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Abstract

Rice blast disease is one of the most disastrous diseases causing significant losses to the crop. In the humid weather conditions
of north-eastern Himalayan region, the situation is highly devastating as the climate is very favorable to the fungus Magna-
porthe oryzae. Development of resistant rice varieties is the most effective, economical, and environment-friendly way to
control this disease. The study aimed to identify novel sources of resistant donor using agro-morphological and gene-based
markers for their utilization in development of blast-resistant varieties with high yield potential. Phenotypic evaluation has
classified the hundred landraces into resistant (13), moderately resistant (43), moderately susceptible (24), and susceptible
(20). Fifty-nine genotypes were found to carry genes responsible for blast resistance, either singly or in combination. The
genotype MN-62 was found to have a blast score of zero in field screening. The genetic frequencies of the major blast resist-
ance genes ranged from 28 to 97%. The cluster analysis grouped the landraces into three major groups. Additionally, the
association between blast genes was computed with blast score using a general linear model (GLM) and mixed linear model
(MLM), revealing that the markers AP4007, AP56595, C1454, and RM208 were found to be associated with the trait. The
landraces with six blast R-genes like Nungshang Phou, Ratkhara, Anandhi, RCPL 1-44, Ching Phou Khong Nombi, MN-31,
Rona Yang, and RCPL-128 were also superior for agro-morphological traits. Similarly, the landraces MN-62, Tara Bali,
Rato Bhan Joha, MN-47, RCPL 1-411, and CAU-R1 were promising regarding yield and blast resistance. The resistant lines
with various combinations of blast resistance genes can be utilized for introgression of genes into the commercial varieties
for durable resistance using marker-assisted backcrossing.
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Introduction

Northeast India constituted one of the richest reservoirs for
genetic resources in agri-horticultural crops. Biotic as well
as abiotic stresses often led to low productivity of rice in this
region (Das et al. 2011). Of the various biotic factors limiting
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the rice production system and productivity, blast disease con-
tinue to be an enigmatic problem in all rice ecosystems causing
crop losses or yield gap especially in upland rice ecosystem in
the humid rice-growing areas of India (Annegowda et al. 2021).
The region is reported to be endemic to rice blast causing
yield loss ranging from 40 to 46% (Ngachan et al. 2011). The
evolution of new pests and diseases has caused a yield reduc-
tion in different crops that have been investigated over time
(Evans 1993; Tonnang et al. 2022), and this decline is due to
the devaluation of germplasm due to newly evolving strains of
pathogens. More than 5% of yield loss is consistently caused by
more than 70 diseases caused by various biotic factors, namely,
fungi, bacteria, microbes, and nematodes (Namrata et al. 2019).
Blast disease, due to its wide distribution and ability to survive
in various environmental conditions, is the most detrimental
biotic stress, severely affecting rice productivity. Magnaporthe
oryzae, a non-obligate filamentous ascomycete, the culprit
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behind rice blast, is causing significant yield losses that range
from 10 to 30% every year (Sakulkoo et al. 2018). Landraces,
chosen by farmers, possess genes for local adaptation and thus
exhibit equilibrium with the environment and pathogens and
are genetically dynamic (Harlan 1975). These lines, while being
less productive, are known to carry sizeable genetic variance for
several biotic stresses and, thus, could be effectively utilized for
rice improvement (Hanamaratti et al. 2008). The landraces from
Northeast (NE) India, being very diverse, are anticipated to
exhibit significant genetic variability for various biotic stresses,
including the rice blast. Blast resistance has not yet been char-
acterized systematically for NE Indian rice landraces. Due to
the continual evolution of novel pathogenic variants by this
genetically diverse pathogen constantly changing, many blast-
resistance genes need to be introgressed. For this, the various
rice landraces native to this particular region may serve as a
valuable source for identifying and mining novel blast R-genes,
as numerous lines show complete and/or partial blast resistance.

Through map-based cloning, 22 blast resistance genes
have been isolated, including Pib, Pita, Pi54 (Pikh), Pi9,
Pid2, Pi2, Piz-t, Pi36, Pi37, Pik-m, Pi5, Pid3, pi2l, Pit, Pbl,
Pish, and Pik (Rama Devi et al. 2015). To date, more than
125 blast resistance genes have been discovered in Japonica
(45%), Indica (51%), and other genotypes (4%) (Shikari et al.
2014). In the current study, phenotyping was carried out for
blast resistance vis-a-vis yielding ability of landraces. Gene
profiling and phenotyping for the major blast genes have led
to the conclusion that the many genotypes had a consider-
able source of resistance genes (Hosahatti et al. 2023). To
strengthen and develop a goal-oriented breeding program on
blast resistance, marker—trait association for blast resistance
was assessed in 100 local germplasm. As more than 30 of the
approximately 100 blast resistance genes have already been
cloned and analyzed at the sequencing level (Sharma et al.
2012; Wang et al. 2022), the information could be harnessed
by using gene-based markers for the selection of lines having
resistant genes. Blast resistance genes like Pi9 (Wang et al.
2013) and Pi54 (Sharma et al. 2005) have a broad resistance
spectrum, and others, like Pita in the US, have given immu-
nity against the dominant racial groups in particular places.
Diverse genotypes with various combinations of blast genes
with a resistant reaction in the field may offer a wide scope
in a breeding program to evolve multiple disease-resistant
varieties combined with high yield potential. Hence, the cur-
rent study sought to explore the presence of genes governing
blast resistance in various germplasm of India’s north-eastern
hill region using gene-based/linked microsatellite markers
and assess the effect of various gene combinations on blast
resistance vis-a-vis to evaluate rice germplasm for their yield
potential. The identified germplasm with superior gene com-
binations will play a pivotal role towards development of
varieties with higher yield and blast resistance.
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Materials and Methods
Experimental Field and Climatic Description

The study was conducted at Plant Breeding Farm, ICAR-
RCNEH Umiam, Meghalaya, situated at a latitude of 25°
41" 8.13" north and longitude of 91° 54’ 59.082" east and
an altitude of 965 m above mean sea level. The climatic
condition of the region as a whole is sub-tropical humid,
having warm summer and cold winter. The mean tempera-
ture (19.19 °C), average rainfall (383.57 mm), and relative
humidity (85.29%) during the entire crop growth period,
i.e., June to December 2021 and 2022, were observed. The
average number of rainy days was 15.43 days per month,
whereas the average sunshine hours were 5.75 during the
entire crop growth period. The soils of the experimental
field were acidic, with a pH of 5 to 5.3 and very little avail-
ability of nutrients (Supplementary Table 1).

Plant Materials and Experimental Design

A set of 100 landraces, collected from the north-eastern
states of India, along with five checks (Shahsarang, MTU-
1010, Swarna, Shahbhagi Dhan, and Sakurd Dhan) were
used for the present study. Blast susceptible lines were also
sown at regular intervals as a source of inoculum for blast
disease. The landraces were planted in an augmented design
with 4 blocks and 5 checks in upland field conditions during
kharif 2021 and 2022 to ensure a sufficient degree of free-
dom. The landraces were screened morphologically for leaf
blast using the “leaf blast score scale” from 0 to 9 (Singh
et al. 2013).

