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Introduction: Abiotic stresses significantly reduce crop yield by adversely
affecting many physio-biochemical processes. Several physiological traits have
been targeted and improved for yield enhancement in limiting environmental
conditions. Amongst them, staygreen and stem reserve mobilisation are two
important mutually exclusive traits contributing to grain filling under drought
and heat stress in wheat. Henceforth, the present study was carried out to identify
the QTLs governing these traits and to identify the superiors’ lines through multi-
trait genotype-ideotype distance index (MGIDI)

Methods: A mapping population consisting of 166 recombinant inbred lines (RILs)
developed from a cross between HD3086 and HI1500 was utilized in this study.
The experiment was laid down in alpha lattice design in four environmental
conditions viz. Control, drought, heat and combined stress (heat and drought).
Genotyping of parents and RILs was carried out with 35 K Axiom

®
array (Wheat

breeder array).

Results and Discussion: Medium to high heritability with a moderate to high
correlation between traits was observed. Principal component analysis (PCA) was
performed to derive latent variables in the original set of traits and the relationship
of these traits with latent variables.From this study, 14 QTLs were identified, out of
which 11, 2, and 1 for soil plant analysis development (SPAD) value, leaf senescence
rate (LSR), and stem reservemobilisation efficiency (SRE) respectively. Quantitative
trait loci (QTLs) for SPAD value harbored various genes like Dirigent protein 6-like,
Protein FATTY ACID EXPORT 3, glucan synthase-3 and Ubiquitin carboxyl-
terminal hydrolase, whereas QTLs for LSR were found to contain various genes

OPEN ACCESS

EDITED BY

Prashant Vikram,
Shriram Bioseed Genetics, India

REVIEWED BY

Sajid Shokat,
Nuclear Institute for Agriculture and
Biology (NIAB), Pakistan
Hemant Kumar Yadav,
National Botanical Research Institute
(CSIR), India

*CORRESPONDENCE

Ajay Arora,
romiarora@yahoo.com

Hari Krishna,
harikrishna.agri@gmail.com

RECEIVED 18 June 2023
ACCEPTED 14 August 2023
PUBLISHED 29 August 2023

CITATION

Taria S, Arora A, Krishna H, Manjunath KK,
Meena S, Kumar S, Singh B, Krishna P,
Malakondaiah AC, Das R, Alam B, Kumar S
and Singh PK (2023), Multivariate analysis
and genetic dissection of staygreen and
stem reserve mobilisation under
combined drought and heat stress in
wheat (Triticum aestivum L.).
Front. Genet. 14:1242048.
doi: 10.3389/fgene.2023.1242048

COPYRIGHT

© 2023 Taria, Arora, Krishna, Manjunath,
Meena, Kumar, Singh, Krishna,
Malakondaiah, Das, Alam, Kumar and
Singh. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Abbreviations: SPAD, Soil plant analysis development; LSR, Leaf senescence rate; EWD, Ear weight
difference; SSWD, Stem specific weight difference; SRM, Stem reserve mobilisation; SRE, Stem reserve
mobilisation efficiency; TGW, Thousand grain weight; SSI, Stress susceptibility index; MAS, Marker assisted
selection.

Frontiers in Genetics frontiersin.org01

TYPE Original Research
PUBLISHED 29 August 2023
DOI 10.3389/fgene.2023.1242048

https://www.frontiersin.org/articles/10.3389/fgene.2023.1242048/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1242048/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1242048/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1242048/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1242048/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2023.1242048&domain=pdf&date_stamp=2023-08-29
mailto:romiarora@yahoo.com
mailto:romiarora@yahoo.com
mailto:harikrishna.agri@gmail.com
mailto:harikrishna.agri@gmail.com
https://doi.org/10.3389/fgene.2023.1242048
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2023.1242048


like aspartyl protease family protein, potassium transporter, inositol-
tetrakisphosphate 1-kinase, and DNA polymerase epsilon subunit D-like.
Furthermore, the chromosomal region for SRE was found to be associated with
serine-threonine protein kinase. Serine-threonine protein kinases are involved in
many signaling networks such as ABA mediated ROS signaling and acclimation to
environmental stimuli. After the validation of QTLs in multilocation trials, these
QTLs can be used for marker-assisted selection (MAS) in breeding programs.

