large number of sequence-based Simple Sequence Repeat (SSR) and SNP markers that saturate the rice genome

would be of considerable value in fine mapping of target genes. Such markers are expected to eliminate the problems due to recom-

bination and lack of polymorphism (Singh and Mohapatra, 2007). More recently, SNPs are preferred over other molecular markers

because they have properties likeco-dominant inheritance, bi-allelic nature, chromosome specific location and genome wide distribu-

tion (Bhattramakki et al., 2002) and giving higher resolution (Nasu et al., 2002). Blast resistance genes and alleles have been studied
in detail in rice from both wild and cultivated species (Yang et al., 2007; Geng et al., 2008; Huang et al., 2008; Das et al., 2012; Kumari

et al., 2013; Thakur et al., 2013a, b). It is necessary to genotype and validate SNPs so that the available SNP information is best utilized.
Traditional rice varieties have been used extensively as genetic resources for biotic as well as abiotic stress studies in hybridisation

programmes. Mahsuri is a traditional variety in Malaysia, which is highly susceptible to blast disease. Pongsu Seribu 2 also known as

PS2 is a Malaysian traditional variety. PS2 is resistant to blast disease and has been widely used as a blast-resistant donor in breeding
programmes (Rahim et al., 2013). IR64 is a blast resistant mega variety from the Philippines. IR64 has been involved in numerous

backcross breeding programmes, leading to the introduction of many valuable genes (Mackill and Khush, 2018). Traditional varieties

like Tetep and Tadukan, which originated from Vietnam and the Philippines, respectively, have been used as check varieties and donors
in various Malaysian breeding programmes (Mohamad et al., 1988). Teqing is a Chinese indica cultivar, having high yield and is also

been used in rice breeding programmes. The Oryza rufipogon accession from Malaysia is resistant to blast disease (Huang et al., 2008).
An advanced backcrossed lines (BC2F2, BC2F5, BC2F6, and BC2F7 generations) were produced from a cross between the wild parent, O.

rufipogon Griff. (IRGC105491) and O. sativa L. subsp. indica cv. MR219, a Malaysian high-yielding rice cultivar. This cross led to trans-

gressive variants with high grain yield (Sabu et al., 2006; Wickneswari et al., 2012; Wickneswari and Bhuiyan, 2014). Six (UKMRC2,
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UKMRC3, UKMRC4, UKMRC8, UKMRC9, and UKMRC10) out of seven genotypes tested in this study were registered as a New Plant
Variety under the Malaysian Ministry of Agriculture (MOA) in 2009. The other genotype, UKMRC11, is similar to UKMRC9.UKMRC2 and
UKMRC8 have been approved for the production of certified seeds for commercial cultivation in 2019 by MOA.

Hossain et al. (2014), reported that Tetep and Teqing had the least disease ratings for Sheath blight. Therefore, crosses were made

between UKMRC2 and Teqing, and UKMRC2 and Tetep were made. These crosses were also confirmed and later 4-way crosses were
made between the two F1s in order to develop pyramidal lines. Tetep is already known to be used as a donor for blast genes in many

studies and Tequing was shown to have moderate blast resistance while, UKMRC2, a high yielding variety is shown to carry some
resistant alleles for blast (Mishra et al., 2021) and also shown to have some degree of resistance in field blast screening. Therefore,
this 4-way population was considered interesting to understand the inheritance of blast resistant alleles for certain major Pi genes by
genotyping and phenotyping. Hence, this study had the following objectives:

1. To map known blast disease resistance genes/, QTLs in advanced 4-way crossed populations using functional SNP markers.
2. To compare sequence variations among the SNPs in the segregating populations.