Culture Preparation and Inoculation

The blast fungus was cultured under sterile lab conditions
for artificial inoculation. Spores were harvested by flood-
ing the plates with sterile distilled water and scrapping the
growth with a spatula. The spore suspension was adjusted to
the desired concentration of 1 10° spores/ml with the help
of a hemocytometer, and a drop of a surfactant (Tween 20)
was added to ensure the uniform dispersal of spores. The
suspension was used for field inoculations. Thirty-day-old
seedlings were inoculated by spraying the inoculum (1 x 10°
spores/ml) on the foliage using a Knapsack power sprayer
in the evening.

Field Screening
The landraces were screened morphologically for blast
lesions in upland conditions. The screening for the blast was
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performed at an interval of 10-15 days, starting from seed-
ling till the maturity stage. Scoring for leaf blast disease was
done under natural field conditions (upland) from O to 9
using the leaf blast score scale. The range from 0 to 3 was
considered resistant, and 7-9 fell under susceptible type,
while 4—6 varied from moderately resistant to moderately
susceptible (IRRI 2013; Singh et al. 2013). Susceptible
genotypes, namely, Manipur, Pnah long, Rukezie, and Ranga
bora, identified in previous studies, were planted at succes-
sive intervals for evaluating the genotypes and spreading the
inoculum. Further, the percent disease index was calculated
from the scoring data. Percent disease index was calculated
based on scores as follows (Villareal and Lantican 1965)

(No. of plants x Grade) summed over all grades

these genes, namely, AP4007, AP56595, C1454, PiS4MAS,
PIBDOM, RM208, RM224, YL153/154, YL155/87, and
MSM1, were used for studying the marker—trait associa-
tion. Scoring was done based on the resolution of bands in
3.5% agarose gel. The PCR products were analyzed in gel
electrophoresis using 100 bp DNA ladder, and the gels
containing DNA bands were visualized in the Bio-Rad
Gel Documentation System using Quantity One soft-
ware. The presence of these resistance genes was detected
among the landraces and checks studied by comparing
the marker allele data with already reported allele size
for resistant reaction.

Percent Disease Index =

x 100

Total no. of plants examined x Highest grade

Agro-morphological Characterization of Landraces

The landraces were grown in the augmented block with a
spacing of 20 cm between each row and 15 cm between
plants. Four rows for each landrace were sown, and the data
were recorded for five randomly selected plants on various
traits like days to 50% flowering, days to 80% maturity, plant
height (cm), number of effective tillers per plant, panicle
length (cm), total number of spikelets per panicle, number of
filled grains per panicle, number of chaffy grains per pani-
cle, spikelet fertility percentage (%), biological yield (g), test
weight (g), harvest index (%), yield per plant (g), and yield
per ha (kg/ha) (Fig. 2).

Genomic DNA Isolation

The leaves were collected from plants of each genotype from
the field at a very early stage of their growth (30-35 days
after planting). The leaves were collected in aluminum
foils, immediately kept in the icebox, and stored at —20 °C
until further use. Plant DNA was extracted using the CTAB
(cetyltrimethylammonium bromide) method (Doyle and
Doyle 1987). DNA sample concentration was determined
using a Nanodrop 2000 (Thermo Fisher Scientific) fol-
lowed by 0.8% ethidium bromide-stained agarose gel
electrophoresis.

Gene Profiling

PCR analysis was done for landraces and checks to identify
the presence of seven major known blast resistance genes,
namely, Pi54, Pib, Pi2, Pi5, Pita2, Pil, and Pi9, using previ-
ously reported candidate/gene-based markers associated with
these major blast R-genes (Supplementary Table 2). These
genes were located on chromosomes 2 (Pib), 6 (Pi2), 9 (Pi5
(1), 11 (Pi54, Pil), and 12 (Pita2). Ten markers linked to

Statistical Analysis
Morphological Traits

The data was recorded for 100 genotypes and five checks
for agro-morphological traits for 2 years during kharif 2021
and 2022. The data was averaged and analyzed as per the
design for working out different genetic variability param-
eters, ANOVA (augmentedRCBD package) and correlation
(corr package) using R 4.2.1 software.

Marker-Trait Association Using SSR Markers

The association tests between the marker and the traits in
the population were run based on two models, general lin-
ear model (GLM) and mixed linear model (MLM), using
TASSEL 5.0 software. The MLM was performed using the
Kinship file generated from genotypic data and the Q matrix
generated by running population structure at optimized K
value to minimize the false positive associations (Yu et al.
2006; Gupta et al. 2014). The significant marker—trait asso-
ciation was determined by P <0.05 and the magnitude of the
QTL effects by marker R?.

Results
Agro-morphological Characterization

Identification of candidate germplasm based on yield
potential vis-a-vis resistance to blast disease is of para-
mount importance. Their deployment as valuable donors
in the breeding of blast-resistant rice varieties and new
sources for novel blast-resistant genes can augment
the productivity of rice in the NEH region of India.
The selected genotypes and five checks (Shahsarang,
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Table 1 Estimates of genetic Traits  Mean  SE Min Max CV  GCV PCV kY  GAM

parameters for yield and yield

component traits in 100 rice DFF 114.63 0.66 9500  130.00 428 470 633  55.07 7.19

genotypes DM 146.65 0.65 12700 166.00 477 396 513 2457 454
PH 95.69 2.14 56.00  153.70 551 2443 2502 9533 4921
NET 7.57 2.33 3.80  15.00 1424 1553 3000 2681  16.57
PL 19.94 0.22 1320  26.83 558 1142 1271 8076  21.18
TSP 102.01 3.28 3267  263.00 1518  32.69 3607 8213  61.11
FGP 65.36 2.62 8.67 143.00 2811 31.07 4220 5421  47.20
CGP 33.38 1.49 840 8633 4048 2491 4619  29.09 2772
SFP 63.80 1.57 20.00  99.37 30.24 8.81  31.50 7.82 5.06
BIOY 17.57 0.68 520  41.00 3125 2856 4222 4575 3985
TW 17.63 0.49 179 3037 1070 29.10  31.02  88.01  56.32
HI 23.75 1.04 159 4734 3599  31.05 4855 409 40.97
YPP 4.52 0.34 027  15.09 4225 5586 7224  59.81  89.13
PYKG  1590.88  121.51 46.67 4670 3787 3150 3372 874 60.72

DFF days to 50% flowering, DM days to 80% maturity, PH plant height (cm), NET number of effective
tillers per plant, PL panicle length (cm), TSP total number of spikelets per panicle, FGP number of filled
grains per panicle, CGP number of chaffy grains per panicle, SFP spikelet fertility percentage (%), BIOY
biological yield (g), TW test weight (g), HI harvest index (%), YPP yield per plant (g), PYKG yield per ha
(kg/ha), SE standard error, CV coefficient of variation, GCV genotypic coefficient of variation, PCV phe-
notypic coefficient of variation, 4, heritability in broad sense, GAM genetic advance as percent of mean