KEYWORDS

wheat, staygreen, stem reserve mobilisation, QTLs, drought, heat

Introduction

Wheat (Triticum aestivum L.) is a cool-season crop grown
worldwide in many different agroecological conditions and cropping
systems (Talaat, 2021). Wheat production is simultaneously challenged
by drought and heat waves (El-Habti et al., 2020). It is reported that
drought and heat stress are two significant abiotic stresses (Bhunia et al.,
2020; Valipour et al., 2021) that cause substantial yield losses in wheat,
up to 86% and 69%, respectively, hence limiting wheat’s productivity
(Prasad et al., 2011; Yang et al., 2021). Moreover, the effect of combined
stress (drought and heat) is more detrimental than individual stress
(Mittler, 2006). It is predicted that there is a chance of crossing the
global warming level of 1.5°C in the next decades (IPCC, 2021). In
combination drought and heat stress, significantly reduced the
photosynthetic system, gaseous exchange and plant water relation
(Shah and Paulsen, 2003). Heat stress response was shown to be
modulated by enhanced CO2 levels through the expression of
isoflavone reductase like (IRL) gene, which was associated with
photosynthetic capacity of leaves, antioxidant capacity, and
hormonal (cytokinin) regulation (Shokat et al., 2021). It has been
demonstrated that the activity of monodehydroascorbate reductase
(MDHAR), leaf aldolase and cell wall peroxidase (cwPOX) were
significantly correlated with thousand kernel weight and grain
numbers in wheat under well-watered and drought conditions
respectively (Shokat et al., 2020). Furthermore, it has been also
stated that enhanced CO2 levels alleviated the negative effect of
drought stress by modulating carbohydrate metabolic enzyme
activity and antioxidant potential in wheat (Ulfat et al., 2021).
Therefore, these physio-biochemical and molecular markers can be
used for the selection of climate resilient wheat genotypes for upcoming
food demand. Moreover, drought and heat tolerance can be improved
in bread wheat by exploiting pre-breeding traits and its genetic diversity
at reproductive stage (Shokat et al., 2023). To meet the global food
demand for a growing population by 2050, it is important to enhance
the performance of wheat under stress conditions. Traits related to
developmental phases, physiological and hydraulic traits can be targeted
to improve the tolerance to combined drought and heat stress in wheat
(Tricker et al., 2018).

Amongst the physiological traits, staygreen (SG) and stem reserve
mobilisation (SRM) are the traits which can contribute to yield
enhancement under drought and heat stress (Ram et al., 2018;
Kumar et al., 2021a; Gurumurthy et al., 2023). Staygreen is a trait
in which leaves retain greenness from flowering to physiological
maturity instead of senescing and it is a well-known trait for grain
filling (Zhang et al., 2019). Senescence is a genetically programmed and
environmentally influenced process resulting in the destruction of

