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Abstract  Super Basmati is an elite variety with 
extra-long grains and superior quality but its yield is 
severely affected by water stress. Recombinant inbred 
lines (RILs) developed from the cross of Super Bas-
mati and IR55419-04 (a coarse grained variety with 
high yield potential) were used to identify and map 
yield-related quantitative trait loci (QTLs) under nor-
mal field conditions. Genotypes for 244 KASP mark-
ers were obtained from 188 F9 RILs and a linkage map 
constructed of 1369.4 cM, with average marker interval 
of 10.5 cM. Eleven agronomic traits were phenotyped 
in RILs and parents. Composite interval mapping and 
inclusive composite interval mapping model identified 
21 common QTLs related to nine agronomic traits; of 
the QTLs identified, twelve mapped at novel positions. 

LOD scores ranged from 2.51 for number of filled 
grains (qFG1.1) to 16.8 for plant height (qPH1.1). 
Four major effect QTLs could explain 20% of varia-
tion related for plant height, hundred-grain weight and 
grain width. Alleles from IR55419-04 improved grain 
filling, grain weight and grain width, while alleles from 
Super Basmati contributed to longer grains, panicles 
and flag leaves. Putative candidate genes were identi-
fied for 18 yield-related QTLs. These results validate 
the use of KASP genotyping for QTL mapping of 
yield-related traits in a bi-parental segregating popula-
tion. SNPs in the QTLs identified in this study can be 
used in marker assisted selection for yield components 
to improve Basmati rice.

Keywords  Super Basmati · Kompetitive allele 
specific PCR (KASP) · Quantitative trait loci 
(QTLs) · Yield-related traits · SNP markers

Introduction

Pakistan is among the top ten rice producing coun-
tries. Its cultivated area has increased by 11% since 
2019 and production by 20%, with a 5 years average 
(2018/19–2022/23) of 3.1 million hectares producing 
7.5 million metric tons (USDA 2023). Rice is Paki-
stan’s second major crop in terms of cultivation and 
export, contributing about 70.2% to the agricultural 
economy of Pakistan (Abbas and Mayo 2021). Paki-
stan contributes about 32% of global basmati export 
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(Hussain et  al. 2014). Breeders developed elite bas-
mati varieties by crossing between high-yielding, short 
statured non-basmati varieties with basmati varieties 
including Super Basmati (SB) (Nagaraju et al. 2002).

Super Basmati has superior market value with 
extra-long grains, aroma and soft texture with inter-
mediate amylose content (Sabar et al. 2019), however, 
it suffers approximately 90% paddy yield reduction 
when exposed to water stress. Rice yield components 
are highly complex traits that contribute towards 
overall yield; these include spikelet per panicle, fertil-
ity, grain number per panicle, panicle number, grain 
filling and weight. Grain length and width contribute 
towards appearance quality of grain (Li et al. 2021).

Quantitative traits having continuous variation are 
often controlled by multiple genes (Khan 2015) thus 
it is necessary to locate and map quantitative trait loci 
(QTLs). Usually parents with contrasting characters 
are crossed and recombinants are produced which 
are further inbred to achieve homozygosity hence, 
providing a reliable source for trait mapping (Pollard 
2012). QTLs identified in mapping populations can 
be used in marker-assisted selection (MAS) breed-
ing programs to develop elite varieties. However, the 
higher cost of genotyping with DNA markers can 
limit the use of MAS (Steele et al. 2018). Next gen-
eration sequencing (NGS), array-based genotyping 
and genotype by sequencing (GBS) all provide high 
resolution for efficient QTL mapping but they lack 
the flexibility and ease provided by SSRs (simple 
sequence repeats) which are often the preferred geno-
typing method of public sector breeders (Yang et al. 
2015). An alternative but similarly flexible genotyp-
ing marker system is Kompetitive allele-specific PCR 
(KASP™) technology of LGC Biosearch Technolo-
gies, UK (He et al. 2014). KASP can genotype either 
SNP or InDel loci, although the majority of assays are 
designed to target SNPs. KASP genotyping costs can 
be up to 60% lower than SSRs (Steele et  al. 2018), 
with a more efficient workflow. KASP genotyping 
has been used for screening of rice stripe virus (RSV) 
resistance genes at early growth stage (Kang et  al. 
2020), high throughput genotyping of varieties tol-
erant to abiotic germination stress (Lee et  al. 2021), 
QTL mapping of bakanae disease (BD) resistance in 
rice (Cheon et al. 2019), genotyping and screening of 
candidate alleles in maize (Mideros et al. 2014) and 
discrimination between commercial Basmati rice 
varieties (Steele et al. 2021). Previously, about 2015 

KASP markers were developed by International Rice 
Research Institute (IRRI) covering the rice genome 
but only a few KASP were reported as functional or 
linked to traits (Pariasca-Tanaka et al. 2015).

In order to select drought tolerance and yield traits, 
Super Basmati was crossed with a coarse grained 
indica variety IR55419-04 that has better yield poten-
tial and shows only 51% reduction in yield under two 
weeks water stress which is better than Super Bas-
mati (Sabar and Arif 2014). The F2 introgression 
lines developed from the cross of Super Basmati and 
IR55419-04 exhibited drought tolerance due to deeper 
roots and enhanced root diameter (Sabar et al. 2019). 
A similar study using an F7 recombinant inbred lines 
(RIL) population developed from the cross of Super 
Basmati and Azucena (a japonica cultivar) was used 
to map traits related to drought response (Waheed 
et  al. 2021). The present study focused on mapping 
the genomic regions involved in enhancing or control-
ling yield-related traits in F9 RILs from the contrast-
ing parents Super Basmati and IR55419-04.

The objective of this study was to use KASP mark-
ers, designed to target either functional SNPs or SNPs 
located close to previously published markers associ-
ated with agronomic traits, for genetic linkage map-
ping of traits related to yield in RILs derived from 
the cross between Super Basmati and IR55419-04. 
The goal was to validate KASP as an efficient and 
accurate genotyping system for QTL mapping by 
comparing the identified QTL locations with already 
reported QTLs and previously clone genes.