MTU-1010, Swarna, Shahbhagi Dhan, and Sakurd Dhan)
were characterized for various yield attributing traits and
the genetic variability parameter, viz., mean, standard
error, minimum, maximum, coefficient of variation, phe-
notypic coefficient of variation (PCV), genotypic coef-
ficient of variation (GCV), heritability (broad sense),
and genetic advance as percent of mean for all the 14
characters studied, are furnished in Table 1. This study
helps us to understand whether the nature of variability
in the genotype is genetic or environmental and helps to
determine the heritable nature of those traits. The yield
per plant varied significantly from 0.27 to 17.18 g, with
a mean of 4.78 g (Fig. 1). The lowest yield per plant was
recorded for the genotype Kunta Mah (0.27 g), followed by
Machang Kaoyeing (0.47 g) and Shamphai (0.47 g), and
the highest yield per plant was recorded for the genotype
CAU R1 (17.18 g) followed by Shahsarang (16.3 g) and
Phehsa (15.09 g). The values for genotypic (55.86) and
phenotypic (72.24) coefficient of variation were observed
to be high for this trait coupled with moderate heritability
estimates of 59.81% and high genetic advance as a percent
of the mean (89.13). As far as spikelet fertility percent-
age is concerned, the low genotypic (8.81) and high phe-
notypic (31.50) coefficient of variation was observed for
this trait coupled with low heritability estimates of 7.82%
and low genetic advance as percent of mean (5.06). Traits,
namely, plant height (24.43, 25.02), total number of spike-
lets per panicle (32.69, 36.07), number of filled grains
per panicle (31.07, 42.20), test weight (29.10, 31.02), and
harvest index (31.05, 48.55), have shown higher value
for the genotypic and phenotypic coefficient of variation.

@ Springer

Likewise, panicle length (80.76), total number of spikelets
per panicle (82.13), and test weight (88.01) have high her-
itability values >80%. As far as genetic advance over mean
is concerned, plant height (49.21), panicle length (21.18),
total number of spikelets per panicle (61.11), number of
filled grains per panicle (47.20), test weight (56.32), and
harvest index (40.97) were found to have higher values. It
can be inferred that these traits were having a low envi-
ronmental impact on the expression of these traits, and
selection would be fairly helpful for plant breeders to make
effective and easy selection.

Analysis for Variance for Agronomic Traits

Analysis of variance was done using augmentedRCBD pack-
age in R 4.2.1. The data recorded for the yield and yield
attributing traits was subjected to analysis of variance for
augmented randomized complete block design to test the
significant difference among the genotypes for all the traits.
Significance at P <0.05 and P <0.01 was considered for
assessing the significance of variability. ANOVA for all
traits studied revealed that there was a presence of signifi-
cant and considerable variation among landraces except for
the traits like the number of effective tillers and spikelet
fertility (Table 2).

Association Among Agro-morphological Traits

Pearson correlation was calculated among different traits
to assess the nature of association among the yield and its
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Fig.1 A violin and box plot for agro-morphological traits in rice
germplasm. DFF=days to 50% flowering, PH=plant height (cm),
NET =number of effective tillers per plant, PL =panicle length (cm),
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TSP=total number of spikelets per panicle, FGP =number of filled
grains per panicle, YPP=yield per plant (g), TW =test weight (g),

and HI=harvest index (%)

Table 2 Analysis of variance for yield and yield component traits in rice genotypes

Source DF DFF DM PH NET PL TSP FGP

Block (ignoring treatments) 3 331.47% 366.87° 1388.46* 11.935 19.62% 4937.35% 2042.35%
Treatment: check 4 36.3 33.05 819.79° 5.413 5.52° 1067.88° 1344.74°
Treatment: test and test vs. check 116 52.21 55.71 569.05° 5.237 5.88% 1201.8? 685.85
Treatment (ignoring blocks) 120 57.63* 63.48 611.26* 5.476 6.35? 1310.03* 746.93
Treatment: test 115 52.89 56.71 575.14* 5.526 6.43% 1323.55% 731.96
Treatment: test vs. check 1 687.11% 963.53% 3931.23% 0.043 0.01 723.73 77.71
Residuals 12 23.77 48.45 26.87 3.786 1.24 236.45 335.2
Source DF CGP SFP BY ™ HI YPP PYKG
Block (ignoring treatments) 3 491.37 118.81 108.85° 8.31 387.35° 40.83* 8543645.83*
Treatment: check 4 1031.3* 802.53 10.11 10.14 321.05° 5.81 1446656.93°
Treatment: test and test vs. check 116 248.71 251.02 53.47 28.77% 124.61 13.76° 1722291.85%
Treatment (ignoring blocks) 120 278.33 266.43 5291 28.26" 139.49 13.3° 1906007.51*
Treatment: test 115 253.79 248.46 53.91 29.1* 129.79 10.97° 1926870.77*
Treatment: test vs. check 1 88.04 188.28 109.16 4.01 528.47° 311.93? 1344135.31
Residuals 12 179.97 376.21 29.24 3.49 76.7 4.41 383641.12

MSS values have been given for each trait

DF degree of freedom, DFF days to 50% flowering, DM days to 80% maturity, PH plant height (cm), NET number of effective tillers per plant,
PL panicle length (cm), TSP total number of spikelets per panicle, FGP number of filled grains per panicle, CGP number of chafty grains per
panicle, SFP spikelet fertility percentage (%), BIOY biological yield (g), TW test weight (g), HI harvest index (%), YPP yield per plant (g), PYKG

yield per ha (kg/ha)
Significance at 1%

bSignificance at 5%
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Table 3 Estimates of correlation for yield and yield component traits in rice genotypes

DM PH NET PL TSP FGP CGP BIOY T™W HI YPP

DM 1 —0.045 -0.237% —0.184° -0.378* —0.328* -0.154 —-0.207° —0.161 —0.407° -0.365*
PH 1 0.066 0.629% 0.388% 0.302* 0.272% 0.410* —0.038 —0.244% 0.093
NET 1 0.174 0.176° 0.238* 0.019 0.286% 0.008 0.185° 0.343%
PL 1 0.548% 0.571* 0.173 0.506% 0.093 0.215° 0.413*
TSP 1 0.750* 0.454% 0.405% 0.041 0.338* 0.488*
FGP 1 -0.112 0.475% 0.205° 0.604* 0.729*
CGP 1 0.082 -0.182° -0.244 -0.121
BIOY 1 0.073 0.132 0.679*
TW 1 0.487% 0.409*
HI 1 0.748*
YPP 1

DFF days to 50% flowering, DM days to 80% maturity, PH plant height (cm), NET number of effective tillers per plant, PL panicle length (cm),
TSP total number of spikelets per panicle, FGP number of filled grains per panicle, CGP number of chaffy grains per panicle, BIOY biological
yield (g), TW test weight (g), HI harvest index (%), YPP yield per plant (g)

#Significance at 1%

bSignificance at 5%

component traits. This would give predictive information for
selecting elite genotypes from diverse genetic populations
to enhance overall productivity. The correlation estimates
are presented in Table 3. Correlation analysis revealed that
the yield per plant was significantly correlated with various
yield-related traits. Positive and highly significant correla-
tions with the harvest index (0.748) followed by number
of filled grain per panicle (0.729), biological yield (0.679),
total number of spikelets per panicle (0.488), panicle length
(0.413), test weight (0.409), and the number of effective
tillers per plant (0.343) were observed. Other traits, such as
plant height and number of chaffy grain per panicle, showed
a non-significant correlation whereas plant height was posi-
tively correlated (0.093).

