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ARTICLE INFO ABSTRACT

Keywords: The development and utilization of molecular-markers play an important role in genomics-assisted breeding
Abiotic during pyramiding of valuable genes. The aim of present study was to develop and validate a novel core-set of
Biotic

KASP (Kompetitive Allele-Specific PCR) markers associated with traits improving rice grain yield and adapt-
ability under direct-seeded cultivation conditions. The 110 phenotypically validated KASP assays out of 171
designed KASP, include assays for biotic-resistance genes, anaerobic germination, root-traits, grain yield, lodging
resistance and early-uniform emergence. The KASP assays were validated for their robustness and reliability at
five different levels using diverse germplasm, segregating and advanced population, comparison with SSR
markers and on Fys. The present research work will provide (i) breeding material in form of anticipated pre-
direct-seeded adapted rice varieties (ii) single improved breeding line with many useful genes and (iii) KASP
assay information for the useful QTL/genes providing grain yield and adaptability to rice under direct-seeded
cultivation conditions.

Direct seeded rice
Genomics-assisted breeding
Grain yield

KASP marker

Whole genome resequencing

future rice demand due to low water requirement, reduced labor re-
quirements, mitigation of greenhouse gas emissions, adaptation to cli-

1. Introduction

Rice (Oryza sativa) is the staple food for more than 3.5 billion people
which comprises around 50% of the world’s population [1]. According
to an estimate, a yield increases of around 1.5 to 2.4% per year is
required to sustain the growing demand [2] On the contrary, the studies
indicated that the rice yield increases seem to have plateaued around
various parts of the world [2]. Limited water supplies, reduced culti-
vation area, fluctuating climatic conditions, and labor shortage are the
major challenges faced by conventional puddled transplanted rice.

Direct-seeded rice (DSR) is a feasible alternative to conventional
puddled transplanted rice (PTR) [3] having a potential for sustaining the
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matic risks, and the yield comparable with that of transplanted rice [4].
The DSR cultivation method has not gained the required popularity
because of certain issues such as the poor crop stand, low yield [5],
weeds [4], poor adaptability, reduced nutrient uptake (especially of
phosphorus, nitrogen, and iron) [6], and lodging [7]. The inefficient
uptake of water and nutrients under aerobic cultivation conditions
resulted from the poor root architecture [8] leading to yield reduction
[4] DSR cultivation system is generally more favorable for the growth of
weeds that compete with rice for nutrients, moisture, and sunlight, and
can cause large yield losses compared to the transplanted system of rice
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cultivation [9].

In order to improve the crop establishment during the initial stages,
DSR adapted rice varieties with higher germination and faster seedling
emergence with more vigorous growth are needed to minimize the risks
encountered in direct seeding [10-13]. This could help in reducing soil
evaporation and accelerate root access to soil water and nutrients [14].
The development of DSR adapted rice varieties depends on the selection
of suitable traits, identification, and introgression of genomic regions
associated with those particular traits of interest in different genetic
backgrounds. The traits reported to play an important role in providing
yield stability and adaptability under DSR include anaerobic germina-
tion (ability to germinate under water) [15], early uniform seedling
emergence [6,16], vegetative vigor, root phenotypic plasticity, proper
nutrient uptake [6], and lodging resistance [17-19]. The biotic stress
(disease and insect) resistance includes blast [20], brown spot [21],
bacterial blight [22], sheath blight, brown planthopper [23], gall midge
[24], and nematode resistance [25].

To meet the gaps between rice crop yields and global rice con-
sumption, rice breeders need to continuously release new rice varieties
with better yield potential, adaptability under DSR, acceptable grain
quality traits, high nutrient-use efficiency, and resistance to various
biotic/abiotic stresses. Breeding methods such as QTL (quantitative trait
loci) /gene pyramiding and multiparent application have been reported
to be effective in development of rice varieties [18,26,27]. The con-
ventional breeding approach suffers from the problem of linkage drag,
leading to the transfer of undesired traits closely linked with traits of
interest. The use of molecular markers in breeding programs improves
the efficiency of traditional breeding by enabling breeders to select trait-
linked molecular markers [28]. Molecular marker-assisted selection
(MAS) combined with conventional breeding approaches, is a good
strategy to identify individual genotypes associated with different
economically important traits, which can dramatically improve rice
breeding efficiency [29]. The development and utilization of genetic
markers play a pivotal role in marker-assisted breeding of rice cultivars
during pyramiding of valuable genes. High polymorphism, co-dominant
inheritance, high density, high throughput, and easy automation and
data exchange are the characteristics of ideal DNA markers [30].

Recent advancements in next-generation sequencing (NGS) and
single nucleotide polymorphism (SNP) genotyping can help to accel-
erate crop improvement provided their proper integration and deploy-
ment into breeding programs [31]. To date, the marker-assisted
breeding programs attempting to use these QTL/genes have almost
universally relied on old SSR (simple-sequence repeats) marker systems.
SSRs are not so useful in marker-assisted introgression program
involving multiple donors as there is possibility of getting same allelic
pattern for multiple parents. The explosion in genomics resources and
the low-cost genome resequencing approaches now enables the devel-
opment of highly accurate SNP (single nucleotide polymorphism)
marker systems. SNPs are the markers of choice for most high-
throughput genotyping applications as they are abundant, co-
dominant and evenly distributed along the genome. Also, high-
throughput SNP genotyping platforms based on Kompetitive Allele-
Specific PCR (KASP) and other methods have provided routine, rapid
and cost-effective genotyping solutions for the targeted MAS (marker-
assisted selection) [32-35].

The next generation sequencing methods ranged from whole genome
re-sequencing/skim sequencing [36] to the reduced representation
sequencing [37]. A number of SNP arrays such as GoldenGate 1536 SNPs
[38], 384-plex BeadXpress [39], [llumina Infinium-based 6 K arrays,
RiceSNP6K [40], C6AIR (Cornell 6K Array Infinium_Rice) [41],
HDRA700K (High Density Rice Array) [42], RiceSNP50K array and
Affymatrix 50K array [43,44], 44 K array [45] have been developed for
rice and their utility has also been demonstrated across a range of ap-
plications. Instead, all these tremendous efforts, a large gap between the
development of SNP markers and their application in marker-assisted
breeding still exists. In 2005, total of 408,898 SNP based DNA
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polymorphisms were identified using the draft genome sequence of rice
cultivars Nipponbare (japonica) [46]. Non redundant SNPs were iden-
tified using the sequencing data of 20 different cultivars in 100 Mb
genomic region [47]. Various databases have been constructed for SNP
markers in rice, e.g., the Gramene database (http://ensembl.gramene.
org/genome_browser/index.html), the Rice Diversity Project database
(https://ricediversity.org/), the Rice Genome Annotation Project data-
base (http://rice.plantbiology.msu.edu/), and the Rice SNP-Seek Data-
base (http://snp-seek.irri.org). Considering this, the present study was
designed keeping the following objectives in mind (i) to develop SNP/
allele specific trait-linked markers for the traits improving grain yield
and adaptability under DSR (ii) to validate the targeted SNPs in parental
lines and different mapping populations (iii) to develop a trait linked
SNP set targeting specific QTL/genes of interest.