chlorophyll and the remobilization of nutrients to younger or
reproductive parts of plants (Vijayalakshmi et al., 2010).
Furthermore, grain filling in cereals depend on fixed carbon from
two sources-current leaf photosynthesis and remobilization of stored
carbohydrates in the stem during pre- and post-anthesis periods (Yang
and Zhang, 2006; Joudi et al., 2012). It is reported that cultivars having
a higher capacity of SRM for grain filling had higher senescence rates
under normal and stress conditions in wheat (Blum et al., 1994; Fokar
et al., 1998). The plant hormone abscisic acid (ABA) has been reported
to be involved in the enhanced remobilisation of assimilates from
vegetative tissue to reproductive organs during the period of water
stress (Travaglia et al., 2012). It has been reported that the application
of ABA increased the remobilisation of carbon from photosynthetic
tissue to grain in wheat and rice during water stress respectively (Yang
et al., 2001a, b). Moreover, it is established that SG as a source of
current assimilation and SRM at another end for transporting storage
reserve to grain may be mutually exclusive (Blum, 1988). Therefore,
attention is needed to develop wheat varieties with the potential to
maintain greenness for longer periods and higher mobilisation of
water-soluble carbohydrates (WSC) to grain for enhancing crop
yield. The genetic basis of staygreen has been reported in wheat
(Simon, 1999) and an additive gene effect was also reported (Joshi
et al., 2007). QTLs related to staygreen have been reported by several
workers (Kumar et al., 2012; Yang et al., 2016). Mobilisation related
traits have also been reported by previous workers such as SRM (Salem
et al., 2007; Yang et al., 2007), and water-soluble carbohydrates
(Bennett et al., 2012) using different mapping populations.
However, only a few QTLs have been identified with high
phenotypic variance (Manjunath et al., 2023). Furthermore,
multivariate data is very common in biological experiments. The
selection of superior genotypes or donors’ parents is critical due to
the presence of multicollinearity between traits of interest (Olivoto and
Nardino, 2021). Though Smith-Hazel (SH) index is widely used for
genotypes selection, there is much evidence that it is not being used
either in early breeding trials (Bhering et al., 2012) or in advanced
stages of breeding programs (Jahufer and Casler, 2015). Currently, the
multi-trait genotype–ideotype distance index (MGIDI) is used for
genotype selection in multi-environment trials based on desired
idiotypes free from weighting coefficients and multicollinearity
issues (Olivoto and Nardino, 2021).

Staygreen potential and higher SRM were mutually exclusive
(Blum, 1998). We hypothesized that it would be possible to enhance
grain filling by combining these traits into a single genotype/line. To
achieve this objective, parents (HD3086 and HI1500) having
contrasting traits (staygreen and stem reserve mobilisation) were
selected and crossed to develop recombinant inbred lines (RILs).
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Thereafter, phenotyping was done for both these traits (SPAD, LSR,
SRM) under control, drought, heat, and combined stress conditions.
Inclusive composite interval mapping (ICIM) approach was
followed to identify QTLs for staygreen (SPAD value and LSR)
and stem reserve mobilisation efficiency. Bioinformatics approaches
were used to select putative candidate genes for staygreen and SRM.
To select the lines with both these traits contributing to the grain
filling, multi-trait genotype ideotypes distance index (MGIDI), a
model widely applied in multi-environment data analysis was used.

Materials and methods

This study was carried out using a mapping population
consisting of 166 recombinant inbred lines (RILs) developed by
the crossing of HD3086 and HI1500. HD3086 is a high-yielding
hexaploid wheat variety suitable for irrigated conditions (timely
sown), whereas HI1500 is suitable for restricted irrigated conditions
attributed due to its drought and heat tolerance conditions (Singh
et al., 2014). The RILs along with their parents were evaluated under
timely sowing irrigated (control) and restricted irrigation (drought)
along with late sown with irrigation (heat stress) and less irrigation
(combined heat and drought stress) during rabi season 2021–22.
The experiment was conducted using an alpha lattice design with
two replications. Each genotype was sown in 3 rows of 1 m each with
a 22.5 cm distance between rows and a 10 cm distance between
plants. Proper agronomic practices were followed for uniform plant
establishment under field conditions. The selection of superior lines
has been carried out using 220 RILs of the same parents.

The minimum and maximum temperatures (°C), as well as
precipitation (mm) during the wheat crop development season
(2021–22), are depicted in Supplementary Figure S1. The mean
plant available water content in the root zone at the anthesis stage
was 25.14% for control, 18.47% for drought, 23.82% for heat, and
14.69% for the combined stress conditions.

Phenotyping for staygreen traits and stem
reserve mobilisation efficiency (SRE)

To evaluate the staygreen capacity of the population, SPAD
chlorophyll content and leaf senescence rate was measured. SPAD
chlorophyll content was recorded at anthesis, 10 days after anthesis
(DAA), and 20 DAA under timely sown conditions (control and
drought). Under heat stress, SPAD values were recorded at anthesis,
10 DAA, 15 DAA, and 20 DAA, whereas under combined stress
SPAD chlorophyll content was recorded at anthesis, 5 DAA, and
10 DAA. The leaf turned to complete yellow following anthesis was
scored 0 for SPAD value.