Methods

Plant materials

An F9 generation of 188 RILs developed from the 
cross of Super Basmati (female parent) and IR55419-
04 (male parent) (Sabar and Arif 2014) using single 
seed descent were used in this study. Both parents, 
Super Basmati and IR55419-04 were also included 
with studied population.

Field experiments and traits evaluation

One hundred and eighty-eight RILs along with both 
parents were planted in an alpha lattice design in 
two replicates in the research area of the National 
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Institute for Biotechnology and Genetic Engineering 
(NIBGE), Faisalabad, Punjab, Pakistan (31° ′42′ N 
73° ′02′ E), in the 2020 rice growing season. Fifteen 
plants from each RIL family and parents were planted 
in each row and data of agronomic traits was recorded 
from central three plants (usually 7th, 8th and 9th 
plant) at vegetative and reproductive stage. The soil 
conditions, fertilizers applied, and irrigation regimes 
are described in Supplementary File 1, Table S1.

Data of agronomic traits including plant height 
(PH), number of tillers per plant (PTN), flag leaf 
length (FLL) was recorded several days before har-
vest. PH was calculated at maturity stage and height 
of single plant from the soil surface to the tip of the 
panicle of the main tiller. PTN were counted for each 
plant at maturity and FLL was measured at the begin-
ning of the anthesis of main tiller. For panicle length 
(PL), three panicles per plant were taken and length 
was calculated from the tip to the neck of panicle 
after harvest. Number of filled grains per panicle (FG) 
and number of unfilled grains (UFG) were calculated 
manually after threshing, as was the ratio of unfilled 
to total number of spikes, giving spikelet sterility per-
centage. Spikelet fertility percentage (SF%) was cal-
culated by dividing FG by total number of spikelet. 
An electronic balance was used for the measurement 
of hundred grains weight per plant (HGW) and grain 

yield per plant (GYP) of sun-dried samples having 
up to 12% moisture content. For the measurement of 
grain length (GL) and grain width (GW), ten grains 
from each selected plant were taken and analyzed 
with SMART​GRA​IN software (Tanabata et al. 2012).

Statistical data analysis

Mean values were calculated for each trait from the 
data of three plants per line. Frequency distribution for 
each trait was calculated using GraphPad Prism v7.00 
(GraphPad Software, Boston, USA). Support for possi-
ble shared or pleiotropic effects of co-located QTLs was 
assessed by testing the correlation between traits using 
Pearson’s correlation coefficient at significance level 
p < 0.05. Pearsons’s correlations, Skewness, kurtosis and 
phenotypic variance were calculated using SPSS 23.0 
(SPSS, Chicago, IL, United States). Non-normal data 
was transformed using box-cox functionality in PAST 
software (Hammer et al. 2001) for QTL mapping.

KASP marker development and genotyping

A schematic flowchart of the main steps in KASP-
marker development, molecular analysis and link-
age analysis can be seen in Fig. 1. Prior to this study, 
novel KASP markers were designed from 50  bp 

Fig. 1   Steps used for 
KASP marker development, 
genotyping and SNP filter-
ing for linkage analysis
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flanking sequences flanking each target SNP using 
the bioinformatics pipeline described by Steele et al. 
(2021) by alignment of whole genome sequences 
against the Shuhui498 (R498) indica reference 
genome (Du et al. 2017). SNPs flanking SSRs asso-
ciated with agronomic traits or predicted functional 
SNPs, were selected on all chromosomes for genotyp-
ing with allele specific KASP markers. Each KASP 
was assigned a working KASP ID relating these 
selection criteria. The 50  bp flanking sequences for 
250 selected SNP sites were sent to LGC in the SNP 
submission template that they provided.

The all-inclusive services for plant samples of 
LGC Biosearch Technologies, UK (https://​www.​biose​
archt​ech.​com/​servi​ces/​genot​yping-​servi​ces/​all-​inclu​
sive-​servi​ces) was used for KASP genotyping. The 
leaf samples from 188 RILs and parents were sent to 
LGC Biosearch Technologies, UK, following the pro-
tocol specified by them.

The genotyping data file received from LGC 
Genomics, UK was analyzed using SNPViewer™ 
software (https://​www.​biose​archt​ech.​com/​suppo​rt/​
tools/​genot​yping-​softw​are/​snpvi​ewer) and a dataset 
was compiled in Microsoft Excel containing called 
SNPs at 244 loci in 188 RILs and the two parents 
(Supplementary File 2).

Analysis of KASP genotyping data

Eighty-three monomorphic loci among the parents 
and the loci containing homozygous alleles in RILs 
were removed from the genotype data received from 
LGC Genomics, UK. MACH software (Li 2006) 
was used for imputation of most likely genotype at 
missing site (missing rate was around 6% per loci) 
because it has better efficiency as compared to other 
imputation software as assessed by (Biernacka et al. 
2009). After imputation of missing sites and allele 
frequency analysis, 145 polymorphic KASP mark-
ers remained from which a further 20 KASP mark-
ers were removed due to segregation distortion. The 
remaining 125 polymorphic markers were analyzed 
in the following steps. GenAELx 6 (Peakall and 
Smouse 2006) was used to conduct allele frequency 
analysis for the determination of polymorphic mark-
ers percentage. RILs were assessed for heterozygous 
alleles percentage to determine the heterozygosity in 
population.

Linkage map construction

A linkage map was calculated using the MAP func-
tionality in QTL IciMapping software and the data 
generated was then used to draw linkage map using 
Map Chart v2.32. Binning of redundant markers was 
also done in QTL IciMapping software v4.2 (Meng 
et al. 2015) and a chi-square test was used to remove 
marker loci with segregation distortion from the anal-
ysis as also performed by Hirao et al. (2019). Segre-
gation distortion was detected if a locus had a p-value 
of < 0.05. For grouping and ordering of remaining 
markers, the regression mapping algorithm RECORD 
(REcombination Counting and ORDering) based on 
recombination events between adjacent markers was 
used and the algorithms for ordering and rippling that 
gave a shorter linkage map were used. Kosambi map-
ping function was used to calculate genetic distance 
(cM) between markers. This linkage map was used 
for QTL mapping.