Fig.2 Characteristic symptoms
observed on leaves with differ-
ent scale of scoring (0-9 scale)

@ Springer

Leaf Blast Phenotyping

Scoring was done on a scale of 0-9 (Fig. 2). Readings for
leaf/neck blast were taken at five different times during the
crop growth period. The first reading was taken 30 days after
sowing, followed by 45, 60, 75, and 90 days after sowing.
The average score of the five readings was taken for the
analysis. Several genotypes showed a susceptible reaction in
the early stage but gradually overcame the pathogen attack
and showed a moderately resistant response, while several
others were not attacked by the pathogen in the early stage
but later developed the disease symptoms and showed a sus-
ceptible reaction. A 0-9 leaf blast score scale standardized
by IRRI was used to classify the landraces based on the level

A
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of resistance. The mean score of resistant genotypes ranged
from O to 3, while for susceptible, it ranged from 7 to 9. It
was evident that out of 100 genotypes screened, only one
landrace showed high resistance with a disease score of 0,
whereas 10 (resistant) with a disease score of 1, 48 (moder-
ately resistant) with a disease score of 2—-3, 28 (moderately
susceptible) with disease score of 4-6, 11 (susceptible) with
disease score of 7, and 4 (highly susceptible) with disease
score of 8-9 were observed. Among the checks, MTU-1010
was resistant with a disease score of 1, while Shahsarang,
Swarna, Shahbhagi Dhan, and Sakurd Dhan were moder-
ately resistant with a disease score of 2—-3 (Table 4). The
results obtained from the disease score and disease index
showed that most of the genotypes were moderately resistant
(Table 5, Fig. 3).

Genetic Profiling with Gene-Based Marker

PIBDOM, YL153/154, and YL155/87 are dominant markers
and scored for the presence or absence of allele. In contrast,
the other seven markers are co-dominant markers and scored
according to the already reported allele size for resistant
reaction. The list of markers, along with their association
with blast genes and resistant allele information, is pro-
vided in Table 6. All the genotypes, along with checks, were
screened for the presence of a resistance gene with these
ten-blast gene-based markers, and it was found that they
had at least one blast resistance gene. Gel electrophoresis
pattern of genotypes for blast gene based markers is repre-
sented in Fig. 4. The gene profiling of landraces revealed
that the Pib gene was found in all the landraces studied,
followed by Pita2 gene in 72 (72%) landraces, while the

Table 4 Classification of rice genotypes based on blast scores

Pi54 and Pil genes were present in 28 (28%) and 29 (29%)
landraces, respectively. Out of the total, six lines, namely,
MN-36, Ratkhara, Ching Phou Khong Nembi, MN-68,
RCPL 1-110, and RCPL 1-44, showed amplification for
the maximum number of gene-based markers, i.e., 7 out of
10 gene-based markers followed by 13 landraces, namely,
MN-56, Makhara, Naga Phou, Sijali, Nungshang Phou,
Anandhi, RCPL 1-103, MN-31, Chamra Phou, Rona Yang,
RCPL 1-127, KMP-34, and RCPL-128 with amplification
for six gene-based markers. The genotypes Niphuthokpi,
Ramphiatama, and Shahsarang showed amplification for
only one gene-based marker (Table 7).

The genotypes with three R-genes showed a low blast
score and percent disease index compared to those with two
R-genes and a single R-gene. The landraces with Pi54 gene
in all three/four/five gene combinations were found to be
more effective than the other combinations (Table 8).

Similarly, the genotypes with four R-genes showed a low
blast score and percent disease index compared to those with
three R-genes. The genotypes such as Naga Phou, Ching
Phou Khong Nembi, Nungshung Phou, and Ratkhara were
found to be more frequent in the four R-gene combinations
(Table 9).

One hundred landraces were used to find the association
between the marker and trait studied using the general linear
model (GLM) and mixed linear model (MLM) through TAS-
SEL 5.0 software based on the P value for each marker. Four
marker—trait associations with a significant P value of less
than 0.05 were observed. In the general linear model (GLM),
one marker AP56595 present on chromosome 6 showed an
association with leaf blast with a significant P value of 0.03,
and at this location, blast gene Pi2 was reported. Another

Blast score  Genotypes
0 MN-62
Charang phou, RCPL 1-110, CK-2, MN-47, RCPL 1-411, Tsamum firri, MN-3, KMP-34, Machang Kaoyeing, Naga Phou, Rona
yang
2 Dharmali-2, Kong Youh, RCPL 1-124, Anandhi, Sasya Shree, KD, KD-2-6-3, Koite, Makhara, MN-36, Ramphiatama, Tara Bali,

Kon Joha, Makhara Masuta, MN-50, Pumpha mah, Rato Bhan Joha, RCPL-128, Rukobe-Jo, CK-4, Ching Phou Khong Nembi,
RCPL 1-82, CK-5, Sanayanbi, CK-3, Noin, RCPL 1-44, Ratkhara

3 RCPL 1-127, Them Youh Khangru, Chamra Phou, Chingtus Makarei, Land Tanggi Tusk, RCM-16, CK-1, CAU-R1, MN-55,
Nungshang Phou, Ching phou, gum rice, Itanagar, Japani, MN-68, Niphuthokpi, Pnah long, WR-3-2-1, Khyariam, Nuknyie,

Shampbhai, Sijali, Priya, Tampha Phou

4 Joha, K-2, Phouren, Phouren Keichang, Phouren mubi, RCM-11, RCPL 1-114, Chakhao Amubi, Phehsa, RCPL 1-103, RCPL
1-104, Kalinga-3, Nanyani-11, RCPL 1-111, Ruchitra, Daram Phou, Khongnem, MN-56, Wainem
5 Mutruk, KBA 500-2, Kokna Bao, Khyrvlait, Manabe, K-20
RCM-10, land rice maring, Kunta Mah
7 Jyotrirmayie, Champaramah, Ranga bora, Chakhao, Ching phou, Asupa, China-1, Nekara-1, KD-62, Ching Phouren, Chakhao
angouba

Haorei Machang, MN-31, Lang phou pamphai
Hundung Ukhrul
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Fig. 3 Distribution of genotypes based on a blast score and b disease index

marker, C1454 present on chromosome 9 gene, showed an
association with leaf blast with a significant P value of 0.025,
and at this location, blast gene Pi5 was reported. In the mixed
linear model (MLM), one marker, namely, AP4007, present
on chromosome 6 showed an association with leaf blast with
a significant P value of 0.000372, and at this location, blast
gene Pi2 was reported. RM208 linked to the Pi2 gene was
also associated with the blast resistance in the current set of
genotypes (Table 10.). Allelic variation among rice genotypes
based on gene-based markers is shown in Fig. 4.