2. Results
2.1. Phenotyping

A total of 108 F3 introgression lines having genes/QTL for early
uniform emergence (qEUE3, 1, qEUE71.1), anaerobic germination (qAGg, 1,
gAGoy 2), seedling vigor (gEVVg 1), high nutrient uptake (gNRs.1), root
density (qRHD;j.1), culm strength (gCS; 1), lodging resistance (gLDGs 1,
qLDGy 1), grain yield under DSR (qGY7.1, qGYs.1, qGY9.1, qGY10.1), and
biotic stress (blast-Pi9, gall midge-Gm4, Gm8, BPH-Bph3, Bph17) toler-
ance were tested for agronomical performance under DSR in 2019WS
(wet season) (Fig. 1A). The grain yield of selected single plant ranged
from 14.9 to 48.5 g/plant whereas for PR126 single plant yield was 29.3
g/plant (Table S1), the days to 50% flowering ranged from 68 to 91 days
and plant height ranged from 95 to 125 cm (data not shown). Based on
plant and grain type, a total of 599 single plants were selected and
advanced under controlled conditions in 2020DS (dry season) (Fig. 1B).
The 599 Fs introgression lines were tested for agronomical performance
under DSR (Fig. 1C). A total of 54 breeding lines performed better in
terms of grain yield and yield related traits over the best yielded local
check (PR126). In addition, the seeds of 42 advanced breeding lines
developed using 12 donors, including donors for biotic and abiotic stress
tolerance and DSR-adapted traits were procured from IRRI, Philippines
and multiplied/evaluated at ISARC-Varanasi in 2019WS and evaluated
at PAU in 2020WS (Fig. 1D). Both the sets of introgression lines were
evaluated for capability of anaerobic germination (Fig. 1E, 1F), resis-
tance to bacterial blight (Fig. 2G), blast (Fig. 2H) and for root traits
improving nutrient uptake (Fig. 1I) (Table S2). The advanced intro-
gression lines were evaluated for agronomic traits at ISRAC, Varanasi in
2019WS (Table S2). Analysis of variance to study genotype x location
interactions (Table S3) indicated significant differences among geno-
types suggesting the presence of variability among genotypes and
among locations. The breeding lines IR 129477-1510-100-7-5-4, IR
129477-1510-100-7-5-6, IR 129477-1629-14-1-4-2, IR
129477-3343-109-13-1-1, IR 129477-4026-249-15-1-7, IR
129477-4139-439-1-1-2, IR 129477-4139-439-2-4-2, IR
129477-991-430-1-9-4 and MTU1010 were identified as stable yielder
across three tested locations i.e. PAU (Ludhiana), ISARC (Varanasi) and
BAU (Sabour) (Fig. S4).

2.2. Genome wide discovery of polymorphism among different donors and
recipients

The whole genome resequencing of twenty diverse genotypes (14
donors, 6 recipient background) resulted in a total of 840,724,425
paired end reads of 150 bp (Table S4). The read based GC content es-
timate ranged from 42 to 45%. A total of 98% of the filtered reads were
mapped on the Nipponbare reference genome. The average genome
coverage was 98% with the highest in Tadukan (98.55%) and lowest in
IR 94225-B-82-B (96.74%). From the high-quality sequences, a total of
96,56,366 SNPs and 13,06,524 InDels were detected. The largest
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Fig. 1. Phenotypic evaluation of segregating breeding lines and advanced breeding lines for different traits improving biotic stress resistance/tolerance, estab-
lishment, grain yield and adaptability of rice under direct seeded cultivation conditions (A) Field view of phenotypic evaluation of F3 breeding lines (B) Screenhouse
view of advancing F,4 generation under controlled conditions (C) Field view of phenotypic evaluation of Fs breeding lines (D) Field view of phenotypic evaluation of
advanced breeding lines procured from IRRI, Varanasi (E) Screening of segregating and advanced breeding panel for anaerobic germination under screen house
conditions (F) Screening of segregating and advanced breeding panel for anaerobic germination under field conditions (G) Screening of segregating and advanced
breeding panel for bacterial blight under field conditions (H) Screening of segregating and advanced breeding panel for blast in blast nursery (I) Screening of

segregating and advanced breeding panel for root traits under field conditions and scanning of roots using WinRhizo STD4800.

number of variants at 10x was detected in oryza nivara accession
(46,92,725) and minimum in Tadukan (23,30,227). The largest number
of SNPs and InDels were identified on chromosome 7 (1,03,511),
whereas chromosome 8 harbored the least number of variants (34,819).
The chromosome wise distribution of mapped SNPs across whole
genome of rice is presented in Fig. S5. The genome sequence of each of
the donor for particular traits was compared with each of six recipient
backgrounds for the discovery of the SNPs. The designed KASP markers
were explicitly informative for the O. sativa L. ssp. indica rice germplasm
constituting 14 donors and 6 recipient backgrounds.

A total of already identified 81 polymorphic SSR markers, one indel,
eight gene-specific markers (Sandhu et al. 2021) and 110 polymorphic
KASP markers were used for the genotyping and validation purpose
(Table S5). Further, the detailed information on the KASP markers

associated with particular trait of interest showing polymorphism to
each of the six recipient backgrounds is presented in the Table S6. The
average physical distance between the two validated KASP markers
across the whole genome was 260 kb or ~ 1.066 cM considering 1 cM
equal to ~244 kb (Chen et al. 2002). Of the total 110 KASP markers
identified and validated from a set of 171 KASP markers designed
initially, 107 KASP markers were localized within the MSUv7 gene
models (http://rice.plantbiology.msu.edu), and 7 KASP markers were
located within the intergenic regions (Table S7). The highest quality
SNPs were detected for the KASPs, K 10,607,281 (T - > C 10607281),
K 8,791,450 (A - > G 8791450), K_ 18,666,765 (A - > G 18666765),
K 1,029,593 (T - > € 1029593), K 628,981 (C - > T 628981), K_ 788,995
(T - > A 788995) and K 4,974,371 (G - > C 4974372) in IRGSP1.0
(International Rice Genome Sequencing Project. The clusters for the 61
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Fig. 2. (A) Genetic diversity analysis of the 20 diverse accessions using the whole genome resequencing data (B, C) Principal component analysis of the 364 breeding
lines (322 segregating lines +42 advanced breeding lines) used for the validation of the 110 KASP markers.

KASPs were not well separated properly in the 20 diverse genotypes in
parental polymorphism survey and not validated on the F; genotypes,
therefore not considered in the further analysis.

2.3. Quality control assessment of the KASP markers

The quality control parameters such as the KASP utility, KASP false
positive rate (FPR) and the KASP false negative rate’ (FNR) were esti-
mated for each of the 110 trait-specific KASP markers (Table 1) on a
population size of 384 samples. The utility of the KASP markers ranged
from 16.7 to 100%, FPR from 0.00 to 19.20% and FNR from 0.00 to
12.20%. The detailed description of the validated KASP marker analysis
results and their allelic interpretation for the selected KASP markers is
presented in Table 1. The allelic effects on the phenotypes of the
segregating and advanced breeding panel are described for each of the
biotic/abiotic stress resistance/tolerance traits, root traits improving
nutrient uptake, agronomic, grain yield and yield related traits in
Table 1.

2.4. Genetic diversity analysis and Principal component analysis (PCA)

The genetic relationships among donor and recipient parents as
determined by UPGMA (unweighted pair group method with arithmetic
mean) cluster analysis showed that the 20 rice genotypes were divided
into two major groups (Fig. 2A). All the recipients except MTU1010
along with IRBB60, IRBB8, PR114-Xa38, IR 74371-46-1-1, IR
96322-34-223 and IR 91468-B-289-B were present in Group I. The
remaining donors along with MTU1010 constituted the Group II, which
is further divided into two subgroups. The subgroup I had MTU1010, IR
94225-B-82-B and IR 93312-30-101-20-13-66-6 where, the subgroup II
had oryza nivara accession, IR 94226-B-177-B, Rathu Hennati, IR 91648-
B-32-B and Tadukan.

To determine the ability of the KASP markers to access the genetic
diversity among the 322 segregating breeding lines and 42 advanced
breeding lines derived from the crosses involving multi-parent and to
validate the KASP markers, a PCA was performed using the 110 KASP
markers. The first principal component (PC1) explained 12.3% and the
second principal component (PC2) explained 11.1% of the total genetic
variations (Fig. 2B). The segregating and the advanced breeding lines
were well distributed across both the principal components (Fig. 2C).



Table 1

The quality control assessment results and allelic effects of the 110 trait-specific KASP markers validated on the phenotypes of the segregating and advanced breeding panel.