QTL analysis

Three software platforms were used for QTL map-
ping and QTLs that mapped consistently among at 
least two platforms were considered as stable QTLs.

	 (i)	 QTL Ici Mapping was used to predict LOD 
scores and the phenotypic variance explained 
(PVE) for each marker using the single marker 
analysis (SMA) functionality with a LOD 
threshold of 2.5. Then the inclusive compos-
ite interval mapping (ICIM) functionality was 
used to map putative QTLs related to various 
traits and additive effect along with PVE per-
centage also analyzed. The LOD test statistic 
used was –  2ln (L0/L1), where L0/L1 is the 
ratio of the likelihood under the null hypothesis 
(indicating the absence of QTL) and the alter-
native hypothesis (indicating the presence of 
QTL). QTLs with PVE ≥ 20% were considered 
as major-effect QTL (Du et al. 2019). The step 
length for QTL scanning was set at 1 cM and 
LOD threshold value required to declare a QTL 
(p < 0.05) was determined by 1000-permuta-
tions test.

	(ii)	 QTL g.CI Mapping (Changrong et  al. 2020) 
was used for genome-wide composite interval 

https://www.biosearchtech.com/services/genotyping-services/all-inclusive-services
https://www.biosearchtech.com/services/genotyping-services/all-inclusive-services
https://www.biosearchtech.com/services/genotyping-services/all-inclusive-services
https://www.biosearchtech.com/support/tools/genotyping-software/snpviewer
https://www.biosearchtech.com/support/tools/genotyping-software/snpviewer
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mapping using the LOD threshold value pre-
viously determined by QTL IciMapping soft-
ware.

	(iii)	 Windows QTL Cartographer v2.5 (Wang et al. 
2012a) was also used to perform CIM.

The naming of the QTLs were as per the stand-
ard nomenclatural guidelines published (McCouch 
1997). The indica R498 genome positions of left 
and right KASP markers of the QTLs were con-
verted to japonica reference genome (Nipponbare 
IRGSP 1.0) positions for reporting herein. QTLs 
identified commonly from all models were com-
pared with already reported regions in Gramene 
QTL database (https://​archi​ve.​grame​ne.​org/​qtl/) 
and QTARO database (https://​qtaro.​abr.​affrc.​go.​jp/​
qtab/​table#​as_​table:​21:​undef​ined:​undef​ined). QTLs 
were considered novel if the observed marker 
interval did not overlap with the marker interval 
significantly in previous studies (Kulkarni et  al. 
2020). For the identification of putative gene(s) 
in the QTL regions, the KASP marker SNP posi-
tion nearest to QTL peak was selected and 200 kb 
region (100 kb downstream and upstream of SNP) 
was searched for candidate genes in the following 
databases. MSU Rice Genome Annotation Release 
7 was obtained used to obtain information about 
the genes model for all chromosomes as well as 
functional annotation (http://​rice.​plant​biolo​gy.​msu.​
edu/; Thibaud-Nissen et  al. 2007). Q-TARO data-
base was also used to obtain the list of genes and 
their locations on all chromosomes to find genes 
with functions that may underly QTLs (Yone-
maru et  al. 2010). Putative functions of candidate 
genes in the QTL region were then confirmed from 
already published knockout studies and association 
of gene with the trait was determined.

Allelic effect of associated KASP markers with traits

The mean phenotypic data of the traits with respect 
to each allele of the KASP marker nearest to the 
QTL peak was compared using the function (t-Test: 
two-sample assuming equal variances) in analysis 
ToolPak add-in in MS Excel and allelic effect of 
the parents on the traits was estimated.

In silico candidate genes analysis

Based on the search window suggested by (Zaw et al. 
2019), a 100  kb region upstream and downstream 
of the KASP marker nearest to the peak LOD was 
searched for genes in the MSU Rice Genome Anno-
tation Project database and then the resulting list of 
gene loci for each QTL was evaluated to find candi-
date genes that could be involved in the expression of 
respective trait.

Results

Trait variation in RILs

RILs were identified that carried favourable charac-
teristics from one of the parents such as longer and 
wider grains, semi-dwarf, longer panicle and flag 
leaf and promising grain weight and grain yield. 
Transgressive segregation was observed in RILs for 
panicle length (PL) and hundred grain weight (HGW) 
and broad distributions was observed for traits such 
as plant height (PH), tiller number (PTN), flag leaf 
length (FLL), filled grains number (FG), unfilled 
grains number (UFG) and grain yield per plant (GYP) 
(Table  1). RILs showed normal frequency distribu-
tion for traits such as PH, FLL and GL while UFG 
showed significant positive skewness and GYP data 
was slightly positive skewed. Data from PL,SF% and 
GW was slightly negative skewed (Fig. 2).

There was significant variation between the par-
ents for most traits (Table  1). Super Basmati was 
about 22.5  cm taller than IR55419-04 and it also 
showed significantly higher values for the traits i.e., 
tiller number, flag leaf length, panicle length and 
grain length. However, IR55419-04 had on average 
98 more filled grains/panicle (p < 0.0001) than Super 
Basmati (53 grains/panicle) and its average paddy 
grain width was 0.33 mm wider than Super Basmati 
(2.6 mm).

Correlation analysis of yield‑related traits

Correlations of GYP, FG and PH with all agronomic 
traits are summarized in histograms (Fig.  3). GYP 
was positively correlated with PH, PTN, PL, HGW, 

https://archive.gramene.org/qtl/
https://qtaro.abr.affrc.go.jp/qtab/table#as_table:21:undefined:undefined
https://qtaro.abr.affrc.go.jp/qtab/table#as_table:21:undefined:undefined
http://rice.plantbiology.msu.edu/
http://rice.plantbiology.msu.edu/
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FLL, FG, GW and SF% (Table 2). PL was also found 
to be positively correlated with PH, FLL and FG. 
HGW was positively correlated with GL and GW.