Phenotyping for leaf senescence was done visually and scored
using a scale from 0 to 10, dividing the percentage of the estimated
dead area by time duration in days as per the method described by
Lu et al. (2011) and Shivramakrishnan et al. (2016). A rating of
10 indicated essentially no leaf death, 5-6 indicated approximately
50% mature leaf area dead, while 0 indicate 100% leaf senescence.
10 = no leaf dead area; 9 = 10% dead area; 8 = 20% dead area; 7 = 30%
dead area; 6 = 40% dead area; 5 = 50% dead area; 4 = 60% dead area;
3 = 70% dead area; 2 = 80% dead area; 1 = 90% dead area and 0 =

100% dead area. LSR was scored from 15 days anthesis stage at every
2 days interval in control and drought stress, whereas LSR was
scored 10 DAA in heat and combined stress conditions. The average
LSR was calculated using the formula.

LSR � Initial score − Final score
No. of scoring days

Phenotyping for stem reserve mobilisation was carried out as per
the methods described by Ehdaie et al. (2006). The main shoots of
wheat plants (6 plants) were tagged in the field having the same date
of anthesis. Defoliation of all leaves (3 plants) including flag leaves
was done 12 DAA and the main shoots were chopped and kept for
over-drying. Leaves of the remaining 3 plants were removed and
kept in the field up to physiological maturity. SRE was calculated
using the following formulae-

Stem reservemobilisation ef f iciency

� Stemweight at 12DAA − Stemweight at physiologicalmaturity
Stemweight at 12DAA

× 100

Statistical analysis

For the removal of the outliers, the interquartile range (IQR)
method was followed. For the calculation of lower and upper values,
the following formula is used-

Lower � Quantile 25th( ) − 1.5*IQR

Upper � Quantile 75th( ) + 1.5*IQR

Two-way ANOVA has been conducted using Metan package
with anova_joint functions to visualise the interaction between
genotypes x treatments and one-way analysis of variance was
carried out using PBIB function. Heritability (h2), genetic
coefficients of variance (GCV) and least significance difference
(LSD) value were calculated using the MetaRv6.0 (Multi
Environment Trial Analysis with R) software. Pearson’s
correlation was performed to illustrate the dependency between
the variables using the psych package with the following
mathematical equation-

r � ∑ xi − �x( ) yi − �y( )������������������∑ xi − �x( )2∑ yi − �y( )2√
Where.r = correlation co-efficient. xi = value of x variables in the
sample x. �x = mean of the values of the x variables, yi = value of x
variables in the sample y. �y = mean of the values of the y variables

Principal component analysis was performed to reduce the
variable redundancy in traits as well as to reduce multicollinearity.
Principal components were extracted using FactomineR package and
enhanced visualization was carried out using factoextra package. PCA
was conducted by normalization of data set by standardization
followed by computing covariance matrix. The covariance matrix
of two-dimensional data is given as follows -

Covariancematrix �
COV X,X( ) / COV X,Y( )

..

.
1 ..

.

COV Y,X( ), / COV Y,Y( )
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
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From phenotypic data, best linear unbiased predictors
(BLUPs) were calculated for the individual conditions and
combined across all production conditions and environments
for further QTL mapping. BLUP values were calculated using
META-R, where it calculate BLUPs for all traits when
genotypes are considered with random effects and the BLUP for
each genotype is the grand mean added to the estimated random
effect from each genotype.

Selection of superior RILs

Selection of superior lines in the RILs population across the
multi-environmental trials was carried out by computing multi-trait
genotype ideotypes distance index (MGIDI) based on ideotypes
input (Olivoto and Nardino, 2021). MGIDI is calculated as follows-

MGIDI �
�����������∑f
j�1

Fij − Fj( )2√√
Where MGIDI is the multi-trait genotype ideotypes distance

index, Fij is the score of the i
th genotype in the jth factor (i = 1, 2, . . . ,

g; j = 1, 2, . . . , f), being g and f the number of genotypes and factors,
respectively, and Fj is the j

th score of the ideotype. For the ideotype
plan, LSR and SSI were given as lower values, and the rest of the
traits were given as higher values. All statistical analysis has been
performed using R programming version 4.2.2.