SNP ID Chr MSU7 pos. QTL/ Ref Positive  Negative trait Positive trait KASP  KASP KASP Segregating breeding lines panel Advanced breeding lines panel
®p) gene allele allele utility  FPR FNR Frequency (%) Phenotypic mean Frequency (%) Phenotypic mean

Negative Positive Negative Positive Negative Positive Negative Positive
trait trait trait trait trait trait trait trait

K_1,594,302 6 1,594,302 Bph3 A G Susceptible Resistant 66.7 0.55% 0.00% 80 220 9 3 8 26 9 3
(24.85%) (68.32%) (19.05%) (61.90%)

K 1,606,487 6 1,606,487 Bph3 C T 50.0 19.20% 9.40% 78 225 9 3 8 26 7 1
(24.22%) (69.88%) (19.05%) (61.90%)

K 1,631,244 6 1,631,244 Bph3 A G 66.7 1.80% 0.55% 80 220 9 1 8 27 9 3
(24.85%) (68.32%) (19.05%) (64.29%)

K1,637,921 6 1,637,921 Bph3 A G 66.7 3.55% 0.00% 80 220 7 1 8 26 7 1
(24.85%) (68.32%) (19.05%) (61.90%)

K1,693,594 6 1,693,594 Bph3 G A 66.7 2.80% 0.76% 199 119 9 1 8 26 9 3
(61.80%) (39.96%) (19.05%) (61.90%)

K1,738,798 6 1,738,798  Bph3 C A 66.7 19.10% 0.00% 88 228 7 1 8 27 9 3
(27.32%) (70.81%) (19.05%) (64.29%)

K5,382,269 4 5,382,269 Bphl7 G C 66.7 3.11% 0.00% 67 221 9 1 12 27 7 1
(20.81%) (68.63%) (28.57%) (64.29%)

K5,650,499 4 5,650,499 Bphl7 T C 66.7 0.00% 0.00% 74 221 9 3 15 23 9 1
(22.98%) (68.63%) (35.71%) (54.76%)

K 5,847,738 4 5,847,738 Bphl7 C G 66.7 211% 0.00% 74 222 7 3 15 25 9 1
(22.98%) (68.94%) (35.71%) (59.52%)

K 6,336,060 4 6,336,060 Bphl7 G A 66.7 0.00% 0.00% 80 220 9 1 12 25 9 3
(24.84%) (68.32%) (28.57%) (59.52%)

K.5,585,652 8 5,585,652 Gm4 C T 83.3 - - 128 194 - - 16 24 - -
(39.75%) (60.25%) (38.10%) (57.14%)

K 5,585,772 8 5,585,772 Gm4 G A 83.3 - - 132 188 - - 16 24 - -
(40.99) (58.39%) (38.10%) (57.14%)

K 5,585,944 8 5,585,944 Gm4 G A 83.3 - - 135 184 - - 16 24 - -
(41.93%) (57.14%) (38.10%) (57.14%)

K5,585,994 8 5,585,994 Gm4 G T 83.3 - - 128 194 - - 16 24 - -
(39.75%) (60.25%) (38.10%) (57.14%)

K 5,586,508 8 5,586,508 Gm4 C T 83.3 - - 120 187 - - 16 24 - -
(37.27%) (58.07%) (38.10%) (57.14%)

K 10,607,281 12 10,607,281 Pita2 T C 100 - - 309 13 (4.04%) — - 42 (100%) 0 (0.00%) - -
(95.96%)

K 27,030,975 11 27,030,975 Xa4 T A 66.7 0.00% 2.38% 96 215 7 3 5 37 7 1
(29.81%) (66.77%) (11.90%) (88.10%)

K 27,183,490 11 27,183,490 Xa4 G A 66.7 0.00% 0.00% 102 216 7 3 6 36 5 3
(31.67%) (67.08%) (14.29%) (85.71%)

K 27,357,030 11 27,357,030 Xa4 C T 66.7 0.00% 0.00% 95 220 9 3 5 37 7 3
(29.50%) (68.32%) (11.90%) (88.10%)

K 27,413,024 11 27,413,024 Xa4 T C 66.7 0.00% 0.00% 99 219 9 1 6 36 7 3
(30.75%) (68.01%) (14.29%) (85.71%)

K 27,468,611 11 27,468,611 Xa4 C T 66.7 0.00% 0.00% 100 215 7 1 3(7.14%) 39 9 3
(31.06%) (66.77%) (92.86%)

K 27,489,986 11 27,489,986 Xa4 G T 66.7 0.00% 2.38% 97 219 7 1 6 36 9 1
(30.12%) (68.01%) (14.29%) (85.71%)

K 27,553,861 11 27,553,861 Xa4 C T 66.7 0.00% 0.00% 104 218 7 3 6 36 9 1
(32.30%) (67.70% (14.29%) (85.71%)

K 27,584,500 11 27,584,500 Xa4 G A 66.7 0.00% 2.38% 98 219 7 1 4(9.52%) 38 7 1
(30.43%) (68.01%) (9.05%)

K 27,606,117 11 27,606,117 Xa4 C A 66.7 0.00% 0.00% 97 219 9 1 7 35 7 3
(30.12%) (68.01%) (16.67%) (83.33%)

(continued on next page)
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Table 1 (continued)

SNP ID Chr MSU7 pos. QTL/ Ref  Positive  Negative trait Positive trait KASP KASP  KASP  Segregating breeding lines panel Advanced breeding lines panel
(bp) gene allele allele utility FPR FNR

Frequency (%) Phenotypic mean Frequency (%) Phenotypic mean

Negative  Positive Negative Positive Negative Positive  Negative Positive

‘I 32 nypups ‘N

trait trait trait trait trait trait trait trait

K 437,375 5 437,375 xa5 G T 100 0.00% 0.00% 141 175 9 3 12 27 9 3
(43.79%) (54.35%) (28.57%) (64.29%)

K 438,206 5 438,206 xa5 C T 100 0.00% 0.00% 150 168 9 3 12 27 7 1
(46.58%) (52.17%) (28.57%) (64.29%)

K 438,578 5 438,578 xa5 C T 100 0.00% 0.00% 141 175 9 1 13 27 7 1
(43.79%) (54.35%) (30.95%) (64.29%)

K 439,616 5 439,616 xa5 G A 100 0.00% 0.00% 141 175 7 1 12 27 7 1
(43.79%) (54.35%) (28.57%) (64.29%)

K 441,684 5 441,684 xa5 T C 10 4.76% 9.50% 130 188 7 1 13 27 9 1
(40.37%) (55.90%) (30.95%) (64.29%)

K 21,274,518 11 21,274,518 Xa21 A G 66.7 0.00% 7.14% 318 4(1.24%) 9 1 34 8 9 3
(98.76%) (80.95%) (19.05%)

K 21,276,435 11 21,276,435 Xa21 T C 66.7 2.40% 7.14% 318 4(1.24%) 7 1 34 8 9 1
(98.76%) (80.95%) (19.05%)

K 26,727,222 8 26,727,222 xal3 G C 66.7 0.00% 4.80% 322 0(0.00%) 9 - 34 6 7 1
(100%) (80.95%) (14.29%)

K 31,579,287 4 31,579,287 Xa38 T C 100 0.00% 0.00% 322 0(0.00%) 9 - 34 8 9 3
(100%) (80.95%) (19.05%)

K_31,579,822 4 31,579,822 Xa38 T C 100 0.00% 0.00% 322 0(0.00%) 9 - 34 8 9 1
(100%) (80.95%) (19.05%)

K_31,580,379 4 31,580,379 Xa38 T A 100 0.00% 0.00% 322 0 (0.00%) 7 - 34 8 9 1
(100%) (80.95%) (19.05%)

K 12,253,431 9 12,253,431 qAGo; T C no/very low germination good germination under 66.7 0.00% 0.54% 151 116 34.29% 82.86% 17 17 36.97% 95.49%

under anaerobic anaerobic conditions (46.89%) (36.02%) (40.48%) (40.48%)

K 12,253,887 9 12,253,887 qAGo; A G conditions 66.7 0.00% 0.54% 151 116 34.29% 82.86% 17 18 36.97%  96.33%
(46.89%) (36.02%) (40.48%) (42.86%)

K1,198917 5 1,198917 gNRs; T C less number of nodal roots more number of nodal roots 66.7 7.15% 2.40% 240 47 (14.6%) 68 95 30 11 165 244
(74.53%) (71.43%) (26.19%)

K1,296,530 5 1,296,530 gNRs; A G 83.3 4.76% 2.40% 240 49 72 94 31 11 174 257
(74.53%) (15.22%) (73.81%) (26.19%)

K1,688,209 5 1,688,209 ¢gNRs; G A 16.7 2.40% 0.00% 242 48 70 99 31 11 170 248
(75.16%) (14.91%) (73.81%) (26.19%)

K 1,888,209 5 1,888,209 ¢gNRs; C A 66.7 7.15% 0.00% 245 48 77 102 31 11 177 252
(76.09%) (14.91%) (73.81%) (26.19%)

K5,786,391 4 5,786,391 gNR;; T G 100 0.00% 2.40% 277 45 65 92 36 6 142 222
(86.02%) (13.98%) (85.71%) (14.29%)