UFG negatively correlated with PH, PTN, FG, 
HGW, GYP, GL, GW and most significant with 
SF%. FLL had negative correlation with HGW, GL, 
GW and SF% ranging from −0.111 (SF%) to −0.059 
(GL). GL was found to be negatively correlated with 

GYP, FG and UFG with a value of −0.015, −0.23 and 
−0.109 respectively. PL had slightly negative correla-
tion only with HGW with a score of −0.015.

Genotyping and linkage analysis

Of 188 RILs, 152 RILs were 85% homozygous so 
only those lines were further used in linkage analysis. 

Table 1   Phenotypic 
analysis of eleven 
agronomic traits in parents 
and RILs

a Standard deviation
b Coefficient of variance %

Trait Parents RILs

Super Basmati IR55419-04 Mean ± SDa Range CVb

Mean ± SDa Mean ± SDa

Plant height (cm) 137.5 ± 1.87 115 ± 2.16 114.8 ± 20 65.3–161.6 17.42
Tiller number 16 ± 2.16 14 ± 1.58 11.5 ± 2.8 6–21 24.35
Flag leaf length (cm) 40 ± 1.87 31.5 ± 3.02 35.1 ± 9 16.7–60 25.64
Panicle length (cm) 24.18 ± 1.92 19.91 ± 2.2 26.4 ± 3.1 16.9–33.1 11.74
Filled grain number 53 ± 5.55 151 ± 6.3 59.6 ± 25.4 10–141 42.62
Unfilled grain number 46 ± 1.98 56 ± 3.4 53.1 ± 34.8 8–173 65.54
Spikelet fertility % 53.52 ± 1.2 72.94 ± 3.01 55.1 ± 20.9 7.49–91.45 37.93
Hundred grains weight (g) 2.03 ± 0.2 2.02 ± 0.5 2.4 ± 0.4 1.3–3.7 16.67
Grain yield per plant (g) 17.15 ± 0.8 18.58 ± 1.3 13.3 ± 7 1.6–36.76 52.63
Paddy grain length (mm) 10.3 ± 0.6 8.41 ± 0.2 9.2 ± 0.7 7.57–10.96 7.61
Paddy grain width (mm) 2.61 ± 0.1 2.94 ± 0.4 2.9 ± 0.3 2.23–3.5 10.34

Fig. 2   A–O Frequency distributions of phenotype data of 188 RILs and parents. Blue down arrow indicates Super Basmati and red 
down arrow indicates IR55419-04 (where data available). (Color figure online)
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The total genetic distance of the genetic map was 
found to be 1369.4  cM with an average interval of 
10.59  cM (Table  3; Fig.  4) which is within the rec-
ommended range (Collard et  al. 2005). There were 
only two markers on chromosome 10; otherwise, 
6–18 markers were located on each chromosome with 
an average interval of 11  cM. The order of the 125 
genetically mapped markers was identical to the phys-
ical map order (Supplementary File 1).

QTL analysis

A total of 31 QTLs were detected collectively among 
all platforms with QTLs detected for all traits except 
spikelet fertility percentage (SF%). For SMA results 
see Supplementary File 1, Fig. S1). Of these 31 
QTLs, WinQTL Cartographer detected 10 additional 
QTLs including two QTLs for PH on Chr 6, one QTL 
for PTN on Chr 3, four QTLs for FLL on Chr 5, 11 
and 3, two QTLs for HGW on Chr 3 and a QTL for 

GYP on Chr 3 that were not included because they 
are identified in only one platform.) The remaining 
21 QTLs were consistent in at least two platforms 
and thus considered stable QTLs (Supplementary 
File 1, Fig. S2). These stable QTLs included twelve 
novel QTLs and four well-known major effect QTLs 
related to height, hundred grain weight and grain 
width. The detailed summary of statistics related to 
these QTLs is present in Table 4 (including citations 
for QTLs previously reported) and the direction of 
QTLs based on positive or negative additive effect 
is present in Table 5. The QTLs with positive addi-
tive effect are inherited from Super Basmati while the 
ones with negative additive effect are inherited from 
IR55419-04. The increasing or decreasing effect on 
grain traits for alleles of KASP markers nearest to the 
seven QTLs could be observed visually (Supplemen-
tary File 1 Fig. S3). The allelic effects on traits at the 
KASP marker nearest to the QTL position are shown 
in Fig. 5.

Fig. 3   Histogram of Pearson’s correlation (r) between yield 
related traits plant height (PH), number of tillers per plant 
(PTN), flag leaf length (FLL), panicle length (PL), number 
of filled grains per panicle (FG), number of unfilled grains 

(UFG), spikelet fertility percentage (SF%), hundred grains 
weight per plant (HGW), grain yield per plant (GYP), grain 
length (GL) and grain width (GW)
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In‑silico analysis of putative candidate genes 
identification

The KASP markers nearest to the detected QTLs 
were selected for the identification of putative 

(candidate) genes. A total of 814 genes were found 
within ± 100  kb region for all 21 QTLs collectively, 
with an average of 38 genes per QTL (Supplementary 
File 3).

In-silico analysis detected putative cloned genes 
for 18 out of 21 QTLs (Fig. 6; Table 6). No putative 
gene associated with respective traits were found for 
qGL2.2, qGL5.1 and qGL6.1.

Comparative analysis of QTL clusters and phenotype 
correlation

Two QTLs on chromosome 2 (Fig.  7) comprising 
of qHGW2.1 (peak position 30.58 Mb) and qGL2.1 
(peak position 31.29 Mb) were 0.71 Mb apart. Posi-
tive additive effect of these QTLs reflected the role 
of Super Basmati in enhancing yield and grain 
length. A positive phenotypic correlation (r = 0.329) 
was found between HGW and GL (Table  2). The 
RILs carrying the Super Basmati haplotype-set 
in the 0.71  Mb region (between KASP markers 
gs_id391_ff and gs_id395_ff) all had greater grain 
length and grain weight.