Clustering of Genotypes Based on Blast
Gene-Based/Linked Markers

The rice genotypes were further grouped into three major
clusters based on blast gene-based/linked markers (Fig. 5).
Cluster I had the maximum number of genotypes (54

genotypes), representing 52% of the population, followed
by cluster III (28 genotypes), which represents 27% of the
total population and cluster II with 23 genotypes represent-
ing only 22% of the total population. The majority of geno-
types in cluster III were found to possess five resistant genes
with Pita2 and Pib as common genes, whereas cluster II had
genotypes with four genes with Pi2 as a common gene.

Discussion

The ability of Magnaporthe species to evolve into new
pathotypes within a short period has resulted into consider-
able variability in the M. oryzae population of India (Prasad
et al. 2011). Thus, the biggest challenge for rice breeders is
the breakdown of resistance in existing rice varieties over
the years. Although several control measures of blast disease

Table6 Amplified product size Markers R-gene Resistant allele Chromosome  Reference

of gene-based markers no
AP4007 Pi2 186 bp 6 Fjellstrom et al. 2006
MSM1 Pi2 190 bp 11 Arunakanthi et al. 2008
AP56595 Pi9 279 bp 6 Fjellstrom et al. 2006
C1454 Pi5 750 bp 9 Jeon et al. 2003
Pi54MAS Pi54 216 bp 11 Ramkumar et al. 2011
Pibdom Pib 365 bp 2 Roy Chowdhury et al., 2012
RM208 Pib 170 bp 2 Roy Chowdhury et al., 2012
RM224 Pil 140 bp 11 Hittalmani et al. 2000
YL153 Pita2 440 bp 11 Hossain et al. 2018
YL155 Pita2 1042 bp 11 Imam et al. 2014
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«Fig.4 Gel electrophoresis patterns of rice germplasm for blast gene-
based markers

are employed at the field level, the most efficient and cost-
effective method for managing blast disease has been the
development of resistant cultivars. However, the distribu-
tion of major blast-resistant genes has yet to be extensively

investigated in north-eastern landraces. In the study, a set of
100 genotypes were evaluated, and it was observed that the
majority of the genotypes were moderately resistant at the
field level, with a blast score of 2 to 3 and a percent disease
index of 20-40% (Fig. 2). The same result has also been
observed by ManojKumar et al. (2020) after a screening of
82 genotypes, with a score of 2 to 3 and moderate resistance

Table 7 Classification of genotypes having the resistant alleles for R-gene markers

Gene Marker Genotypes

P2 MSM1

Sasya Shree, Rato Bhan Joha, Joha, Land Tanggi Tusk, Haorei Machang, RCM-11, Nanyani-11, MN-36, Nungshang Phou,

Ruchitra, Pnah long, Champaramah, RCPL 1-103, RCPL 1-111, Pumpha mah, Chamra Phou, Ching Phou Khong Nombi,
Rona yang, Lang phou pamphai, Daram Phou, Phouren mubi, Shamphai, MN-68, RCPL 1-127, RCPL 1-124, RCPL
1-110, RCPL 1-411, Dharmali-2, Kunta Mah, Ranga bora, Kokna Bao

AP4007
Pi9  AP56595

MN-56, Makhara Masuta, Nekara-1, Chakhao angouba, MN-31, Chamra Phou, gum rice, KMP-34, Chakhao
MN-56, MN-36, WR-3-2-1, Kong Youh, Sijali, Nungshang Phou, Them Youh Khangru, Anandhi, Chakhao angouba,

Champaramah, Charang phou, RCPL 1-44, gum rice, Hundung Ukhrul, Itanagar, Jyotrirmayie, Kalinga-3, KBA 500-2,
KD-62, Khongnem, Khyariam, Khyrvlait, KMP-34 Koite, Kong Youh, Lang phou pamphai, Manabe, MN-36, MN-56,
MN-68, Mutruk, Nungshang Phou, Phehsa, RCM-16, RCPL 1-103, RCPL 1-104, RCPL 1-110, RCPL 1-124, RCPL
1-127, RCPL 1-411, RCPL 1-82, RCPL-128, Sanayanbi, Them Youh Khangru

Pi5  Cl1454

CK-4, CK-5, Chakhao Amobi, K-2, K-20, Makhara, Nanyani-11, MN-36, Priya, Noin, Naga Phou, Sijali, Nungshang Phou,

Them Youh Khangru, Ruchitra, Tara Bali, Nuknyie, Manabe, Anandhi, Kalinga-3, Jyotrirmayie, Champaramah, Khong-
nem, MN-47, MN-50, MN-55, MN-62, RCPL 1-114, RCPL 1-111, China-1, MN-31, Wainem, Tampha Phou, Ratkhara,
Hundung Ukhrul, Pumpha mah, Chamra Phou, Ching Phou Khong Nombi, gum rice, land rice maring, Daram Phou,
RCM-10, Chakhao, Phouren, KD, KD-2-6-3, Koite, RCPL-128, Tsamum firri, Dharmali-2, Kunta Mah, RCPL 1-44

Pi54 Pi54 MAS

Sasya Shree, Rato Bhan Joha, Kon Joha, Joha, Chakhao Amobi, Makhara, Naga Phou, Sijali, Nungshang Phou, Manabe,

Pnah long, Chakhao angouba, MN-47, RCPL 1-82, RCPL 1-103, Ratkhara, Ching Phou Khong Nombi, Rona yang, Lang
phou pamphai, Mutruk, MN-68, RCPL 1-110, RCPL 1-411, Charang phou, KMP-34, RCPL-128, CAU-R1, Chakhao

Pib  PIBDOM

CK-1, CK-2, CK-3, CK-4, CK-5, Rato Bhan Joha, Rukobe-Jo, Kon Joha, MN-56, Joha, Land Tanggi Tusk, Chakhao Amobi,