K5,787,060 4 5,787,060 gNRs; A T 100 0.00% 2.40% 270 52 72 95 37 5 133 210
(83.85%) (16.15%) (88.10%) (11.90%)

K5,787,840 4 5,787,840 qgNR,; C G 100 0.00% 0.00% 277 45 77 90 37 5 133 210
(86.02%) (13.98%) (88.10%) (11.90%)

K5,819,155 4 5,819,155 ¢gNR;; C T 100 0.00% 0.00% 277 45 77 920 36 6 144 225
(86.02%) (13.98%) (85.71%) (14.29%)

K 6,494,690 4 6,494,690 qNRs; T C 100 0.00% 0.00% 277 45 77 90 37 5 140 220
(86.02%) (13.98%) (88.10%) (11.90%)

K 6,941,654 4 6,941,654 gNR;; C T 100 0.00% 0.00% 270 52 70 95 36 6 139 206
(83.85%) (16.15%) (85.71%) (14.29%)

K7,154,131 4 7,154,131 gNRy; G A 100 0.00% 0.00% 270 52 77 95 39 3(7.14%) 148 228
(83.85%) (16.15%) (92.86%)

K 7,073,586 1 7,073,586 qRHD;; G T Sparse root hairs Dense root hairs 66.7 7.40% 0.00% 69 238 12,205 15,652 2 (4.76%) 40 23,346 33,073
(21.29%) (73.91%) (95.24%)

K7,081,184 1 7,081,184 qgRHD;; C T 66.7 2.40% 0.00% 12,205 15,652 2 (4.76%) 23,346 33,073

(continued on next page)

692011 (220Z) ¥ somuouan



Table 1 (continued)

SNP ID Chr MSU7 pos. QTL/ Ref  Positive Negative trait Positive trait KASP KASP  KASP  Segregating breeding lines panel Advanced breeding lines panel
(®p) gene allele allele utility  FPR FNR Frequency (%) Phenotypic mean Frequency (%) Phenotypic mean
Negative  Positive Negative Positive Negative Positive Negative Positive
trait trait trait trait trait trait trait trait
69 238 40
(21.29%) (73.91%) (95.24%)
K8,791,450 1 8,791,450 gRHD;; A G 33.3 2.40% 0.00% 84 238 13,245 15,545 2 (4.76%) 40 23,346 33,073
(26.09%) (73.91%) (95.24%)
K 8,855,279 1 8,855,279 gRHD;; T C 33.3 2.40% 0.00% 84 238 13,245 15,545 2(4.76%) 40 23,346 33,073
(26.09%) (73.91%) (95.24%)
K8,887,013 1 8,887,013 ¢gRHD;; C T 33.3 2.40% 0.00% 84 238 13,245 15,545 2 (4.76%) 40 23,346 33,073
(26.09%) (73.91%) (95.24%)
K8,935,224 1 8,935,224 ¢RHD;; G T 33.3 2.40% 0.00% 69 238 12,205 15,652 2 (4.76%) 40 23,346 33,073
(21.29%) (73.91%) (95.24%)
K_15,997,367 5 15,997,367 qRHDs; A G 100.0 0.00% 2.40% 208 114 16,554 18,463 20 14 30,641 32,525
(26.52%) (35.40%) (47.62%) (33.33%)
K 2,086,213 8 2,086,213 ¢qRHDg; G T 100 2.40% 2.40% 318 4 (1.24%) 15,563 17,455 20 14 29,782 31,416
(98.76%) (47.62%) (33.33%)
K 9,653,331 2 9,653,331 ¢DTY,; A T yield penalty under Improved yield under 83.3 0.00% 2.38% - - - - 38 3(7.14%) 4276 4480
reproductive stage reproductive stage drought (9.05%)
K 9,780,606 2 9,780,606 gDTY,; C A drought stress stress 83.3 0.00% 2.38% - - - - 38 3(7.14%) 4276 4480
(9.05%)
K 30,279,242 3 30,279,242 qDTYs; G T 83.3 2.38% 2.38% - - - - 27 11 4151 4688
(64.29%) (26.19%)
K_30,270,860 3 30,270,860 ¢DTY3; G A 83.3 2.38% 2.38% - - - - 27 11 4151 4688
(64.29%) (26.19%)
K 30,738,342 3 30,738,342 qDTYs; G C 83.3 2.38% 0.00% - - - - 27 14 4151 4562
(64.29%) (33.33%)
K 30,796,109 3 30,796,109 ¢DTY3; T A 83.3 0.00% 0.00% - - - - 27 14 4151 4562
(64.29%) (33.33%)
K_ 30,821,108 3 30,821,108 ¢DTY3; T C 83.3 0.00% 0.00% - - - - 27 14 4151 4562
(64.29%) (33.33%)
K 17,464,660 12 17,464,660 qDTY;5; G A 83.3 2.37% 4.72% 168 154 3001 3356 22 18 4468 4915
(52.17%) (47.83%) (52.38%) (42.86%)
K_17,486,676 12 17,486,676 qDTY:2; C T 83.3 3.16% 4.72% 220 102 3156 3446 27 11 4578 4865
(68.32%) (31.68%) (64.29%) (26.19%)
K 17,489,337 12 17,489,337 qDTY12;: T C 83.3 2.38% 2.38% 220 102 2979 3463 27 11 4578 4865
(68.32%) (31.68%) (64.29%) (26.19%)
K 17,537,562 12 17,537,562 qDTY;2; G T 83.3 2.38% 2.38% 168 154 3001 3356 27 11 4578 4865
(52.17%) (47.83%) (64.29%) (26.19%)
K_ 39,538,807 1 39,538,807 qGY;; G T low yield under DSR Improved yield under DSR 83.3 2.36% 8.67% 273 35 3025 3400 27 3(7.14%) 4664 5079
(84.78%) (10.87%) (64.29%)
K 39,538,868 1 39,538,868 qGY;; C T 83.3 3.94% 5.26% 273 35 3025 3400 27 3(7.14%) 4664 5079
(84.78%) (10.87%) (64.29%)
K 39,610,271 1 39,610,271 ¢qGY;; T G 83.3 2.40% 6.56% 273 35 3025 3400 27 3(7.14%) 4664 5079
(84.78%) (10.87%) (64.29%)
K 39,612,639 1 39,612,639 qGY;; G T 83.3 5.51% 8.67% 273 35 3025 3400 27 3(7.14%) 4664 5079
(84.78%) (10.87%) (64.29%)
K 16,734,396 10 16,734,396 qGYi0; T C 16.7 3.94% 8.67% 151 116 3095 3320 4(9.52%) 38 4651 4995
(46.89%) (36.03%) (9.05%)
K_18,666,765 10 18,666,765 qGYi01 A G 16.7 6.56% 7.34% 46 276 3012 3465 4(9.52%) 38 4651 4995
(14.29%) (85.71%) (9.05%)
K 18,703,848 10 18,703,848 qGY;9; C T 16.7 7.09% 8.14% 46 276 3012 3465 4 (9.52%) 38 4651 4995
(14.29%) (85.71%) (9.05%)
K 18,734,396 10 18,734,396 qGYi01 T C 16.7 4.20% 9.18% 3033 3401 4 (9.52%) 4651 4995

(continued on next page)
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Table 1 (continued)

SNP ID Chr MSU7 pos. QTL/ Ref Positive  Negative trait Positive trait KASP  KASP  KASP Segregating breeding lines panel Advanced breeding lines panel
(®p) gene allele allele utility  FPR FNR Frequency (%) Phenotypic mean Frequency (%) Phenotypic mean

Negative  Positive Negative Positive Negative Positive Negative Positive
trait trait trait trait trait trait trait trait
47 275 38
(14.70%) (85.40%) (9.05%)

K_18,749,935 10 18,749,935 qGY;0; T C 16.7 8.67% 5.77% 46 276 3012 3465 4 (9.52%) 38 4651 4995
(14.29%) (85.71%) (9.05%)

K 18,797,856 10 18,797,856 qGYi01 A T 16.7 0.52% 1.05% 46 276 3012 3465 4(9.52%) 38 4651 4995
(14.29%) (85.71%) (9.05%)

K 18,901,381 10 18,901,381 qGY;0: G A 16.7 3.94% 5.26% 47 273 3033 3401 4 (9.52%) 38 4651 4995
(14.70%) (84.78%) (9.05%)