Materials and Methods

Development of 4-way Mapping Population
The mapping population used in this study was developed for sheath blight resistance study by Hossain et al. (2014) and Wick-

neswari et al. (2017) at Univesiti Kebangsan Malaysia. Sheath blight is caused by the soil-borne necrotrophic pathogenic fungus,
Rhizoctonia solani. It is an emerging threat to rice cultivation. Only a few quantitative trait loci (QTLs) have been detected showing
improved resistance against the disease. Teqing and Tetep both have showed improved resistance having QTLs, qSB-9 and qSBR11-

1, respectively. These QTLs demonstrate additive effects, therefore, pyramiding of these QTLs can be considered as an alternative to

increase the sheath blight resistance in rice. Teqing and Tetep were detected as the most suitable sheath blight donors having major
QTLs with improved resistance. On the other hand, UKMRC2 was found to have the lowest resistance ability against the disease.

Hence, UKMRC2 was selected as recipient parent to pyramid resistance QTLs, qSB-9 as well as qSBR11-1 through advanced backcross

breeding (Hossain et al., 2016). F1 hybrids between UKMRC2 and Teqing, and UKMRC2 and Tetep were developed and confirmed and

subsequently 4-way crosses were performed to understand inheritance of sheath blight and other disease resistance genes. Three sets

of F1s for both crosses (UKMRC2 x Teqing and UKMRC2 x Tetep) along with five sets of their parents were planted at 10 days intervals.

At flowering stage F1 plants were confirmed by comparing phenotypic traits such as days to 50% flowering, and plant height as well as
by using two polymorphic SSR markers. After confirmation of F1 progenies, 4-way F1 crossing was conducted to combine the two QTLs

(Fig 1). A segregating population of 30 4-way F1 individuals and 72 4-way F4 individuals were studied. UKMRC2, Tetep and Teqing were

used as parental checks. Mahsuri acted as a negative control, while IR64 acted as the positive control.

SNP Genotyping

Isolation and Quantification of Total DNA
Leaf samples of all the plant materials were collected from 21-day old seedlings. Total DNA was extracted from the leaves (stored at

-20°C in a refrigerator) according to the modified CTAB-based DNA extraction protocol previously developed by Murray and Thomp-

son (1980). The extraction process was performed at the Plant Genetics Laboratory, School of Environment and Natural Resources
Sciences, Faculty of Science and Technology, Universiti Kebangsaan Malaysia (UKM). The DNA concentration was determined using
0.8% agarose gel electrophoresis in 1X TAE buffer at a fixed voltage of 60 V. The molecular ladder concentration for the agarose gel was

0.1 μg μL-1 λHindIII (Promega Corporation, USA) and 6X Ficoll dye was used as loading dye. The gel image was documented using the
Alphaimager TM2200 (Alpha Innotech Corporation, USA). The DNA concentration was determined by comparing the gel image with
λHindIII marker bands.
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Figure 1: Development of 4-way F1 and 4-way F4 populations.
Genotyping
A total of 51 functional SNPs selected from a panel generated by Thakur et al. (2014) were used (Table 1). The SNP genotyping was

outsourced to CMDV, Serdang, Malaysia. The SNP genotyping was carried out using a platform Agena massarray (manufactured by

Agena Bioscience, Japan.) Fifty four SNPs spaning 6 major blast resistance genes were selected for genotyping. The sequence infor-

mation was provided to the CMDV lab to check for compatibility with their Sequenom chip. These SNPs were then synthesized by the
CMDV. All the segregating population’s total leaf DNA was sent in plates. Three SNPs out of 54 were incompatible with the iplex de-

signed, therefore only 51 SNPs were subsequently used. The DNA had to first qualify their quality check test before proceeding further.
The iplex was run by the lab and the results were given back to us in form of cluster plots. The call was then assigned by us based on
the cluster plots and the genotype data was derived for further analysis.
Gene