K-2, K-20, Makhara, Haorei Machang, Nanyani-11, MN-36, Priya, Naga Phou, MN-3, WR-3-2-1, Machang Kaoyeing,
Kong Youh, Makhara Masuta, Chingtus Makarei, Phouren Keichang, Sijali, Nungshang Phou, Them Youh Khangru,
Ruchitra, Nekara-1, Tara Bali, Japani, Nuknyie, Manabe, Pnah long, RCM-16, Anandhi, Khyrvlait, KBA 500-2, Phehsa,
Khyariam, Kalinga-3, Jyotrirmayie, Itanagar, Chakhao angouba, Champaramah, Khongnem, Ramphiatama, MN-47,
MN-50, MN-55, MN_62, RCPL 1-114, RCPL 1-82, RCPL 1-103, RCPL 1-111, China-1, MN-31, Wainem, Tampha
Phou, Ratkhara, Asupa, Ching Phouren, Hundung Ukhrul, Pumpha mah, Chamra Phou, Ching Phou Khong Nombi, Rona
yang, gum rice, land rice maring, Lang phou pamphai, KD-62, RCPL 1-44, Niphuthokpi, Daram Phou, Phouren mubi,
RCM-10, Mutruk, Chakhao, Shamphai, Phouren, KD, Ching phou, Sanayanbi, KD-2-6-3, Koite, MN-68, RCPL 1-127,
RCPL 1-124, RCPL 1-104, RCPL 1-110, RCPL 1-411, Charang phou, KMP-34, RCPL-128, CAU-R1, Tsamum firri,

Dharmali-2, Kunta Mah, Ranga bora, Kokna bao
CK-4, Rukobe-Jo, MN-56, MN-36, MN-3, Nungshang Phou, Them Youh Khangru, Tara Bali, Japani, KBA 500-2, Phehsa,

RM208

Champaramah, RCPL 1-82, Ratkhara, land rice maring, RCPL 1-44, Mutruk, MN-68, RCPL 1-127, RCPL 1-104, RCPL

1-110, Chakhao
Pil  RM224

Makhara, Naga Phou, Machang Kaoyeing, Phouren Keichang, Manabe, Anandhi, Khyrvlait, KBA 500-2, Phehsa, Chakhao

angouba, Khongnem, MN-55, RCPL 1-82, RCPL 1-103, MN-31, Ratkhara, Chamra Phou, Ching Phou Khong Nombi,
Rona yang, Lang phou pamphai, Mutruk, Chakhao, KD, Sanayanbi, Charang phou, CAU-R1, Ranga bora, Kokna Bao,

RCPL 1-44

Pita2 YL153/154 CK-2, CK-3, CK-5, Sasya Shree, Rato Bhan Joha, Rukobe-Jo, Kon Joha, MN-56, Land Tanggi Tusk, Chakhao Amobi, K-2,
K-20, Makhara, MN-36, Priya, Noin, Naga Phou, MN-3, WR-3-2-1, Machang Kaoyeing, Kong Youh, Makhara Masuta,
Chingtus Makarei, Sijali, Ruchitra, Nekara-1, Tara Bali, Nuknyie, Anandhi, Khyrvlait, Phehsa, Kalinga-3, Jyotrirmayie,
MN-47, MN-50, MN-31, Wainem, Tampha Phou, Ratkhara, Pumpha mah, Ching Phou Khong Nombi, Rona yang, land
rice maring, KD-62, Daram Phou, Shamphai, KD-2-6-3, MN-68, RCPL 1-127, RCPL 1-124, RCPL 1-104, RCPL
1-110, KMP-34, RCPL-128, CAU-R1, Dharmali-2, RCPL 1-44

YL155/87 CK-2, CK-3, CK-5, Sasya Shree, Rato Bhan Joha, Kon Joha, MN-56, Joha, Land Tanggi Tusk, Chakhao Amobi, K-2,
K-20, Makhara, RCM-11, Nanyani-11, MN-36, Priya, Noin, Naga Phou, MN-3, Kong Youh, Makhara Masuta, Chingtus
Makarei, Them Youh Khangru, Ruchitra, Nekara-1, Tara Bali, Japani, Nuknyie, Anandhi, Khyrvlait, Kalinga-3, Jyotrir-
mayie, Khongnem, MN-47, MN-50, MN-55, MN-62, RCPL 1-114, RCPL 1-103, China-1, MN-31, Wainem, Tampha
Phou, Ratkhara, Asupa, Ching Phouren, Hundung Ukhrul, Pumpha mah, Chamra Phou, Ching Phou Khong Nombi, Rona
yang, gum rice, land rice maring, KD-62, RCPL 1-44, Daram Phou, RCM-10, Shamphai, Ching phou, KD-2-6-3, Koite,
MN-68, RCPL 1-127, RCPL 1-124, RCPL 1-104, RCPL 1-110, KMP-34, RCPL-128, CAU-R1, Dharmali-2, Kunta Mah
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Table 8 Efficiency of various combinations of three R-genes for blast score and disease index

Resistance genes Genotypes Blast score PDI

Pi2 + Pi5 + Pib MN-36, Sijali, Nungshang Phou, Them Youh Khangru, Manabe, Anandhi, Kalinga-3, Jyotrirmayie, 3.85 36.66
Champaramah, Khongnem, Hundung Ukhrul, gum rice, Koite, RCPL-128, RCPL 1-44

Pi2 + Pi5 + Pi9 Manabe, Anandhi, Khongnem, RCPL 1-44 3.80 38.49

Pi2+Pi5+Pita2  MN-36, Sijali, Them Youh Khangru, Anandhi, Kalinga-3, Jyotrirmayie, Khongnem, Hundung Ukhrul, 3.82 36.46
gum rice, RCPL-128, RCPL 1-44

Pi5+ Pi54 + Pib Chakhao Amobi, Makhara, Naga Phou, Sijali, Nungshang Phou, Manabe, MN-47, Ratkhara, Ching 2.44 32.20
Phou Khong Nombi, RCPL-128

Pi5 + Pi54 + Pib Nungshang Phou, Sijali, Manabe, MN-47, Ratkhara, Ching Phou Khong Nombi, RCPL-128 2.46 31.0

Pi2 + Pi5+Pi54  Sijali, Nungshang Phou, Manabe, RCPL-128 3 32.69

Pi5+Pi54+Pil  Makhara, Naga Phou, Manabe, Ratkhara, Ching Phou Khong Nombi, Nungshang Phou 2.35 30.39

Pi5 +Pi54+ Pita2 Chakhao Amobi, Makhara, Naga Phou, Sijali, MN-47, Ratkhara, Ching Phou Khong Nombi, RCPL- 2.15 29.91
128

Pi54+Pib+Pib  Nungshang Phou, RCPL 1-82, Ratkhara, Mutruk, MN-68, RCPL 1-110 2.46 37.34

Pi54+ Pib + Pil Makhara, Naga Phou, Manabe, Chakhao Angouba, RCPL 1-82, Ratkhara, Ching Phou Khong Nombi, 3.35 31.35
Rona yang, Lang phou pamphai, Mutruk, Charang phou, CAU-R1