Two QTLs for grain weight on chromosome 8 
(Fig.  7), qHGW8.1 (peak position 26.44  Mb) and 
qGW8.1 (peak position 26.95  Mb), were 0.51  Mb 

Table 2   Pearson’s correlation coefficient (r) matrix showing linear regression between yield related traits in RILs

PH PTN FLL PL FG UFG HGW GYP GL GW SF%

PH 1

PTN 0.282** 1

FLL 0.16** 0.145 1

PL 0.493** 0.100 0.418** 1

FG 0.252** 0.179** 0.18** 0.375** 1

UFG -0.036 -0.094 0.269** 0.239** -0.389** 1

HGW 0.251* 0.139 -0.066 -0.015 0.178** -0.389** 1

GYP 0.376** 0.393** 0.183* 0.354** 0.833** -0.411** 0.495** 1

GL 0.078 0.120 -0.059 0.013 -0.23** -0.109 0.329** -0.015 1

GW 0.219** -0.022 -0.084 0.054 0.107 -0.103 0.561** 0.35** 0.156 1

SF% 0.141 0.144 -0.111 0.009 0.749** -0.891** 0.388** 0.692** -0.016 0.140 1

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Color scale bar below the matrix showing values of r
*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)

Table 3   Summary of genetic map of 152 RILs

Chromosome No. of KASP 
markers

A CI (cM) Average 
interval 
(cM)

1 18 205.17 11.40
2 17 160.91 9.47
3 9 157.15 17.46
4 17 139.23 8.19
5 10 141.70 14.17
6 14 187.80 13.41
7 8 124.63 15.58
8 11 51.30 4.66
9 6 39.11 6.52
10 2 4.33 2.16
11 7 97.80 13.97
12 6 60.27 10.04
Total 125 1369.40 10.59
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apart. Both QTLs showed negative additive effect 
and positive correlation of 0.561 (Table 2) as sup-
ported by previous studies (Zhang et  al. 2020). 
RILs carrying the IR55419-04 haplotype-set in the 
0.51  Mb region (the region between KASP mark-
ers gs_id1421_fn and xa13_SNP_nn_5) had greater 
grain width and weight.

Two QTLs, qUFG3.1 and qGW3.1, were found 
on chromosome 3 with a distance of 0.28  Mb 
between them. Both these QTLs had negative 
additive effect and negative correlation of −0.103 
(Table 2).

Discussion

Validity of KASP markers for QTL mapping

KASP have been available for identification of genetic 
variation at nucleotide level for around a decade (He 

et al. 2014), yet their suitability for QTL mapping is 
yet to be widely appreciated. This study has shown 
that KASP-based SNP genotyping is efficient for 
mapping of QTLs in a segregating bi-parental rice 
population. In a single genotyping screen targeting 
250 SNPs which had not previously been tested for 
polymorphism in the parents, half of them amplified 
polymorphic markers, providing sufficient coverage 
to identify QTLs on 10 of the 12 chromosomes. This 
compares favorably to the outcome of SSR-based 
QTL analysis in RILs derived from Basmati 370 and 
Pusa Basmati 1121, which also detected no QTLs 
on Chromosomes 9 and 10 (Sharma et  al. 2021). 
Eight out of 21 QTLs mapped in this study were co-
localized with already reported QTL regions, thus 
validating the accuracy of KASP markers for QTL 
mapping. With more than a million KASP markers 
available (Steele et al. 2018), another round of geno-
typing with < 50 selected markers should give addi-
tional map coverage, if needed for future analysis or 

Fig. 4   Linkage map of 125 KASP markers on all 12 chromosomes drawn using Map Chart v2.32
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fine mapping. However, in-silico analysis of rice gene 
databases permitted to detection of putative genes 
underpinning the majority of the QTLs identified, 
without further marker analysis.

RILs performance

The mean plant height of RILs was closer to the 
height of the semi-dwarf parent (IR55419-04) 
(Table 1). The mean tiller number (PTN) of RILs was 
slightly less than both parents while mean flag leaf 
length and panicle length of RILs was higher than 
both parents. There were more filled grains (FG) in 
IR55419-04 than Super Basmati but the mean FG in 
RILs was lower than IR55419-04. However, grain 
weight and width were higher in RILs than both par-
ents. Grain length mean data of RILs was closer to 
the grain length of Super Basmati suggesting some 
dominance in the allelic contribution from Super 
Basmati.

Grain yield (GYP) was positively correlated with 
all other traits except UFG and GL, although its nega-
tive correlation with GL was not significant (Table 2); 
this contrasts with the results of Li et al. (2021) who 
found both GL and GW to be positively correlated 
with grain yield in RILs derived from two indica vari-
eties. FG correlation and PH were also significantly 
positively correlated with all traits except UFG and 
GL (Table  2). Decoupling of grain size and yield 
has been observed in a study in which knocking out 
GS3 gene (which is a negative regulator of grain size) 
increased the grain length but decreased the grain 
yield (Yuyu et al. 2020).

Candidate genes for QTLs

A total of 814 genes were found within ± 100  kb 
region of peak LOD for the 21 QTLs identified (Sup-
plementary file 3). The closest KASP markers to the 
peak LOD scores were considered to be useful for 
selection for that QTL in this mapping population. At 
least one candidate gene was identified based on the 
functions of genes previously published for 18 of the 
QTLs identified in this study (Table 6).
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Plant height

qPH1.1 corresponds to frequently reported QTLs for 
plant height (Changrong et  al. 2020; Kulkarni et  al. 
2020; Li et  al. 2021; Sabar et  al. 2019; Yadav et  al. 
2019). Of 34 genes within the ± 100 kb region flank-
ing the QTL peak at 38.4 Mb, only Os01g0883800 
at 38.38 Mb position had biological function related 
to plant height (Spielmeyer et  al. 2002). This is the 
semi-dwarf 1 (sd-1) locus responsible for semi-dwarf 
phenotype because of a defective gibberellin (GA) 
20-oxidase that fails to provide enough gibberel-
lin (GA) plant growth hormones in elongating stem. 
IR55419-04 contributed the height reducing allele for 
this QTL (Table 6) since sd-1 is a major-effect QTL, 
this might lead to the mean PH of RILs being below 
120 cm. This evidence validates the association of the 
qPH1.1 with a KASP marker RM1068_SNP_nn_1.