Markers

Chr

Location

Synonym

Donor

SNP

Call

Pib

5

2

10.4cM

Pib

IR64

Piz-t

8

6

69cM

Pi2

Fukunishiki

Seq-rs54174765
seq-rs53169602
seq-rs18701984
seq-rs18703791
seq-rs18701930

T/C
T/C
T/G
T/G
T/C

(japonica)
O. minuta

piz_t_1
seq-rs53791232
piz_t_6
piz_t_10
piz_t_12
piz_t_13
piz_t_14
piz_t_17

C/G
T/C
T/G
T/C
T/C
A/G
A/T
A/C
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Pi9

11

6

58.7cM

Pi9(t)

O. minuta

Pi5

9

9

8.5cM

Pi3

Pai-kan-tao

10

11

101.9cM

Pi-kh

8

12

50.4cM

Pita-2

Pi54

Pita

(japonica)

Taipei 309
(indica)

Taducan
(indica)

O. rufipogon

TBG1284330
TBGI284333
TBGI284423
TBGI284429
TBGI284452
TBGI284454
TBGI284456
TBGI284470
TBGI284473
TBGI284478
TBGI284480

C/G
T/C
C/G
A/G
C/G
T/C
T/C
T/C
A/G
T/C
T/G

pi_54_4
pi_54_2
pi_54_3
pi_54_10
pi_54_11
pi_54_13
pi_54_14
pi_54_18
pi_54_19
pi_54_16

A/G
A/C
T/C
T/C
T/C
T/C
A/T
A/G
T/C
C/G

seq-rs54200981
seq-rs54309186
seq-rs53750144
seq-rs53933458
seq-rs54393488
seq-rs53074031
seq-rs53938798
seq-rs53454238
seq-rs53413543

pita 14
pita 13
pita 12
pita 10
pita 8
pita 5
pita 4
pita 3

Table 1: Panel of functional Single nucleotide polymorphic markers.

A/C
T/C
A/G
T/C
C/G
T/G
T/C
A/G
T/G

T/C
T/G
C/G
C/G
T/G
T/G
T/G
A/G
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Field Blast Screening
Blast isolates
Six newly identified Malaysian isolates of M. oryzae were isolated using the single spore isolation method (Mishra et al., 2015). Five

isolates were obtained from infected leaf samples collected from Kompleks Latihan MADA, Kedah and the other isolate was obtained
from Kelantan. The mixture of all six of blast isolates was used for field blast screening.
Field Screening

The field blast screening was performed at Terrace Q, UKM, from September to November 2016. The experiment was designed such

that, each test line had five biological replicates, all test lines with five replicates each consisted of a test block. Two more complete test
blocks were tested, at a staggering interval of two weeks, thus creating three technical replications. Therefore, for each test line, a total
of 15 individual plants were screened.

Seeds were introduced with Bavistin DF (Carbendazim 0.5% w/w, BASF, Germany) for 24 hours to control seed borne pathogens. A

ratio of 4:1 of top soil and cow-dung compost was used. Fifty mg of Furadan 3G (Carbofuran 3% w/w) insecticide was used to control
soil borne nematodes. The field was watered with regular tap water and ploughed for 3 days to prepare for field blast screening. Urea

(N), triple super phosphate (P2O5), and potassium chloride (K2O) were applied. Fertilizers were applied thrice; at planting, 15 days

after planting and one day before inoculation. The seeder material was prepared by infecting a susceptible check, Mahsuri at 2 leaf

stage, by spraying concentrated inoculum of Magnoporthe oryzae spores. The disease was allowed to develop for a period of 3-4 weeks.
The diseased leaves were cut and stacked in paper bags, left to dry. This dry infected straw was later used as the seeder material for

infection in field blast screening. Planting was carried out in rows with at least a 3 cm distance from each other for better hand weeding
and application of fertilizers. Each row consisted of five germinated seedlings of each test family. Five seedlings were sown per test
line for each block. Test lines were sown in three blocks for infection. After every 2 rows, Mahsuri was planted in order to assist in
establishment of disease. After every row of Mahsuri, an empty row was left to place the seeder material.