K 19,779,370 10 19,779,370 qGY10; C G 50.0 4.20% 2.40% 47 273 3033 3401 23 19 4476 4893
(14.70%) (84.78%) (54.76%) (45.24%)

K_19,909,715 10 19,909,715 qGYi01 G A 83.3 5.51% 5.77% 47 275 3033 3401 23 19 4476 4893
(14.70%) (85.40%) (54.76%) (45.24%)

K 20,036,149 10 20,036,149 qGY;9; C T 83.3 11.81% 9.97% 89 225 3109 3328 23 19 4476 4893
(27.64%) (69.88%) (54.76%) (45.24%)

K_ 456,591 3 456,591 qLDG3; G A susceptible to lodging resistant to lodging 83.3 0.00% 0.00% 104 203 105 87 10 29 108 90
(32.30%) (63.04%) (23.81%) (69.04%)

K_499,461 3 499,461 qLDG3; T C 66.7 0.00% 0.00% 104 203 105 87 11 31 108 92
(32.30%) (63.04%) (26.19%) (73.81%)

K 610,549 3 610,549 qLDGs; C G 83.3 1.83% 2.36% 104 203 105 87 11 31 108 92
(32.30%) (63.04%) (26.19%) (73.81%)

K 648,480 3 648,480 qLDG3; T C 66.7 0.08% 4.70% 104 203 105 87 11 31 108 92
(32.30%) (63.04%) (26.19%) (73.81%)

K 673,659 3 673,659 qLDG3; T C 33.3 0.00% 0.00% 189 133 101 85 11 31 108 92
(58.70%) (41.30%) (26.19%) (73.81%)

K_767,400 3 767,400 qLDG3; G A 83.3 0.00% 0.00% 104 203 105 87 11 31 108 92
(32.30%) (63.04%) (26.19%) (73.81%)

K1,029,593 3 1,029,593 qLDGs; T C 83.3 0.00% 0.00% 104 203 105 87 11 31 108 92
(32.30%) (63.04%) (26.19%) (73.81%)

K 1,083,767 3 1,083,767 qLDGs; C T 83.3 0.00% 0.00% 189 133 101 85 11 31 108 92
(58.70%) (41.30%) (26.19%) (73.81%)

K1,111,246 3 1,111,246 qLDG3; G C 83.3 0.00% 0.00% 189 133 101 85 11 31 108 92
(58.70%) (41.30%) (26.19%) (73.81%)

K1,179,119 3 1,179,119 qLDG3; G C 83.3 0.00% 0.00% 189 133 101 85 11 31 108 92
(58.70%) (41.30%) (26.19%) (73.81%)

K1,298,111 3 1,298,111 ¢LDG3; C T 83.3 0.00% 0.00% 188 133 101 85 11 31 108 92
(58.39%) (41.30%) (26.19%) (73.81%)

K 16,279,477 4 16,279,477 qLDG4; T A 100 2.40% 0.00% 289 33 105 82 38 4 (9.52%) 96 89
(89.76%) (10.25%) (9.05%)

K 16,402,594 4 16,402,594 qLDG,; G A 100 2.40% 0.00% 289 33 105 82 38 3(7.14%) 98 92
(89.76%) (10.25%) (9.05%)

K 17,734,727 4 17,734,727 qLDG4; G A 100 0.00% 0.00% 289 33 105 82 40 2 (4.76%) 97 92
(89.76%) (10.25%) (95.24%)

K 18,522,689 4 18,522,689 qLDG4; G A 100 0.00% 3.12% 289 33 101 88 38 3(7.14%) 98 92
(89.76%) (10.25%) (9.05%)

K 19,027,599 4 19,027,599 qLDG4; T G 100 0.00% 2.49% 268 40 101 83 40 2 (4.76%) 97 92
(83.23%) (12.42%) (95.24%)

K_19,221,785 4 19,221,785 qLDG4; C T 100 0.00% 3.12% 268 40 101 83 42 (100%) 0 (0.00%) 98 -
(83.23%) (12.42%)

K 19,760,969 4 19,760,969 qLDG4; G A 100 0.00% 2.18% 268 40 101 83 42 (100%) 0 (0.00%) 98 -
(83.23%) (12.42%)

K 264,232 1 264,232 qEUE;; C T poor emergence 100 2.62% 8.85% 12 (3.73%) 55% 91% 58% 95%

(continued on next page)
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Table 1 (continued)

SNP ID Chr MSU7 pos. QTL/ Ref  Positive  Negative trait Positive trait KASP KASP  KASP  Segregating breeding lines panel Advanced breeding lines panel
(®p) gene allele allele utility  FPR FNR Frequency (%) Phenotypic mean Frequency (%) Phenotypic mean
Negative  Positive Negative Positive Negative Positive = Negative Positive
trait trait trait trait trait trait trait trait
early and uniform 309 31 11
emergence (95.96%) (73.81%) (26.19%)

K 628,981 1 628,981 qEUE;; C T 100 3.93% 3.12% 309 9 (2.80%) 55% 91% 31 11 58% 95%
(95.96%) (73.81%) (26.19%)

K 728,679 1 728,679 qEUE;; G T 100 4.72% 3.93% 310 10 (3.11%) 48% 87% 31 11 58% 95%
(96.27%) (73.81%) (26.19%)

K 742,759 1 742,759 qEUE;; T C 100 0.00% 12.20% 307 11 (3.42%) 52% 85% 29 10 55% 96%
(95.34%) (69.04%) (23.81%)

K 780,655 1 780,655 qEUE;; G T 100 4.99% 5.51% 311 10 (3.11%) 50% 88% 31 10 58% 95%
(96.58%) (73.81%) (23.81%)

K788,995 1 788,995 qEUE;; T A 100 3.67% 3.93% 313 9 (2.80%) 53% 92% 31 10 58% 95%
(97.20%) (73.81%) (23.81%)

K 4,033,148 11 4,033,148 qEUE;;; C T 100 2.62% 4.72% 116 206 66% 82% 31 10 58% 95%
(36.02%) (63.98%) (73.81%) (23.81%)

K 4,974,371 11 4,974,371 qEUE;;.; T C 100 4.12% 5.78% 102 202 60% 80% 31 10 58% 95%
(31.68%) (62.73%) (73.81%) (23.81%)

K 5,786,143 11 5,786,143 qEUE;;; C T 100 3.41% 4.47% 116 206 66% 82% 31 10 58% 95%
(36.02%) (63.98%) (73.81%) (23.81%)

K 6,581,858 11 6,581,858 qEUE;;; A G 100 3.93% 7.89% 116 206 66% 82% 31 10 58% 95%
(36.02%) (63.98%) (73.81%) (23.81%)

Chr: chromosome, bp: base pair, Ref allele: allele present in the reference genome, positive allele: allele present in the donor parent, negative trait: trait present in the recipient parent, positive trait: targeted trait present in
the donor parent, FPR: false positive rates, FNR: false negative rates, frequency (%) negative trait: number (percent to the total) of the breeding lines possessing recipient parent allele, frequency (%) positive trait: number
(percent to the total) of the breeding lines possessing donor parent allele, phenotypic mean negative trait: mean value of the breeding lines possessing recipient parent allele, phenotypic mean positive trait: mean value of

the breeding lines possessing donor parent allele,

SNP utility: the percentage of a prospective breeding pool across which the SNP marker could be used to introgress a QTL/gene or the proportion of the breeding pool which does NOT carry the donor allele of the SNP
marker. It was calculated as: number of breeding lines without favorable allele/Total number of breeding lines assessed, False Positive Rate’ (FPR): the proportion of breeding lines with recipient allele but identified as not
having an unfavorable/recipient allele of the SNP marker. It was calculated as the number of breeding lines withOUT recipient allele/Total number of breeding lines with recipient allele, False Negative Rate (FNR): the
proportion of breeding lines with donor allele but identified as not having the desired QTL/donor allele. It was calculated as: # number of breeding lines with-OUT favorable allele/Total number of breeding lines with

donor allele.
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The most of the advanced breeding lines grouped exclusively in the
upper left side of the PC1 vs. PC2 scatter plot while the segregating
breeding lines were scattered across the scatter plot (Fig. 2C).