DNA extraction and genotyping

The CTAB method was followed to isolate plant cellular DNA
from 21 days old seedlings (Murray and Thompson, 1980). Genomic
DNA quality was assessed using 0.8% agarose gel electrophoresis
with λ DNA as the standard and quantification was carried out with
nanodrop. Parents and the population of RILs were genotyped using
the 35 K SNP Axiom breeders’ array.

Linkage map construction and QTL analysis

The linkage map generated by Manjunath et al. (2023) for the
same population was used for QTL mapping. A total of
4,106 markers were reported to be polymorphic between the
parents. 3,407 non-redundant SNP markers were utilized to
create the linkage map using the IciMapping v4.2 software. The
map distances between markers were calculated using the Kosambi
mapping functions. The linear order of the markers was established
using marker grouping using a rec value of 0.37. The function
K-optimality 3-optMAP with NN initials of 10 is used for ordering.
Rippling was carried out using recombination with a window size of
5 cm. QTL mapping was carried out using IciMapping 4.2 software
(Meng et al., 2015) with inclusive composite interval mapping
(Wang, 2009). BLUP values were calculated in the individual
environment and pooled over the environment, which is used for
QTLs analysis. The LOD score of 4.0 along with 1,000 permutations
was chosen for the declaration of the QTLs.

Identification of candidate genes

The candidate genes were identified based on the positions of
flanking markers of the respective QTLs. BLAST search was done to
identify putative candidate genes in the physical location of markers
with respect to IWGSC wheat (Triticum aestivum L.) reference
genome embedded using the Ensembl Plants database. The
candidate genes responsible for protein coding were also
confirmed using BLASTP in National Center for Biotechnology
Information (NCBI) database.

Results

Mean squares, variability, and heritability

Two-way analysis of ANOVA indicated that there were
significant genotype-treatment interactions for all traits at p <
0.05 (Table 1). From the one-way analysis of ANOVA, it is
revealed that there was also high significant difference in
staygreen traits (SPAD and LSR) and SRM (p < 0.001) in the
mapping population under all environmental conditions viz.
control, drought, heat, and combined stress respectively
(Supplementary Table S1). This indicates the presence of
genetic variation in the population. The range, broad sense of
heritability (h2), genetic coefficient of variance (GCV), least
significance difference (LSD), and coefficient of variation (CV)
are given in Supplementary Table S2. Frequency distribution
revealed the normal distribution of the traits in all conditions.
Frequency distribution using histograms depicting SPAD, LSR,
and SRE under all conditions are displayed in Supplementary
Figure S2.

The mean SPAD value at anthesis was recorded highest under
combined stress conditions (48.80) followed by heat stress (47.91),
while a mean SPAD value of 47.68 and 47.09 was recorded under
control and drought conditions respectively. The mean SPAD value
after 10 DAA was highest under control conditions followed by
drought, heat, and combined stress conditions respectively.
Moreover, there was a drastic reduction in SPAD values after
20 DAA under all stress conditions. Mean LSR was recorded as
highest (0.46/day) under combined stress conditions, while the
minimum value of LSR was recorded under control conditions
(0.24/day). The mean value of SRM (1.06 mg/stem) and SRE
(38.82%) was recorded as highest under drought stress
conditions, while the minimum value of SRM (0.27 mg/stem)
and SRE (16.99%) was recorded under heat stress conditions.
The highest SSWD (34.20 mg/cm of stem) was recorded under
drought conditions, while the minimum value of 15.95 mg/cm of
the stem was recorded under heat-stress conditions. Similarly, EWD
of 1.34 g/ear was recorded highest under drought stress, while a
minimum of 0.36 g/ear was recorded under heat stress conditions.
The mean TGW of 39.72 gm was recorded highest under control
conditions, while the lowest TGW of 25.27 gm was recorded under
combined stress conditions. The coefficient of variation was highest
under combined stress conditions, while the minimumwas recorded
under heat stress conditions. The broad sense of heritability was
recorded as medium to high under all conditions.
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Multivariate analysis

Correlation
In pooled multi-environment using common traits in all

conditions, a positive association was observed for TGW with
SPAD at all stages. Moreover, a significant positive correlation of
SSWD was observed with SRM (0.60***) and SRE (0.78***) at p <
0.001. Furthermore, a positive correlation of EWD was found with
SRM (0.15*) at p < 0.05 (Figure 1).