Seedlings were infected with the dry seeder material at 28 days of age (four leaf stage), in the evening. The plants were maintained in

moist and dark conditions at 26–280C for 12 h by covering with polyvinyl sheets overnight (Fig 2). Disease was left to spread naturally

via wind dispersal, seedlings were water sprayed 3–4 times per day and covered during the night to maintain a high humidity until

disease development and progression was observed. Disease evaluation for the field blast screening was performed 10 days after inoculation. Five replicates from all three test blocks were evaluated for each test line using the SES of IRRI (1996) for screening leaf blast,

and later Mean score was formulated. The following assessment scale was used: 0 = no evidence of infection; 1 = brown specks smaller

than 0.5 mm diameter; 2 = brown specks about 0.5–1.0 mm in diameter; 3 = roundish to slightly of 1–2 mm diameter surrounded by
brown margins; 4 = spindle-shaped lesions with reddish brown margins; 5 = spindle-shaped lesions with necrotic gray centers.

Figure 2: Field Blast Screening.
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Data Analysis
QTL Analysis
QTL validation was performed using Qgene ver. 4.2 for detecting significant QTLs through permutation analysis and trait analysis

for determining trait distribution in both subsets of the population. The mean value of the blast score and the genotype data of the

population were prepared as text file. The text file was then converted into qdf file prior to loading into the Qgene software to detect
any significance of the QTL through interval mapping and permutation analysis. The association between individual marker loci and

QTLs for blast disease was evaluated by a single-marker analysis. The interval size was set at 2 cM (centimorgan), and the threshold
value of the LOD score was considered as 3.0 for detecting the presence of a QTL (Shindo et al., 2003). The significant level of the LOD
threshold was examined by permuting the data, as implemented by the permutation analysis module (Churchill and Doerge, 1994).

To identify an accurate and significant threshold for every trait, an empirical threshold was determined for interval mapping using

1000 permutations for each trait across all 12 chromosomes (Churchill and Doerge, 1994). To identify additional QTLs and to increase

the resolution of QTL locations, composite interval mapping was employed (Zeng, 1994). Automatic cofactor selection using a for-

ward/backward regression (forward p < 0.01, backward p < 0.01) was also performed with Qgene version 4.2. Significant thresholds
for composite interval mapping were determined using 1000 permutations for each trait. If single marker analysis with either interval

mapping or composite interval mapping showed a QTL at a LOD > 3.0, it was considered as a putative QTL. A putative QTL was reported
if detected by Identified QTLs were named according to the method proposed by McCouch et al. (1997).
Sequence comparison

The SNPs genotype data was studied in detail to examine the sequence variations. The Genotype calls were screened for sequence

variations of genes contributing resistance to M. oryzae. The sequence variants were considered to be present, when a SNP allele was
present, conferring resistance thus lowering the blast score, throughout the genotype data. This pattern of blast score modulation was
observed throughout the SNP data.

Results

SNP Genotyping
The SNP data provided by CMDV was in the form of a detailed Microsoft Excel file depicting call details. This data was utilised by

assigning the calls manually and generate call cluster plots. The example of call cluster plots representing two SNPs; Pi_54_4 and Pita

10 are depicted in Fig 3. The total call rate achieved was 80.4%, accounting for aggressive calls (4.6%), moderate calls (12%) and conservative calls (73.8%). Resistant alleles for five genes (Pi5, Pib, Piz, Pita, and Pi54) except for Pi9was found based on the SNP genotype

data. Dominant alleles were found representing Pi54 and Pita, SNPs for Pi54 and Pita were robust as they produced good scores and
generated reproducible as well as aggressive calls as validated based on the Sequenom data. Hence, Pi54 and Pita were characterised
as the most reliable genes to be used in further screening studies.
Field Blast Screening