A novel QTL for plant height (qPH3.1) was 
found on chromosome 3 (peak position 32.3 Mb). 
There were 58 genes within the ± 100 kb region of 
QTL peak and only Os03g0782500 was found to be 
associated with plant height at 32.43 Mb. This gene 
encodes a phytochrome-interacting factor-like pro-
tein (OSPIL1/OsPIL13) and it is a key regulator of 
internode elongation. Its expression is inhibited dur-
ing drought stress conditions. This locus also sug-
gests that the short stature of IR55419-04 during 
drought stress conditions could be a result of regula-
tory pathway that involves OsPIL1/OsPIL13 (Todaka 
et  al. 2012). qPH12.1 (peak position 9.18 Mb) is 
adjacent to already reported QTLs for plant height 
(Kulkarni et al. 2020). Of 32 genes found ± 100 kb 
from the QTL peak, only Os12g0272800 at 9.98 Mb 
was related to plant height. This locus is the site of 
a semi-dominant mutant necrotic root tip 1 (nrtp1-D) 
that encodes a typical coiled-coil nucleotide binding 

Table 5   Summary of allelic effects of KASP markers nearest to QTLs identified from cross of Super Basmati and IR55419-04

*Additive effect: positive values indicate Super Basmati allele (in bold) increases the trait value while negative values indicate 
IR55419-04 allele (in bold) increases the trait value

Trait QTL Chr KASP marker ID Parents alleles Additive effect*

Super 
Basmati

IR55419-04

Plant height qPH1.1 1 RM1068_SNP_nn_1 A G  −13.05
pPH3.1 3 RM1352_SNP_nn_3 G C 7.1466
qPH12.1 12 RM3246_SNP_nn_5 G A 4.9309

Flag leaf length qFLL6.1 6 Sub1A_SNP_nn_5 T C 2.9843
Panicle length qPL2.1 2 RM263_SNP_nn_1 A G 2.298
Filled grains qFG1.1 1 RM10153_SNP_nn_1 C T  −1.9265

qFG7.1 7 RM51_SNP_nn_2 A G  −2.0697
Unfilled grains qUFG3.1 3 RM251_SNP_nn_3 A G  −0.3649
Hundred grains weight qHGW1.1 1 OsR498G0100942600_SNP_nn_2 A G 0.1574

qHGW2.1 2 gs_id391_ff A G 0.1256
qHGW8.1 8 gs_id1421_fn T C  −0.3224

Grain yield per plant qTGW4.1 4 RV211_SNP_nn_2 T A  −0.6786
Grain length (paddy) qGL2.1 2 gs_id395_ff C G 0.2487

qGL2.2 2 OsR498G0205012400_SNP_ff_4 G A 0.2415
qGL3.1 3 RM15585_SNP_nn_2 G C 0.2398
qGL5.1 5 SSIV_2_SNP_nn_5 T C 0.2692
qGL6.1 6 RM7311func_2 A G  −0.2262
qGL11.1 11 OsR498G1120393600_SNP_ff_3 T C  −0.2001

Grain width (paddy) qGW3.1 3 RM251_SNP_nn_3 A G  −0.0859
qGW6.1 6 SSI_SNP_fn_1 C A  −0.1568
qGW8.1 8 xa13_SNP_nn_5 A G  −0.2061
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Fig. 5   Box and whiskers plots of allelic class means and 
variations for plant height (PH), hundred grains weight per 
plant (HGW), panicle length (PL), grain length (GL) number 
of filled grains per panicle (FG), number of unfilled grains 

(UFG), grain width (GW), flag leaf length (FLL) and grain 
yield per plant (GYP). Means are indicated with crosses, boxes 
show interquartile range, whiskers show 95% confidence inter-
val while dots represent outliers

Fig. 6   Graphical representation of QTL peak positions (shown 
in red) mapped using QTL IciMapping on respective chromo-
somes and the location of putative candidate genes (shown in 

black) associated with the trait on both physical (Mb = posi-
tions in Os-Nipponbare-Reference-IRGSP-1.0) and genetic 
map (cM). (Color figure online)
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leucine rich repeat (CC-NB-LRR) type protein, iden-
tified in a mutagenized population of Kasalath (Yu 
et al. 2018). Homozygous mutants were rootless with 
very poor shoot growth and overall development and 
heterozygotes had poor development as compared 
with wild type. This is evidence for an overall effect 
of this gene on plant height and proper development 
of plant.

Flag leaf length

A novel QTL for flag leaf length (FLL) (qFLL6.1) 
was found on chromosome 6 (peak position 21.5 Mb). 
About 31 genes were located ± 100 kb region of QTL 
peak. Among these, only Os06g0572400 at 22.19 Mb 
was found to be associated with flag leaf length. This 
gene encodes a tetraspanin protein (OsTET9) which 

Table 6   Summary of in-silico analysis for the identification of putative candidate genes associated with yield-related traits

Mb positions are according to Os-Nipponbare-Reference-IRGSP-1.0 (mbkbase.org)

Chr QTL QTL peak 
position 
(Mb)

 ± 100 kb 
region flanking 
peak LOD 
(Mb)

No. of genes 
in ± 100 kb 
region flank-
ing

Most likely 
candidate 
gene MSU v7 
Accession

Putative gene 
RAP-DB 
Accession

Putative gene 
position (Mb)

Citation for 
putative gene 
function (see 
discussion for 
further details)

1 qFG1.1 3.24 3.14–3.34 49 LOC_
Os01g04950

Os01g0142800 2.2 Tang et al. 
(2017)

1 qHGW1.1 14.11 14.01–14.21 34 LOC_
Os01g26920

Os01g0367100 14.99 Li et al. (2011)

1 qPH1.1 38.40 38.30–38.50 39 LOC_
Os01g66100

Os01g0883800 38.38 Spielmeyer et al. 
(2002)