Pi54+ Pib + Pita2 Sasya Shree, Rato Bhan Joha, Kon Joha, Chakhao Amobi, Makhara, Naga Phou, Sijali, MN-47, RCPL  3.34 33.57
1-82, RCPL 1-103, Ratkhara, Ching Phou Khong Nombi, Rona yang, MN-68, RCPL 1-110, KMP-
34, RCPL-128, CAU-R1

Pi54 + Pib + Pi9 Sasya Shree, Rato Bhan Joha, Joha, Nungshang Phou, Pnah long, RCPL 1-103, Ching Phou Khong 2.78 38.46
Nombi, Rona yang, Lang phou pamphai, MN-68, RCPL 1-110, RCPL 1-411

Pib + Pi5 + Pil KBA 500-2, Phehsa, RCPL 1-82, Ratkhara, Mutruk, RCPL 1-44 3.6 39.34

Pib + Pi2 + Pita2  MN-56, MN-36, MN-3, Them Youh Khangru, Tara Bali, Japani, Ratkhara, land rice maring, RCPL 2.75 30.97
1-44, MN-68, RCPL 1-127, RCPL 1-104, RCPL 1-110

Pib + Pi2 + Pil MN-36, Nungshang Phou, Champaramah, MN-68, RCPL 1-127, RCPL 1-110 2.83 32.70

Pib + Pil + Pita2  Phehsa, Ratkhara, RCPL 1-44 2.97 37.58

reaction. In our study, genotypes that showed resistance had
four R-genes, as observed by Khan et al. (2014). The gene
profiling for seven major blast resistance genes (Pil, Pi2,
Pi5, Pi54, Pib, Pi9, and Pita2) with gene-based markers
identified landraces possessing different R-genes singly or
in combination with other R-genes. The results were found
to be similar to the findings of Umakanth et al. (2017).
Screening of landraces with candidate/gene-based markers
has revealed that they had one to several blast resistance
genes, which indicates the richness of diversity for genes
associated with blast resistance in the NEH region of India.

Similar results were found by Mahendra et al. (2012) by
characterizing various accessions of Manipur.

As far as distribution of blast genes is concerned, forty
landraces (40%) with Pi2, twenty-four landraces (24 %)
with Pi54 gene, twenty-nine landraces (29%) with Pil gene,
thirty-nine landraces (39%) with Pi9 gene, and seventy-six
genotypes (76%) with Pita2 gene were identified. Yadav
et al. (2017) found similar results by screening 80 natural
rice varieties (NRVs), where Pi2 gene was present in all the
NRVs, Pi54 gene in 56 NRVs (70%), Pil gene in 20 (25%),
Pi9 gene in 15 (18.75%), and Pita2 gene was detected in 26

Table 9 Efficiency of various combinations of four R-genes for blast score and disease index

Resistance genes Genotypes Blast score PDI

Pib + Pi2 + Pita2 + Pi5 MN-36, Priya, Noin, Naga Phou, Tara Bali, Ratkhara, land rice maring, RCPL 1-44 2 26.47
Pib + Pi9 + Pita2 + Pi2 MN-56, MN-36, MN-68, RCPL 1-127, RCPL 1-104, RCPL 1-110, RCPL 1-44 2.3 25.74
Pi2 + Pi5 + Pi54 + Pib Sijali, Nungshang Phou, Manabe, Ching Phou Khong Nembi, RCPL-128 2.5 24.33
Pi2 + Pi5 + Pi54+ Pi9 Nungshang Phou, RCPL 1-82 2.7 25.14
Pi2 + Pi5 + Pi54 + Pita2 Sijali, Ching Phou Khong Nembi, RCPL-128 2.4 24.82
Pi5 + Pi54+ Pib + Pi9 Naga Phou, Nungshang Phou, Ratkhara 2.5 26.07
Pi5 + Pi54 + Pib + Pita2 Chakhao Amubi, Makhara, Naga Phou, Sijali, MN-47, Ratkhara, RCPL-128, Ching Phou 2.2 25.21

Khong Nembi
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Table 10 Marker—trait association for blast resistance through general
linear model (GLM) and mixed linear model (MLM)

Marker GLM-P R? MLM-P R?

AP4007 0.6714 0.20 0.0003721 3.67
AP56595 0.0312 9.98 0.99844 0.88
Cl1454 0.0255 11.26 0.98907 0.86
RM208 0.1644 4.12 <0.00001 8.81

NRVs (32.50%). In another study, 60 landraces harbored
Pi2 gene with a genetic frequency of 72.28%, whereas in 39
landraces, Pil gene was detected with a genetic frequency
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of 46.98% (Ingole et al. 2014). Pi54 gene, positioned on
chromosome 11, was originally isolated from the indica vari-
ety Tetep (Sharma et al. 2005). In a study by Singh et al.
(2015), Pi54 gene was detected in 52 accessions out of 192
rice germplasm accessions. A similar study by Shikari et al.
(2013) showed 27% genetic frequency of Pita 2 gene in
indica rice varieties.

In the current set of landraces, the blast-resistant gene
Pib was the most abundant blast-resistant gene found to be
widely distributed in all the landraces followed by Pita2
gene (76%), Pi2 gene (40%), Pi5 (52%), Pil (29%), and Pi54
gene (24%). The high frequency of Pib gene detected in the
present study is consistent with Anupam et al. (2017) on
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Fig. 5 Grouping of genotypes based on blast-specific gene-based markers

@ Springer



Plant Molecular Biology Reporter

screening 74 rice germplasm lines including landraces from
Tripura for blast-linked markers. Similar results were found
by Singh et al. (2015) by screening 192 rice accessions
where the dominant gene-based marker YL.155/YL87 tightly
linked to the resistant gene Pita2 was present in 11 (34%)
out of the 32 accessions with positive bands of 1042 bp for
this gene. The result agreed with the current study in which
72 of the 100 landraces showed amplification for the marker
YL155/YL87 linked to Pita2 gene. The marker AP56595
has been found to share 279 bp resistance allele sizes for
the germplasm carrying the Pi9 gene with frequencies of
39%. The results were in accordance with Shikhari et al.
(2014) by screening the genotypes for Pi9 gene. The marker
Pi54MAS has been found to share a fragment size of 216 bp
for the resistant allele in the germplasm carrying the Pi54
gene with a frequency of 24%. Similar results were found
by Manojkumar et al. (2020) where ten released varieties
and advanced breeding materials and 13 traditional rice
varieties were found positive for PiS4MAS marker with
a fragment size of 216 bp for the resistant allele. The Pib
gene located on chromosome 2 appeared omnipresent and
was detected in all the genotypes studied. Mahendar et al.
(2012) and Yadav et al. (2017) also found similar results
concluding that Pib gene was present in all the genotypes
studied. The SSR marker RM208 shared a fragment size of
170 bp in 26 genotypes carrying Pib gene while the domi-
nant marker PIBDOM showed positive bands at 365 bp in
97 genotypes carrying Pib gene. The result was also similar
to the findings of Roychowdhury et al. (2012) and Singh
et al. (2015) wherein 75 out of 192 accessions show a posi-
tive allele at 170 bp for the marker RM208 linked to the Pib
gene. As RM208 is a linked marker, segregation between
the marker and gene might be responsible for identifying
a lesser number of genotypes, whereas PIBDOM is more
accurate in identifying genotypes with blast-resistant alleles.
The marker RM224 showed amplification for resistant allele
size of 140 bp in the germplasm carrying the Pil gene with
a frequency of 29% in the current study. In another simi-
lar study conducted by Dubey et al. (2014) and Singh et al.
(2015), 14 out of 100 genotypes and 85 out of 192 acces-
sions showed amplification at 140 bp for the marker RM224
linked to the Pil gene. The marker AP4007 and MSM1
shared a fragment size of 186 bp and 190 bp, respectively,
for the resistant allele in the germplasm carrying the Pi2
gene with a frequency of 9% and 31%. Similar results were
found by Yadav et al. (2017). Gene profiling was carried out
by Azameti et al. (2020) using known markers for the Pil,
Pi2, Pi9, Pi54, and Pitp genes, and it was discovered that
13.6% of the 103 accessions tested contained at least one of
the genes profiled. Similarly, the majority of accessions in
the present study contained the resistant gene Pib.