The parental materials Tetep, Teqing and UKMRC2 showed varied level of resistance to blast during the field screening. Tetep was

found to be resistant showing a disease score 2, while UKMRC was moderately resistant showing a disease score 3 and Teqing was

found to be moderately susceptible showing the disease score 4. IR64 was found to be resistant with a disease score 1, showing min-

imal blast symptoms. Mahsuri, was found to be susceptible, showing the most blast symptoms with a disease score of 5. The 4-way F1

lines showed a high degree of resistance to the blast disease as compared to 4-way F4 individuals. Twenty eight out of 30 4-way F1 lines
tested for blast, were found to have a disease score of 1 or 2. Fifty seven out of 72 4-way F4 lines tested for blast, were found to have a

disease score of 1 or 2.
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Figure 3: Call cluster plots for blast resistance genes based on SNP genotyping data.
QTL Analysis
QTLs for Pi54 on chromosome 11 and Pita on chromosome 12 were found in the 4-way F4 individuals. Both QTLs were identified

with a LOD score of 14 (Fig 4; Fig 5) with phenotypic variations of 56.6% and 72.4% for Pi54 and Pita respectively. However, the QTLs
could not be detected with a good LOD score in 4-way F1 individuals (Fig 6; Fig 7). The reason for this might be the low population size

or the early stage of segregation. Pi54 was mapped to a region of 312 kb on chromosome 11 flanked by SNPs Pi54-3 and Pi54-19 with
a phenotypic variance of 56.6%, while Pita was mapped to a region of 175 kb on Chromosome 12 flanked by SNPs Pita-10 and Pita-3
with a phenotypic variance of 72.4%.
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Figure 4: QTL Map of Pi54 gene for 4-way F4
linesv(X-axis: SNP loci, Y-axis: LOD).

Figure 5: QTL Map of Pita gene for 4-way F4
lines (X-axis: SNP loci, Y-axis: LOD).
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Figure 6: QTL Map of Pi54 gene for 4-way F1 lines
(X-axis: SNP loci, Y-axis: LOD).

Figure 7: QTL Map of Pita gene for 4-way F1
lines (X-axis: SNP loci, Y-axis: LOD).
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Sequence comparison
Sequence variation of genes contributing resistance to M. Oryzae was identified using SNP genotyping. Nine sequence variants were

reported as per the genotype and phenotype data for both 4-way F1 and 4-way F4 populations. These sequence variants, when pres-

ent conferred resistance thus reducing the blast score. This pattern of blast score modulation, observed in the SNP data for 4-way F1

population is highlighted in Table 2. The sequence variants for 4-way F4 population are shown in Table 3. Each colour represents one
putative haplotype block.
Locus

Gene Call

seq-rs18701984

Pib

piz_t_13

Piz

seq-rs18701930

Pib

TBGI284470

Pi9

Piz

piz_t_12

Pi54

pi_54_4

pi_54_11

Pi54

pita 10

Pita

Pita

pita 4

Pita

pita 3

Blast Score

Locus
seqrs18701984

seqrs18701930
piz_t_12

piz_t_13

TBGI284470

4wayF1-4

Mahsuri

GT

GT

GT

TT

T/G

1

1

CT 2

CT 2

CT 2

T/C

TT

3

GG

4

GG

4

T/C

TT

5

CC

TT

5

CC

A/G

AA 6
CC

T/C

CC 8

CC 8

CC 8

T/G

GG

GG

GG

T/C

A/G
T/C

C/G

7

9

CC

CC

AA 6

AA

AA 6

AA

CC

CC

TT

TT

7

9

CC

1

TT
CC

5

GG

7

CC

1

GT

GT

1

GT

1

4wayF4-4

4way
F4-6

4wayF414

Pib

T/G

GT 1

GT 1

GT 1

GT 1

Pib

T/C

CT 2

CT 2

CT 2

T/C

TT 3

TT

Piz

A/G

TT 5

TT 5

AA 6

AA

AA 6

AA

CC

A/G

AA

CC

Piz
Pi9

pita 3

Pita

pi_54_11

Pi54

CC 7

CC 7

CC 8

T/G

GG

pita 10

Pita

T/C

T/C

Pita

T/C

C/G

CC
1

9

CC

CT2

CT 2

CT 2

CT 2

TT

TT

CC

CC

3

GG
TT

4

GG

5

TT

AA6
CC

3

GG
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Table 3: Sequence variations derived for 4-way F4 population.
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The SNP data analysis was done based on the 4-way F4 population genotype and phenotype data as the 4-way F1 population was