2 qPL2.1 25.93 25.83–26.03 37 LOC_
Os02g45160

Os02g0673100 27.39 Heng et al. 
(2018)

2 qHGW2.1 30.58 30.48–30.68 39 LOC_
Os02g50240

Os02g0735200 30.67 Tabuchi et al. 
(2005)

2 qGL2.1 31.29 31.19–31.39 37 LOC_
Os02g51320

Os02g0747900 31.42 Heang and Sassa 
(2012)

3 qGW3.1 9.9 9.8–10.0 76 LOC_
Os03g19520

Os03g0308200 10.97 Zhao et al. 
(2016)

3 qUFG3.1 10.18 10.08–10.28 76 LOC_
Os03g19520

Os03g0308200 10.97 Zhao et al. 
(2016)

3 qGL3.1 25.05 24.95–25.15 36 LOC_
Os03g44500

Os03g0646900 25.04 Zhang et al. 
(2012)

3 qPH3.1 32.32 32.22–32.42 59 LOC_
Os03g56950

Os03g0782500 32.43 Todaka et al. 
(2012)

4 qGYP4.1 34.44 34.34–34.54 42 LOC_
Os04g57850

Os04g0674700 34.44 Zhang et al. 
(2009)

6 qGW6.1 4.62 4.52–4.72 51 LOC_
Os06g06090

Os06g0154500 2.8 Xu et al. (2018)

6 qFLL6.1 21.5 21.4–21.6 41 LOC_
Os06g37510

Os06g0572400 22.19 Mani et al. 
(2015)

7 qFG7.1 2.4 2.3–2.5 31 LOC_
Os07g08420

Os07g0182000 4.3 Xu et al. (2020)

8 qHGW8.1 26.44 26.34–26.54 36 LOC_
Os08g42350

Os08g0535200 26.7 Usman et al. 
(2021)

8 qGW8.1 26.95 26.85–27.05 45 LOC_
Os08g42540

Os08g0537800 26.88 Huang et al. 
(2017)

11 qGL11.1 21.1 21.0–21.2 55 LOC_
Os11g32520

Os11g0528700 19.1 Wang et al. 
(2021)

12 qPH12.1 9.18 9.08–9.28 31 LOC_
Os12g17410

Os12g0272800 9.98 Yu et al. (2018)
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accumulates in young flag leaves and its expression 
is suppressed during abiotic stress conditions (Mani 
et al. 2015).

Panicle length

A QTL for panicle length (PL) (qPL2.1) was found 
on chromosome 2 (peak position 25.93 Mb). A simi-
lar QTL was found between 24.42 and 25.87 Mb by 
Vemireddy et al., (2015) where Basmati 370 contrib-
uted a similar effect as Super Basmati in this study. 
Among the 32 genes that were present within ± 
100 kb region of QTL peak, Os02g0673100 present 
at 27.39 Mb was found related with panicle length 
and development. This locus is aluminum-activated 
malate transporter (OsALMT7) that transports malate 
to apical portion of developing panicle which is 
required for normal panicle development (Heng et al. 
2018).

Grain filling

Two QTLs for grain filling (qFG1.1 and qFG7.1) 
were found on chromosome 1 and 7 at peak posi-
tions 4.24 and 2.4 Mb respectively. Although qFG1.1 
is considered novel in this population, we note that 
Waheed et  al. (2021) reported a QTL designated 
qFG1 with Super Basmati alleles negatively affect-
ing this trait at 4.5 MB. About 30 genes were found 
within ± 100 kb region of QTL peak of qFG1.1. A 
locus at 2.2 Mb on chromosome 1 (Os01g0142800) 
was found related to grain filling. This locus is pep-
tide transporter 8.1/protein transporter 7 (OsPTR7) 
which is involved in transport of dimethylarsenate 

(DMA) from roots to shoots (Tang et al. 2017). About 
33 genes were found ± 100 kb region of QTL peak 
of qFG7.1 and a locus Os07g0182000 at 4.3 Mb on 
chromosome 7 was found related to grain filling. This 
locus is basic leucine zipper transcription factor 58 
(OsbZIP58) gene which is responsible for promoting 
expression of many seed storage proteins and starch 
synthesis genes. High temperature affects alternative 
splicing of this gene that results in modified form of 
OsbZIP58 which shows reduced activity (Xu et  al. 
2020).

Unfilled grains

A novel QTL for number of unfilled grains (qUFG3.1) 
was found on chromosome 3 (peak position 10.18 
Mb). QTL analysis of spikelet sterility percentage 
identified a QTL at the same location with a LOD 
threshold  > 2 but  < 2.5. About 43 genes were present 
within ± 100 kb of the QTL peak of qUFG3.1 and a 
locus Os03g0308200 at 10.97 Mb on chromosome 3 
was found associated with unfilled grain number. This 
locus is Narrow and rolled leaf 2 (NRL2) which regu-
lates male fertility and pollen development. The same 
gene was also found within the ± 100 kb region of 
a QTL peak related to grain width (qGW3.1) which 
was found at 9.9 Mb on the same chromosome and 
already reported by (Bai et al. 2010). A mutant form 
of this gene (nrl2-1) carrying a base-pair deletion and 
another (nrl2-2) carrying a base-pair substitution both 
caused male sterility and wider seeds as compared to 
wild-type NRL2 as reported by (Zhao et al. 2016).

Fig. 7   Linked QTLs and the haplotype-sets associated with 
their phenotypes. For chromosome 2 RILs with Super Basmati 
(SB) haplotype-set for KASP markers (gs_id391_ff, gs_id392_
ff, gs_id393_ff, gs_id394, gs_id395_ff) had longer grains and 

higher grain weight. For chromosome 8 RILs with IR55419-04 
haplotype-set (gs_id1421_fn, xa13_SNP_nn_2, gs_id1422_ff, 
xa13_SNP_nn_5) had wider grains
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Grain weight

A novel QTL for hundred grain weight (qHGW1.1) 
was found on chromosome 1 (peak position 14.11 
Mb). Thirty-two genes were found within the ± 100 
kb region of QTL peak of qHGW1.1 and a locus 
Os01g0367100 at 14.99 Mb was found related to 
HGW. This locus is photoassimilate defective 1 
(PHD1) which encodes chloroplast-localized UDP-
glucose epimerase (UGE). PHD1 is involved in chlo-
roplast biogenesis by supplying galactolipids to thyla-
koid membranes (Li et al. 2011).