2.5. Comparison of the KASP markers with conventional SSR markers

The detailed information on the conventional SSR markers and KASP
markers used in the present study is presented in Table S5. The 110
KASP assays produced consistent results when compared to the con-
ventional PCR based SSR markers in 20 diverse rice genotypes (Fig. S6).
The similar allelic pattern was observed in the parental polymorphism
assay and during the genotyping of the segregating and advanced
breeding lines when tested with both SSR and KASP markers.

2.6. Phenotypic validation of the KASP markers

All the KASP markers which produced satisfactory results in the 20
diverse genotypes in parental polymorphism survey were validated
against the phenotypes except assays for the Gm4 as phenotypic
screening data was not available. The allelic patterns of the 20 diverse
accessions for the identified KASP associated with biotic stress resis-
tance/tolerance traits; anaerobic germination, early-uniform seedling
emergence, root traits associated with nutrient uptake, lodging resis-
tance; and grain yield under reproductive stage drought stress, under
DSR are presented in Figs. 3A, 3B and 3C respectively. The allelic effects
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on the mean phenotypic values of the segregating and advanced
breeding lines panel are described in Table 1. The effects of all the alleles
were significant at P < 0.05 in segregating and the advanced breeding
panel. The 110 phenotypically validated KASP assays include 36 assays
for biotic resistance genes (6 for Bph3, 4 for Bph17, 5 for Gm4, 1 for
Pita2, 9 for Xa4, 5 for xa5, 2 for Xa21, 1 for xal3, 3 for Xa38), 2 assays
for anaerobic germination (qAGy 1), 19 assays for the root traits (7 for
gNRy4 1, 4 for gNRs 1, 6 for gRHD; 1, 1 for qRHD5 ; and 1 for qRHDg 1)
(Table 1, Fig. 4). The remaining assays include 11 assays for grain yield
under reproductive stage drought stress (2 for gDTY32 3, 5 for gDTY3 1, 5
for gDTY;2.1) and 14 assays for grain yield under DSR (4 for ¢qGY;.; and
10 for qGY19.1), 18 assays for lodging resistance trait (11 for gLDG4 ; and
7 for gLDG3s 1) and 10 assays for the early uniform emergence trait (6 for
qEUE; 1 and 4 for qEUE7;.1) (Table 1, Fig. 4). The few examples of KASP
assays on the 20 diverse accessions including parents that were used to
develop the breeding panel and KASP assays on the breeding panel
(segregating and advanced breeding lines) are presented in Fig. 5.

On average, the assays for biotic resistance genes clearly distin-
guished the resistant (1: highly resistant, 3: resistant) and susceptible (7:
susceptible, 9: highly susceptible) breeding lines (Table 1). The breeding
lines carrying the alleles for anaerobic germination tolerance showed
improved germination (83 to 96%) compared to breeding lines carrying
reference alleles (34 to 37%) (Table 1). The phenotypic effect of the
alleles associated with root traits showed significant variations in
number of nodal roots and root hair density (Table 1). The alleles
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Fig. 3A. The allelic constitution of the 20 diverse accessions for the identified KASP associated with the biotic stress resistance/tolerance traits such as brown plant

hopper (Bph3, Bph17), gall midge (GM4), bacterial blight (Xa4, xa5, Xa21, xal3, Xa38) and blast resistance (Pita2) traits. The accessions in the red box represents the
six recipient backgrounds (PR126, PR121, PR128, PR129, Pusa Basmati 1509, MTU1010) and every seventh accession in each Fig. is the donor for the respective
trait. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3B. The allelic constitution of the 20 diverse accessions for the identified KASP associated with the anaerobic germination (gAGoy ;), early-uniform seedling
emergence (qEUE; 1, QEUE17.1), root traits associated with nutrient uptake (gNRs.1, gNR4 1, QRHD; 1, qRHD5 1) and lodging resistance (QLDGs3, 1, qLDGy 1) traits under
direct seeded cultivation conditions. The accessions in the red box represents the six recipient backgrounds (PR126, PR121, PR128, PR129, Pusa Basmati 1509,
MTU1010) and every seventh accession in each Fig. is the donor for the respective trait. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 3C. The allelic constitution of the 20 diverse accessions for the identified KASP associated with the grain yield under reproductive stage drought stress (¢gDTY3 1,
qDTY5 1, gDTY ;2 ;) and grain yield under direct seeded cultivation conditions (qGY1.7, gGY10.1)- The accessions in the red box represents the six recipient backgrounds
(PR126, PR121, PR128, PR129, Pusa Basmati 1509, MTU1010) and every seventh accession in each Fig. is the donor for the respective trait. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

associated with the qLDG3 ;, gLDG4 1 showed significant reduction in the
plant height and the alleles associated with ¢GY7.1, qGY1¢; improved
the grain yield under DSR. Favorable alleles for Bph3, Bph17, Gm4, Xa4,
xa5, qRHD; 1, qGY1¢0.1 and gLDGs 1 were present at high frequency in
both the segregating and the advanced breeding lines panel (Table 1,

Fig. 6).
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2.7. Reliability of the developed KASP markers

The identification and validation of KASP markers is necessary for
the high-throughput and cost-effective screening of large population
developed involving multiple parents for different biotic and abiotic
stress resistance. Therefore, it is very much important to validate the
KASP markers in different ways. In the present study, the developed
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Fig. 4. Schematic representation of the distribution of validated KASP assays associated with different biotic/abiotic resistance/tolerance trait, root traits improving
nutrient uptake, seedling establishment, yield and yield related traits along the 12 chromosomes of rice. The alternate SNP ID (K_followed by numeric value) showing
genomic position in base pairs representing the physical position of the SNPs on the chromosome. The numbers below each chromosome indicate chromosome
numbers. The. The 110 phenotypically validated KASP assays include 36 assays for biotic resistance genes, 2 assays for anaerobic germination, 10 assays for the early
uniform emergence trait, 19 assays for the root traits improving nutrient uptake, 11 assays for grain yield under reproductive stage drought stress, 14 assays for grain

yield under DSR, and 18 assays for lodging resistance trait.

KASP markers were validated first on a set of 20 diverse parents fol-
lowed by the second level validation on a set of segregating breeding
material and third level validation on advanced breeding material.
Further, at the fourth level, the KASP markers were checked on the 10
predicted Fi5 plants developed for each trait considered in the present
study. At the fifth level, the KASP markers were validated by comparing
the KASP assays with the already available gel-based PCR markers
associated with the DSR traits. In addition, the repeatability of the KASP
assays was accessed on a set of random 70 samples using 10 random
markers.

3. Discussion

An increase in rice productivity through the introgression of multiple
traits for abiotic/biotic stresses as well as traits improving adaptability
under DSR cultivation conditions is a feasible breeding strategy to adapt
with changing climate, limited resources and to develop high-yielding
DSR varieties. The development of marker-assisted derived DSR
breeding lines with pyramided QTL/genes with different specificities or
broad-spectrum QTL may be expected to increase grain yield, durability
and adaptability under DSR. The newly identified QTLs/genes for traits
related to DSR adaptation [6,18,19,48,49] shall provide opportunities to
develop new rice varieties with higher yield potential of 6.0-6.5 tha* in
the background of popular recipient varieties and broader adaptability
to diverse DSR situations. This means that substantial opportunities exist
for the exploitation of these QTL/genes in the modern breeding pro-
grams, and efforts are underway to achieve this. To date, the genomics-
assisted breeding programs attempting to use the identified QTL/genes
have almost universally relied on the old SSR marker systems [50]. SSRs
are not so useful in marker-assisted introgression programs involving
multiple donors as there is possibility of getting the same allelic pattern
for multiple parents. The identification of a cost-effective, high-
throughput and straightforward genotyping approach that does not
jeopardize the prediction accuracies is must.