smaller in size and in very early stage of segregation to give any conclusive results. The SNP data analysis showed a total of nine sequence variants. All nine of the sequence variants are considered individually in this study. Their segregation pattern revealed two
putative haplotype blocks, one representing Pi54 (Pi54-4 to Pi54-11) and another representing Pita (Pita-10 to Pita-3). The two SNPs
for Pi54 are 225 kb apart and co-segregating. The two SNPs for Pita, are 195 kb apart and also co-segregating.

Discussion

Enhancing the host plant resistance is being considered as the best approach to handle the rice blast disease. Hence the combina-

tions arising from various blast resistance genes, which are complementary to each other to impart resistance, are being incorporated
in recipient plants in rice blast breeding programmes. In these pyramiding programmes, desired and robust alleles representing the

resistance genes should be considered (Ramkumar et al., 2010). However, continuous cultivation of particular rice varieties and domestication of this crop by human selection for high yields has led to drastic reduction in genetic diversity. During the evolution and

artificial selection processes, a significant portion of beneficial alleles are undiscovered in the landraces and wild species (McCouch et
al., 2007), which can be used for the development of improved rice varieties.

Several rice genotypes were known to carry the Pi resistant genes for blast disease. MR219 and UKMRC lines were results of crossing

with the variety IR64, which is a known to be blast resistant and also the most popular cultivated rice in Asia and as source of resistance to blast disease under irrigated lowland rice cultivation (Bonman et al., 1989). IR64 is widely grown in Asia; mainly in China, the

Philippines, Thailand and Indonesia (Utami et al., 2008). In a study by Mishra et al. 2021, the same set of diverse rice germplasm was

screened with various molecular markers such as SSR, InDel, SNP and gene specific markers that are reported for most of the mapped

and cloned blast resistance genes. It was shown that many of the diverse germplasm carried resistant marker alleles. The check varieties of Tadukan and Tetep are widely known to be resistant to blast and possess Pita and Pikh (Pi54) genes, respectively (Padmavathi
et al., 2005). PS2 was found to have similar resistance as Tadukan and Tetep. They were resistant to all pathotypes implying that they

may have similar resistance genes as in Tadukan and Tetep. In a study involving the genetics of blast resistance in PS2, Tanweer et al.

(2015) indicated that PS2 was strongly resistant to rice blast disease as opposed to MR219 that was found to be susceptible. It was also

shown that PS2 contained at least two dominant genes, Pi-b and Pi54, which were involved in resistance against M. oryzae pathotype

P7.2. The landraces preserve tremendous genetic variability, as they are not subjected to subtle selection over a long period of time,

which is completely opposite to high yielding varieties. Therefore, landraces better adapt in wide agro-ecological conditions acting as
depositories for important genetic resources.

Das et al. 2012 reported that Pi54rha rice blast resistant gene cloned from wild rice species provided broad spectrum resistance to