Another QTL for HGW (qHGW2.1) was found on 
chromosome 2 (peak position 30.58 Mb) correspond-
ing to already reported QTL for HGW by Donde 
et al. (2020), and a similar QTL for single plant yield 
was identified by Vemireddy et al. (2015). Thirty-six 
genes were found in 100 kb upstream and downstream 
region of QTL peak LOD and a locus Os02g0735200 
at 30.67 Mb was found related to HGW. This locus is 
cytosolic glutamine synthetase 1;1 (OsGS1;1) which 
is responsible for normal growth and grain filling in 
rice (Tabuchi et al. 2005).

A major-effect QTL for HGW was found on chro-
mosome 8 (peak position 26.44 Mb) corresponding to 
already reported QTL for HGW on chromosome 8 (Li 
et al. 2021). Thirty-six genes were present in ± 100 
kb region of QTL peak LOD of qHGW8.1 and a locus 
Os08g0535200 at 26.7 Mb was found associated with 
HGW (Ma et  al. 2017). This locus is OsSWEET11 
which is found to express significantly during grain 
development.

Yield

A novel QTL for grain yield per plant (qGYP4.1) was 
found on chromosome 4 (peak position 34.44 Mb. 
Forty genes were found in the QTL peak ± 100 kb 
region and a locus Os04g0674700 at 34.44 Mb was 
found related with GYP. This locus is BTH-induced 
AMP binding protein 1 (OSBIABP1) which is found 
to express in stem, leaves and flowers and regulates 
plant growth and development during environmental 
stress (Zhang et al. 2009).

Grain length

Two novel QTLs related to grain length (qGL2.1 and 
qGL2.2) were found on chromosome 2 at peak posi-
tions 31.29 Mb and 35.1Mb respectively. About 35 
genes were found in ± 100 kb region of qGL2.1 peak 
and one locus, a little downstream of searched range, 
Os02g0747900 at 31.42 Mb was found related with 
grain length. This locus is positive regulator of grain 
length 2 (PGL2) that interacts with a negative regula-
tor of grain length i.e., basic helix-loop-helix (bHLH) 
proteins, to positively regulate grain length (Heang 
and Sassa 2012).

Another QTL for grain length was located on chro-
mosome 3 at peak position 25.05 Mb co-localized 
with already reported QTLs for GL (Bai et al. 2010; 
Changrong et  al. 2020; Li et  al. 2021; Zaw et  al. 
2019). Thirty-seven genes were found in the QTL 
peak interval of ± 100 kb and a locus Os03g0646900 
at 25.04 Mb was found associated with GL. This 
locus is phosphatase with Kelch-like repeat domain 
(OsPPKL1) also known as qGL3, a major QTL for 
grain length (Zhang et al. 2012).

A novel QTL for grain length was found on chro-
mosome 11 at peak position of 21.1 Mb. Thirty-
one genes were found within ± 100 kb of QTL 
peak region and a locus Os11g0528700 at 19.1 Mb 
was found associated with grain length. This locus 
is OsGH3.13 that encodes an indole-3-acetic acid 
(IAA)-amido synthetase. OsGH3.13 is also identified 
as a candidate gene for grain length QTL (qGL11) 
found in the interval of 19–20.1 Mb by (Wang et al. 
2021).

Grain width

A major-effect QTL for grain width (qGW6.1) was 
found on chromosome 6 at peak position of 4.62 Mb 
co-localized with already reported QTL for GW (Li 
et  al. 2021). Forty-three genes were found within 
the QTL peak 100kb up and downstream region and 
a locus Os06g0154500 present at 2.8 Mb was found 
related with grain width. This locus is mitogen acti-
vated protein kinase phosphatase1 (OsMPK1) also 
known as Dwarf and small grain 1 that negatively 
regulates grain size. Its overexpression results in 
smaller grains (Xu et al. 2018).

Another major-effect QTL for GW (qGW8.1) was 
found on chromosome 8 at peak position of 26.95 Mb 
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adjacent to already reported QTL for GW by (Li et al. 
2021). Forty-six genes were found within ± 100 kb 
region of QTL peak and a locus Os08g0537800 at 
26.88 Mb was found to be related with grain width. 
This locus is Wide and thick grain 1 (WTG1) which 
encodes an otubain-like protease (a deubiquitinating 
enzyme). The mutant form of WTG1 produces wide, 
short and thick grains (Huang et  al. 2017). Another 
locus Os08g0531600 also a well-known QTL for 
Grain width (GW8) (Wang et al. 2012b) was present a 
little upstream of searched range at 26.5 Mb.

Conclusion

KASP genotyping in a RIL population succeed in 
locating 21 QTLs. Of these 12 were novel, 4 major-
effect QTLs and the remaining QTLs were co-local-
ized with previously identified well-known QTLs for 
yield-related traits. From candidate genes found at 18 
of the QTLs, we identified 6 previously cloned candi-
date genes related to yield within 100 kb region flank-
ing the QTL peaks of qPH1.1, qHGW2.1, qGL3.1, 
qPH3.1, qGYP4.1 and qGW8.1. Further candidate 
cloned genes were found within 130 kb (qGL2.1) 
to less than 2 Mb region (qFG7.1) from QTL peak 
positions. The KASP markers RM1068_SNP_
nn_1 (qPH1.1) on chromosome 1, gs_id1421_fn 
(qHGW8.1) on chromosome 8, gs_id395_ff (qGL2.1) 
on chromosome 2 and RM15585_SNP_nn_2 
(qGL3.1) on chromosome 3 can be used with confi-
dence for selection of shorter plant height, increased 
grain weight and increased grain length, respectively.
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