Individually, under control conditions, a negative correlation
was observed between TGW and SPAD values at all stages
(Supplementary Figure S3). Furthermore, a positive correlation
was observed for LSR with SPAD_A (0.22**) and SPAD_A20
(0.15*). Moreover, a significant positive correlation of SSWD was
observed with SRM (0.62***) and SRE (0.70***) at p< 0.001, and
positive association was also observed for EWD with SRM (0.19**),
SRE (0.03), and SSWD (0.01). Under drought conditions, a positive
correlation was observed for TGW with SPAD_A10 and SPAD_
A20 (Supplementary Figure S3). A positive correlation was observed
for LSR with SPAD_A (0.12). A significantly higher association of
SSWD was recorded with SRM (0.66***) and SRE (0.82***) as

compared to the control condition indicating greater stem
reserve mobilisation under drought stress. Under late sown heat
stress conditions, a strong positive association was observed for
TGW with SPAD value at all stages (Supplementary Figure S3). A
notable correlation of SSWD was also observed with SRM (0.47***)
and SRE (0.56***) which is the least among the stress conditions
indicating that heat stress probably severely impaired the stem
reserve mobilisation. A positive correlation was also observed for
EWD with SRM, SRE, and SSWD respectively. Under the combined
heat and drought stress condition, a positive correlation was
detected for TGW with SPAD_A, SPADA-5, and SAPD_
A20 respectively (Supplementary Figure S3). A higher positive
association of SSWD was also noted with SRM (0.69***) and SRE
(0.77***) at p < 0.001. A positive association of EWD with SRM and
SSWD was also detected under combined stress conditions.

Principal component analysis (PCA)

In order to assess the trait variability, which is crucial for QTLs
mapping, principal component analysis (PCA) was performed on

TABLE 1 Two-way ANOVA for staygreen and SRM traits.

Source of variations df LSR SSI SPAD_A SPADA10 SPADA20 TGW SRM EWD SRE SSWD

ENV 1 4.440* 107.198* 223.64* 9943.79* 31,113.27* 17,325.85* 54.639* 104.9984* 35,437.29* 27,361.7*

REP (ENV) 219 0.009* 0.373* 5.05* 1.12ns 52.50* 10.80* 0.001* 0.0565* 3.48* 14.8*

BLOCK(REP*ENV) 20 0.002* 0.085* 5.74* 1.23ns 6.98* 4.49* 0.003* 0.0721* 4.57* 28.4*

GEN 199 0.003* 0.453* 32.89* 120.04* 569.99* 107.74* 0.125* 0.3929* 120.94* 141.7*

GEN: ENV 0.003* 0.335* 17.93* 111.26* 326.56* 22.54* 0.057* 0.2768* 62.68* 97.1*

Residuals 0.001 0.063 5.09 1.23 6.80 2.96 0.002 0.0494 3.04 20.6

All variables are significant (p < 0.05) genotype-vs-environment interaction, whereas ns represents non-significant.

FIGURE 1
Correlogram depicting correlation coefficients between traits in pooled environments.
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multi-environmental data sets. Non-overlapping of ellipses amongst
the environments suggested greater variation in the studied traits in
different environmental conditions. In addition to that, no
overlapping was observed between the control and combined

stress condition, indicating greater variation in traits. In pooled
multi-environment, dimension-1 (Dim-1) contributed 38.9% of the
total variance, whereas 21.9% of the total variance was contributed
by dimension-2 (Dim-2) (Figure 2). Traits like SRM, SRE, SSWD,
and TGW contributed towards the Dim-1, whereas TGW, SPAD_
A10, SRE and SSWD contributed towards the Dim-2. Furthermore,
traits like SPAD_A20, SPAD_A, EWD, SPAD_A10 and TGW
contributed towards the Dim-3. However, SSI and SPAD_A both
contributed toward the Dim-4 (Figure 3).