M. oryzae and therefore can be innovatively used in rice improvement breeding programme. Pi54 was cloned from indica rice Tetep
and carries broad spectrum resistance against numerous M. oryzae strains (Sharma et al., 2002, 2005; Rai et al., 2011). Functional

validation of cloned Pi54rh gene showed high degree of resistance to seven isolates of M. oryzae collected from different geographical

locations of India (Rai et al., 2011). Two M. oryzae isolates from Taiwan, D41‐2 and 12YL‐DL3‐2, were used to challenge a diverse set
of rice accessions and the SNP genotyping was performed for 31 resistance genes. Three genes, Pita, Pik, and Pib were tested and the

results indicated that the strongest resistance against two isolates tested was observed for Pita based on the QTLs (Lin et al., 2018).
Landraces Tadukan and Tetep with the dominant Pi-ta gene have been used as donors for resistance breeding in Asia and USA (Jia et

al., 2007; Rybka et al., 1997). Studies of Pi-ta gene in wild as well as cultivated rice indicated in conserved sequence before divergence
(Wang et al., 2008). The Pi-ta alleles have been studied in detail among Indian landraces (Thakur et al., 2013b).

Pita and Pi54 alleles have been found to be robust and reliable based on SNP genotyping results, which was further validated by field

blast screening. The results showed that some of the resistant materials such as PS2 and IR65482-4-136-2-2 (NIL for Pi40) were able

to with stand the disease during the greenhouse screening as reported by previous studies. Interestingly, this resistance was not exhib-

ited during the field screening, although the marker alleles for the resistant genes were present. IR65482-4-136-2-2 (NIL for Pi40) has
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been previously reported to have durable resistance (Jeung et al., 2007). However, Pi40 NIL was unable to withstand the disease during
the field screening. Nevertheless, IR64, Tetep, and O. rufipogon were shown to be resistant in field screening method and contained the
resistant alleles when screened with SNP markers. Therefore, the rice genotypes, IR64, Tetep, and O. rufipogon, are thought to have

broad spectrum resistance against the six local new isolates used in this study based on their resistance exhibited during the field

screening. Tetep, Teqing, UKMRC2, IR64 and Mahsuri used in this study as parents and controls also showed varied level of resistance

(score of 1 to 5). However, the 4-way F1 and 4-way F4 test lines showed a high degree of resistance to the blast disease as compared
to the parents. This can be explained as the genes conferring resistance from all three parents Tetep, Teqing as well as UKMRC2 are
introgressed in the 4-way segregating populations.

The resistance in rice varieties often diminishes within a few years of being released as M. oryzae can overcome plant resistance

based on their race-specific resistant genes (Orbach et al., 2000). M. oryzae has continuously evolved due to environmental changes
and natural mutation, in which the mutation rate is estimated to be high (Kiyosawa, 1996; Koizumi, 2007). Therefore, the study of blast
virulence remains challenging. However, the high mutation rate in M. oryzae, largely due to transposon activity, repetitive genome and

high selection pressure in its genome which often leads to an emergence of new strains resulting in an easy breakdown of single R
gene mediated resistance response in rice (Khang and Valent, 2010; Srivastava et al., 2014). Resistance controlled by single genes may

remain effective for many years, although this trait is typically not durable (Bonman and Mackill, 1988). Therefore, it is imperative to

understand the regulation of plant defence mechanisms as well as determine the functional genes and controlling elements responsible for the effectiveness and breakdown of resistance.

The development of new R gene specific markers would benefit conventional breeding with MAS. This would assist in the possibility

of pyramiding multiple genes in adapted germplasm toward realizing broader spectrum disease resistance. Stacking of multiple R

genes acts as a buffer against breakdown of one or the other gene mediated resistance (Douglas and Halpin, 2010). Combining of multiple alleles of R genes might weaken the selection pressure on respective pathogen (Brunner et al., 2010; Fukuoka et al., 2015). This

approach has been used successfully in rice to develop blast resistance lines with multiple R genes against M. oryzae using molecular

breeding (Fukuoka et al., 2015; Tanweer et al., 2015; Xiao et al., 2017). Combining of multiple R genes could improve the durability of

resistance against multiple strains of M. oryzae (Kumari et al., 2018). Wu et al. (2016) analysed the effective combination pattern of
multiple blast R genes or their alleles and found that better combination of multiple genes or alleles could provide more dynamic and
durable blast resistance in rice.