The introduction of new genomics tools and markers offer great
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solution in meeting the challenge of genetic gain improvement [39,43]
ensuring productivity under DSR. The explosion in genomics resources
and the low-cost genome resequencing approaches now enables the
development of highly accurate SNP marker systems. To the best of our
knowledge this is the first study targeting development of trait-based
SNP panel for the traits improving yield and adaptability of rice under
DSR. The concepts of marker-assisted selection are now transformed into
the high-throughput and cost-effective whole genome sequencing plat-
form to maximize the genetic gains especially for complex traits [51,52].
While a multiple of genotyping platforms have been developed, very less
efforts have been made in developing informative, cost-effective and
high-throughput genotyping solution specifically designed for applied
DSR breeding programs. The existing SNP databases such as the Rice 3 K
project provides about 18 million different types of SNP information
which creates difficulty for the breeders to get quick analysis and useful
information about the SNPs [35]. Consequently, it is very much
important in the genomics-assisted breeding to identify the core trait-
linked SNPs representing the key information. Not much research
work has been done in developing tightly linked, functional and diag-
nostic SNP markers to be used directly in molecular breeding except the
development of diagnostic markers such as ALK [53,54], Wx [55,56],
GS3 [57], Pikh, GW5, and CHALK5 [34], rtsvl [58], Xa4 [59], xa5
[60,61], xal3 [62], Xa23 [63], Xa21 [64], Xa7 [61,65], and SublA [66].

The KASP-SNP genotyping panel underpinning polymorphism
among different rice genera [67], linked with genes associated with the
economic traits in crop breeding [68], and disease resistance have been
developed. The approach of the present study was to bring in a large
number of molecularly characterized strains amenable to rapid transfer
and consolidation along with high-throughput genotyping solution. We
demonstrated here the effectiveness of newly developed KASP assays for
QTL/genes conferring adaptability, biotic and abiotic stress resistances
and grain yield stability of rice under DSR. Unlike the previously
developed SNP arrays [39-41,43], the set of KASP markers developed in
the present study target specific QTL/genes of interest, and first provide
a platform for the foreground MAS for multiple DSR related QTL/genes.
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Fig. 5. The pictorial representation of the KASP
assays conducted on the 20 diverse accessions
including parents used to develop the breeding
panel and KASP assays on the breeding panel
constituting segregating and advanced breeding
° lines. PS: polymorphism survey on the 20 diverse
accessions; BP: breeding panel. Blue colour in-
dicates the donor allele, red colour indicates the
recipient allele and green colour indicates the
heterozygotes. (For interpretation of the references
to colour in this figure legend, the reader is referred
to the web version of this article.)
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One hundred and seventy-one KASP markers classified into five subsets
including biotic stress resistance, early seedling establishment (anaer-
obic germination, early uniform emergence), root traits improving
nutrient uptake (number of nodal roots, root hair density), plant type
(lodging resistance) and grain yield (reproductive stage drought stress
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and DSR conditions) were designed. The designed 171 markers fulfilled
the criterion of quality control, allelic variation of targeted donor to
other 13 donors and to 6 recipient backgrounds, key/functional genes
targeting sites and strong association with the important DSR trait. The
major challenge in designing KASP markers was to identify the SNPs
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Fig. 6. The heat map indicating the frequency of favorable alleles associated with different biotic/abiotic resistance/tolerance trait, root traits improving nutrient
uptake, seedling establishment, yield and yield related traits in (A) the segregating and (B) the advanced breeding lines panel.

specifically linked with the particular donor and trait of interest as the
marker-assisted introgression program involve multiple parents. Finally,
110 out of the 171 successfully-designed SNPs were able to display di-
versity at the particular loci.

The KASP assays analyzed in the present study were validated for
their robustness and reliability at five different levels using diverse
germplasm, segregating population, advanced breeding lines, compari-
son with PCR based markers and on the developed Fis. Overall, the
newly developed KASP assays worked for most of the targeted genomic
regions with few exceptions like gEVVy ; (early uniform emergence) and
the genomic regions associated with nematode tolerance. Several KASP
assays may need to be developed to reveal the good clusters and to get
reliable results. All the 110 KASP assays being reported here showed
significant association with the relevant phenotypes in the diverse
germplasm, segregating and advanced breeding populations panel, thus
revealing their potential application in DSR breeding programs.

The KASP array developed in the present study may be useful in
constructing a set of nearly isogenic lines (NILs) suitable for the DSR
trait evaluation because the identified SNPs can be used to select
favorable alleles in a wide range of genetic backgrounds. The tightly
linked set of SNPs such as the SNPs detected for Gm4, Xa4, xa5, xal3,
Xa21, Xa38, qAGg 1, qDTY3 1, ¢DTY;2; and qGY7 ;1 can also be used for
dissecting the “linkage drag”. The detection of haplotypes around the
target QTL/genes can further be utilized for the fine genetic dissection of
the genomic regions near the targeted QTL/genes. As we have large
segregating population available with us, the validated KASP array can
be readily used to construct a NIL with a very small introgressed chro-
mosome segment from the respective donor parents and a MAGIC
(multi-parent advanced generation inter-cross) population with multi-
ple useful genes. The simultaneous detection of multiple useful alleles
using KASP arrays potentially allows a dramatic decrease in the time
required and labor cost to develop pyramid lines. In addition, the direct
pyramiding of multiple abiotic and biotic stress tolerance/resistance
related genes will contribute in increasing the genetic diversity in the
breeding pool. However, the cost for KASP assay is still expensive but the
multiplexing of both samples and markers may reduce the cost. The
versatile KASP array developed in the present study will largely
contribute in facilitating the DSR breeding activities. Both the plant
materials and the KASP arrays are available for the rice breeders to
improve the already existing rice varieties.

KASP technology has recently emerged as a single-plex high-
throughput genotyping technology and this is the first report on high
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throughput screening of KASP markers associated with traits improving
adaptability, grain yield and biotic/abiotic stress resistance/tolerance
under DSR in a major crop. A set of core SNPs was built via targeting
variations in the already identified genomic region associated with DSR
traits. Development and validation of such 110 KASP assays may pro-
vide useful ways to deploy these important QTLs/genes in DSR breeding
programs in a timely and cost-effective manner. The development of
trait-based SNP panel may strengthen DSR breeding programs and
enable the broader distribution and the active use of SNP based markers
for both the public and private sectors marker-assisted DSR breeding
programs. It may allow the access of trait-based markers to the DSR
breeders to screen their germplasm for the DSR adapted traits, including
traits providing grain yield improvement and tolerance to biotic and
abiotic stresses. Building on these achievements, development of DSR
rice varieties and the development of trait-based KASP-SNP markers can
provide opportunities for significant increase in DSR productivity.
Hence, we believe that this toolkit can significantly accelerate the efforts
to select and pyramid favorable alleles/genes in DSR breeding programs.

4. Materials and methods

The study on the development and validation of KASP markers was
carried out at School of Agricultural Biotechnology, Punjab Agricultural
University, Ludhiana, Punjab (India). In the past decades, efforts have
been made in the identification of donors/genomic regions associated
with the traits improving grain yield and adaptability of rice under DSR
cultivation conditions. A panel of diverse accessions consist of 14 donors
(listed in Table S8) and six recipient backgrounds (PR126, PR121,
PR128, PR129, PB1509, and MTU1010 were chosen to test the diag-
nostic ability of SSR and KASP markers. Two marker-assisted derived
breeding populations (segregating and advanced breeding populations)
were also used for the validation of markers. A total 108 marker-assisted
derived F3 breeding lines developed through forward breeding approach
were procured from IRRI, South Asia Hub, Hyderabad in 2019WS. These
breeding lines were evaluated and advanced to F4 generation under DSR
at PAU and a total of 599 single plant selection were selected in 2019WS.
The 599 single plant selection were sown in controlled screenhouse
conditions during 2020DS and advanced to Fs generation. The 599
breeding lines and the local and upland adapted checks were evaluated
under DSR cultivation conditions and advanced to Fg generation in
2020WS. The 599 breeding lines were genotyped using the identified
polymorphic SSR markers. Considering the genotyping cost of KASP
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markers in mind, a total of 322 breeding lines segregating for different
combinations of QTLs/genes were screened for KASP assay along with
the 14 donors and 6 recipient backgrounds. The detailed information on
the donors and the breeding strategy used to develop the breeding lines
at IRRI-SAH is presented in Fig. S1. In addition, seeds of 42 advanced
breeding lines developed at International Rice Research Institute (IRRI),
Philippines (Sandhu et al. 2021) were procured and evaluated at PAU,
ISARC (IRRI-South Asia regional center), Varanasi and BAU, Sabour
under DSR. The F;s were developed utilizing the donors possessing the
particular trait of interest in six recipient backgrounds to further check
the efficacy of designed markers in determining the heterozygosity
(Fig. S2).