The genotypes MN-62, MTU-1010, and Swarna had two
R-genes, and Sahsarang had a single R-gene but showed
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high resistance with low blast score and percent disease
index. This indicates that the resistance in these genotypes
was governed by other/novel blast resistance genes not
included in the study. The genotypes such as KD-62, K-2,
K-20, Kong Youh, Machang Kaoyeing, Daram Phou, Tam-
pha Phou, China-1, RCPL 1-111, RCM-10, and RCM-11
had three R-genes and the genotypes such as Dharmali-2
and WR-3-2-1 had four R-genes but were susceptible with
high percent disease index, which means that the com-
bination of resistant genes (name of genes) present in
those genotypes was less efficient against blast pathogen
or prone to some new races of pathogen evolved. Similar
results were also found by Manojkumar et al. (2020).

The genotypes with six blast resistance genes, such as
Ching Phou Khong Nembi, and five blast resistance genes,
such as Naga Phou, Ratkhara, and RCPL 1-44, showed more
resistance as compared to the genotypes having less than
five blast resistance genes. Many studies have demonstrated
that resistance is significantly correlated with the number
of R-genes, meaning that the more R-genes present in the
accessions, the higher their resistance to M. oryzae (Wu
et al. 2015; Li et al. 2020).

Conversely, the rare presence or absence of Pi9 from the
germplasm lines that originated from Northeast India was
reported earlier by Mahender et al. (2012) and Anupam et al.
(2017) considering narrow geographical or set of germplasm
lines. However, the present study has detected Pi9 in about
43 genotypes (Table 7). The detection of broad spectrum
blast-resistant genes suggested the presence of novel resist-
ant lines included in the present study.

Association analysis through TASSEL 5.0 software
revealed genetic relatedness of blast scores with gene-based
markers using GLM and MLM. This analysis identified four
markers associated with blast resistance with a significant P
value of less than 0.05 in the current set of genotypes. Based
on the general linear model (GLM), two markers, namely,
AP56595 linked to Pi9 and C1454 linked to Pi5 gene, had a
P value of 0.0312 and 0.0255, respectively. Through a mixed
linear model (MLM), two markers, namely, AP4007 linked
to Pi2 gene and RM208 linked to Pib gene, had a P value of
0.00037 and < 0.00001, respectively. This result indicates
that these markers were responsible for resistance to blast
disease. Out of 10 candidate/gene-based markers used, only
four markers linked to the four genes showed association,
which means that these four genes, namely, Pi2, Pi9, Pib,
and Pi5, were more effective towards blast resistance in the
current set of genotypes studied.

Umakanth et al. (2017) also found a similar result by iden-
tifying 20 marker associations for blast disease and other agro-
nomic traits based on the general linear model (GLM). Seven-
teen marker—trait associations were found based on the mixed
linear model (MLM). Zarbafi et al. (2020) evaluated the vari-
ety of the 121 distinct rice genotypes using 42 SSR markers
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linked to blast resistance loci across the rice genome and dis-
covered that 30 and 29 markers showed a significant linkage
with leaf blast features in GLM and MLM, respectively. Yadav
et al. (2019) performed an association study using the GLM
and found that out of 36 primers used, two markers linked to
2 blast R-genes, Pi56(t) and Pi21, were significantly related
to resistance reaction. With a significant P value of less than
0.05, Azameti et al. (2020) performed an association analysis
utilizing the GLM and found that ten markers were related
to the blast resistance with marker R? ranging between 8 and
16% and two were related to the blast resistance via MLM with
marker R* ranging between 9 and 10%.

Genotypes like Sijali, Ramphiatama, Naga Phou, MN-3,
Makhara, and KMP-34 were found to be resistant to disease
in field conditions. The genotypes with five blast R-genes,
such as Nungshang Phou, Ratkhara, Anandhi, RCPL 1-44,
Ching Phou Khong Nombi, MN-31, Rona Yang, and RCPL-
128, were found to be superior in field conditions as well.
Similarly, the genotypes MN-62, Tara Bali, Rato Bhan Joha,
MN-47, RCPL 1-411, and CAU-R1 were promising regard-
ing yield and blast resistance. Among checks, MTU-1010
was resistant with a disease score of 1, while Shahsarang,
Swarna, Shahbhagi Dhan, and Sakurd Dhan were moder-
ately resistant with disease scores of 2-3. Through the gen-
eral linear model (GLM) and mixed linear model (MLM),
markers AP4007, AP56595, C1454, and RM208 were found
to be associated with the trait.

As, Northeast India being endemic to rice blast, there is
a mixture of races of M. oryzae, presence of a mere single
R-gene is not enough for durable blast resistance over the
long run. Hence, future resistance breeding programs should
exploit the modern biotechnology tools and conventional
breeding approaches in developing durable blast resistance
varieties harboring multiple R-genes (Annegowda et al.
2021). The identified lines with four and five blast resist-
ance genes and higher yield potential can be deployed in
breeding program to develop lines with much longer resist-
ance against the fungus.

Conclusion

The competition between hosts and pathogens is a persistent
occurrence in evolution. The goal of collecting, analyzing,
and characterizing unknown northeast landraces is to find
donors with various blast resistance genes that can be used
right away in breeding initiatives. The six distinct genotypes
with resistance to leaf blast (Sijali, Ramphiatama, Naga
Phou, MN-3, Makhara, and KMP-34) can be studied to find
novel genes for enlarging the gene pool to combat disease
competition. Four gene-based markers were identified by
analyzing marker—trait association, and these markers have
the potential for validation in larger populations because

they are very much associated with blast resistance. The
findings of the present study would be useful in the develop-
ment of durable blast-resistant varieties and preserving pre-
cious genetics resources of Northeast Indian rice germplasm.
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