Molecular markers linked to major R-genes are important for MAS (Costanzo and Jia, 2010). Sequence variations in SNPs and InDels

can be compared between genotypes to identify functional markers. Pi-b and Pi-ta as well as SNP markers for Piz locus and Pik locus

(Hayashi et al., 2004; Jia et al., 2009; Zhai et al., 2011) are few of the examples. Sequence variations and allele mining for blast resistance in rice from wild and cultivated species have been widely studied (Yang et al., 2007; Geng et al., 2008; Huang et al., 2008; Das et
al., 2012; Kumari et al., 2013; Thakur et al., 2013 a, b).

The sequence comparison study was done based on the 4-way F4 population genotype and phenotype data as the 4-way F1 popu-

lation was smaller in size and in very early stage of segregation to give any conclusive results. The SNPs genotyped in this study were

used to study sequence variation of genes conferring resistance to M. oryzae, in which nine sequence variants were identified based
on the SNP genotype results and blast scores obtained after field blast screening. When present, these sequence variants contributed
resistance and thus reduced the blast score. All the nine sequence variants were evaluated individually in this study. Their segrega-

tion pattern showed the presence of two putative haplotype blocks. The SNP genotyping results identified the presence of robust

and reliable Pita and Pi54 alleles that were also validated by blast disease resistance in the field screening. Their segregation pattern

shows the presence of two putative haplotype blocks, each for Pi54 (Pi54-4 to Pi54-11) and Pita (Pita-10 to Pita-3). The two SNPs for
Pi54 are 225 kb apart and co-segregating. The two SNPs for Pita, are 195 kb apart and also co-segregating. Additionally, Pi54 and Pita

were mapped using SNP markers. Qgene analysis revealed QTLs for Pi54 on chromosome 11 and Pita on chromosome 12 in the 4-way
F4 individuals. Both QTLs were identified with a LOD score of 14 with phenotypic variations of 56.6% and 72.4% for Pi54 and Pita
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respectively. However, the QTLs could not be detected with a good LOD score in 4-way F1 individuals. The reason for this might be the
low population size or the early stage of segregation. Pi54 was mapped to a region of 312 kb on chromosome 11 flanked by SNPs Pi54-

3 and Pi54-19 with a phenotypic variance of 56.6%, while Pita was mapped to a region of 175 kb on Chromosome 12 flanked by SNPs
Pita-10 and Pita-3 with a phenotypic variance of 72.4%.

Conclusion

It can be concluded that this 4-way population showed good resistance to blast and can be deployed in marker assisted breeding

and gene pyramiding studies. This population also showed the resistant alleles for SNPs representing Pi54 and Pita on chromosome
11 and 12 respectively with LOD score of 14 each with phenotypic variations of 56.6% and 72.4% for Pi54 and Pita respectively. Pi54

was mapped to a region of 312 kb on chromosome 11 flanked by SNPs Pi54-3 and Pi54-19. Pita was mapped to a region of 175 kb on

Chromosome 12 flanked by SNPs Pita-10 and Pita-3. Thus, these two genes are reliable for use in marker-assisted selection. These

set of SNPs were also used for identifying a total of nine sequence variants within SNP alleles for genes contributing resistance to M.
oryzae. These sequence variations showed the presence of two putative haplotype blocks. Additionally, the gene expression of both

candidate genes, Pi54 and Pita, should be investigated using RT-PCR techniques to verify if these sequence variants can be characterised as haplotype blocks and used in the selection process for marker-assisted breeding programmes.

The new resistance alleles identified would prove to be great resource for blast resistance breeding programmes. Resistance to

blast is highly race-specific. Some cultivars may show resistance to certainraces of the pathogen but get infected by other races due
to the breakdown of blast resistance. Therefore, periodic new races of the pathogen need to be re-examined to ensure that the known
sources of blast resistance are still resistant to the new isolates.
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