4.1. Phenotypic characterization of the breeding populations

To combine traits providing grain yield and adaptability under DSR,
true Fis were selected using trait-linked markers. A plot size of 3.2, 1.6,
1.6, 2.0 and 3.6 m? was maintained at Fs, F4, Fs, Fe and in advanced
generations, respectively; maintaining 20 cm (hill to hill) x 20 cm (row
to row) distance across the two replications. The complete package of
field management used was described in detail in Sandhu et al. [18].
Depending on the generation, six plants were randomly chosen to record
data on days to 50% flowering (days), plant height (cm, at physiological
maturity), panicle length (cm), number of grains/panicles, number of
tillers/0.5 m? and grain yield of single plant selection (g). The plot yield
was measured in kg ha™!. The method for the measurement of all the
observed agronomic traits was followed from Sandhu et al. [18]. The
root traits measurement on six random plants were attempted following
the procedure described in detail in Sandhu et al. [6] at 60 days after
sowing was done. At Fs and advanced generation stages, screening for
bacterial blight (6 plants per breeding lines), brown planthopper (BPH)
(7 to 10 seedlings per breeding lines) and anaerobic germination (7 to 10
seeds per breeding lines) were attempted. Mixed inoculum for the races
presents in Punjab was used for the blast inoculation. For the bacterial
blight screening, the most prevalent pathotypes PbXo-7 and PbXo-8 were
used. The pure virulent culture of each pathotype was inoculated
separately at the maximum tillering stage using clip inoculation tech-
nique [69]. The scoring for bacterial blast was carried out following
Narayanan et al. [70] and for BPH following Heinrichs [71]. The
screening for anaerobic germination was carried out in screenhouse as
well as in the field following Angaji et al. [72]. Already identified donors
and local check varieties were used for positive and negative control in
each of the screening experiments.

4.2. Genotyping

4.2.1. Whole genome resequencing

Genomic DNA of the 14 donors and 6 recipient backgrounds were
prepared using modified CTAB method [73], integrity was analyzed on
gel electrophoresis and then subjected to high throughput whole
genome ReSequencing using Illumina HiSEQ 4000. In the sequencing
analysis, gDNA library was constructed using Illumina Truseq protocol
v3 and 150 bp paired-end short reads were generated in fastq format. A
total of 4 Gb raw sequence data was generated. The obtained raw data
were processed using the following procedure. The schematic repre-
sentation of the complete workflow used for the development of core
trait-linked KASP marker panel to be further used in genomics-assisted
breeding program is presented in Fig. S3.

4.2.2. Sequencing, read processing and read alignment

Paired-end sequencing, using the Illumina HiSeq 4000 platform, and
read processing were carried out at NGB Diagnostics Private Limited,
New Delhi (India). For bioinformatics analysis, Illumina adaptor se-
quences were removed and quality trimming of adaptor-clipped reads
was performed, removing reads containing Ns and 3’-end trimming
reads to get a minimum average Phred quality score of 20 over a window
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of ten bases. Reads with a final length of less than 20 bases were
discarded.

The reference genome sequence used was of O. sativa (version 7.0),
retrieved from Rice genome annotation project (http://rice.plantbiology
.msu.edu/ pub/ data/ Eukaryotic Projects/osativa/ annotationdbs/
pseudomolecules/version_7.0/all.dir/). Sequencing reads were mapped
against this reference using bwa (version 0.7.17-r1188). Discordant or
mixed paired-read alignments were not permitted, with all other
alignment parameters kept as default. Only read pairs with both reads
aligning in the expected orientation were used in subsequent analyses.

4.2.3. Variant calling

SAMtools (version 0.1.19) [74] were used for conversion of mapping
files from Sam alignment format into bam binary format and the du-
plicates were marked for the sorted bam files using Picard software
(version 1.48). Bam file generated was then used for variant calling
using software Unified Genotyper of GATK pipeline (Genome Analysis
Toolkit, version 3.6). For comparative analysis and identification of
unique SNPs in the donor parent variant files for all samples were
merged using Bcftools (version 1.9) and samples with MAF 2% and 80%
were kept and finally, filtering for variant calling was done using
Vcftools (version 0.1.17).

4.2.4. Designing of KASP markers

KASP markers were designed using offline Polymarker software [75].
MAFFT, Primer3, Exonerate and, Blast software’s, Samtools, Bamtools,
Bio-samtools and, Glib 2.0 were used in the system’s path. Database for
the reference genome was generated using BLAST tool and indexing of
reference genome was done using samtools to generate an index file for
the genome. Variant calls for the specified gene/QTL regions were
retrieved from the VCF files generated for SNP calling. Flanking region
for the SNPs extracted from the reference genome using bedtools and the
final files for marker designing were created in the format desired for the
Polymarker softer, containing ID, chromosome number, and the variant
call having flanking region of 100 bp at each side in the CSV (Comma-
separated values) format. These files were used as input files for the
Polymarker software.

4.2.5. Filtering and selection of KASP markers

The markers located in the earlier identified genomic region asso-
ciated with the traits considered in the present study were screened. All
gene files for the reference genome were retrieved from Rice Genome
Annotation Project. Selected markers then screened for high donor
specificity using the merged variant file created using BCF tools. All the
markers shortlisted were aligned with the reference genome using
BLAST (Basic Local Alignment Search Tool) and markers showing align-
ment at multiple loci were rejected. High specificity markers aligning at
the desired locus with low e-value were selected.

4.2.6. SSR and KASP assay

To test the utility and accuracy of the SSR and KASP markers, the
genomic DNA of both sets of the breeding lines was extracted. Parental
polymorphism survey using the SSR and KASP markers was performed.
A total of already identified 81 polymorphic SSR markers, one indel,
eight gene-specific markers [48] and 171 newly designed KASP markers
were used for the polymorphic survey of the donor and the recipient
backgrounds used in the present study. SSR marker assay was carried out
following the procedure as described by Sandhu et al. [48]. The KASP
genotyping assays were tested and further validated in a 384-well
format having a total reaction volume of 4 pl (2 pl of template DNA
(25 ng), 0.056 pl of primer mix and 1.944 pl of Kasp mix). Touchdown
PCR was performed with the following configuration: Initial denatur-
ation at 95 °C for 15 min, 10 touchdown cycles (95 °C for 20s, touch-
down at 65 °C, — 1 °C per cycle, 25 s) and then 20 cycles of amplification
(95 °Cfor 10 s; 57 °C for 60 s). Fluorescence data was collected using the
infinite F200 pro micro-plate reader and analyzed using the Tecan i-
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control 1.11 software and clusters were marked (XX, XY, YY) based on
their graphical location using the KlusterCaller.

4.2.7. Hierarchical clustering and principal component analysis

Hierarchical clustering of the diverse accessions based on whole
genome resequencing data was generated. The genetic distance matrix
was calculated using TASSEL v.5.2.37 (Bradbury et al., 2007) and the
tree was visualized using iTOL [76]. The principal component analysis
(PCA) was performed using prcomp command of the R statistical software
(http://www.R-project.org) [77].

4.2.8. Quality assurance of the KASP markers

The SNP quality control methods and variables [(i) utility (ii) false
positive rate; FPR (iii) false negative rate; FNR)] as described by Platten
et al. [78] were used to check the ability of the newly designed trait
linked KASP markers. It leads to the accurate identification of the plant
samples with desirable alleles. The parameters (utility, FPR and FNR)
were measured and analyzed separately for each individual trait asso-
ciated marker and/or for trait associated haplotypes in case the trait
with more than one KASP marker associated with it.

4.3. Statistical analysis

Analysis of variance (ANOVA), experiment and experiment-wise
mean was calculated using mixed model analysis in PBTools V 1.4.0.
To evaluate the phenotypic stability and grain yield adaptability of the
breeding lines across seasons and locations, the yield stability analysis
was performed. The location effect was considered as an “environment
(E).” The best linear unbiased prediction (BLUP) values of the G (ge-
notype) and G x E (genotype x environment) effects were calculated. The
multiplicative model in PB tool version 1.3 (bbi.irri.orgbbi.irri.org) was
used to explain the relationship between genotype and seasons. The
stability models were fitted into the genotype x environment means
within a mixed-model framework where the effect of the genotypes was
considered as fixed and the trials were random [79-81]. The allelic ef-
fect of all the significant markers associated with all the traits measured
in the present study was determined comparing the mean phenotypic
values and the significant allelic variations for the particular traits were
determined performing the Kruskal-Wallis test in “R”.
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