Under the control condition, the first three principal
components (eigenvalue>1) contributed 63.277% of the total
variance. Dimension-1 (Dim1) contributed 28% of the total
variance of data, while Dimension-2 (Dim2) contributed 21.7%
of the total variance of the data. Under drought conditions
(restricted irrigation), the first three principal components
contributed 61.009% of the total variance. Dim1 contributed 27%
of the total variance, while Dim2 19.9% of the total variance of the
traits. Under the late-shown high-temperature stress, the first four
components explained 69.736% of the total variance. 28.2% of the
total variance was contributed by Dim1, whereas 18.9% of the total
variance was contributed by Dim-2. Furthermore, under combined
stress (heat and drought) condition, the first five components

FIGURE 2
PCA biplot depicting variability of RILs population control,
drought, heat and combined stress conditions.

FIGURE 3
Contribution of variables to principal components in pooled environments.
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contributed about 72.321% of the total variance. Dim-1 contributed
24.2% of the total variance, whereas 16.6% of the variance was
contributed by Dim-2 (Figure 4). The eigen values, percentage of
variance, and cumulative variance under all conditions were given in
Supplementary Table S3.

Under control condition, traits like SRE, SRM, and SSWD
contributed towards the Dim1, and TGW, SPAD_A20, LSR,
SPAD_A and EWD contributed towards the Dim2. However,
traits like SPAD_A10, SPAD_A20, and LSR contributed to
dimension-3 (Dim3) in principal component analysis
(Supplementary Figure S4). Traits SPAD_A, SPAD_A10, SPAD_
A20, and LSR were clustered together with acute angles indicating
that positive correlation between them. Similarly, SRM, SRE, and
SSWD were clustered together indicating a positive correlation
between them. However, TGW and EWD were showing a
positive correlation towards the Dim2. Here, LSR and SRM were
not clustered together and made an angle >90° indicating that
negative correlation between them (Figure 4). Under drought
conditions traits like SRE, SRM, and SSWD were major
contributors toward the Dim1, while traits like TGW, LSR,

EWD, and SSI, were major contributors towards Dim2. SPAD_A
and SPAD_A20 were major contributors to Dim3 (Supplementary
Figure S4). SRM, SRE, and SSWD were clustered together with an
acute angle toward Dim1, indicating a positive correlation between
them, while SPAD_A, SSI, and LSR were clustered together with an
acute angle, indicating a positive correlation between them.
However, SPAD_A10, SPAD_A20, and TGW were positively
correlated as indicated by making an acute angle between them
(Figure 4). Under late sown high-temperature stress conditions
SPAD_A15, SPAD_A20, SSI, TGW, SRE, and SRM were major
contributors to Dim-1. Traits like SSWD, SRM, SRE, SSI, and TGW
were major contributors to Dim-2. Similarly, SPAD_A, SPAD_A10,
SPAD_A15, SPAD_A20 SSI, and TGW were also contributing
towards the Dim-3. Traits like SPAD_A, SPAD_A15, and EWD
were contributed towards the Dim-4 (Supplementary Figure S4).
There was an acute angle between SRE, SRM, and SSWD indicating
a positive correlation between them. However, there was a negative
correlation between LSR, SSI with SPAD traits as indicated by the
obtuse angle between them (Figure 4). Under combined stress, SRE,
SRM, and SSWD were major contributors to Dim-1, whereas SSI,

FIGURE 4
PCA biplot depicting contribution of traits to PC1 and PC2 for in control, drought, heat, and combined stress conditions.
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TGW, and SPAD_A20 were major contributors to Dim-2. Traits like
SPAD_10, SPAD_A20, TGW, and EWD were major contributors to
Dim-3, and SPAD_A, SPADA_5, EWD, and LSR were major
contributor to Dim-4. Traits like LSR, SPAD_A, and EWD were
major contributors toward Dim-5 (Supplementary Figure S4). Traits
like SRE, SRM, SSWD, and EWD were displaying a positive
correlation between them as inferred from the acute angle made
between them, whereas TGW and stress susceptibility index (SSI)
showed a negative correlation between them (Figure 4).

QTLmapping and identification of candidate
genes

A total of 14 QTLs were identified for studied traits under four
different conditions (control, drought, heat, and combined stress)
Table 2. The Logarithm of Odds (LOD) scores for studied traits
varied from 4.11 to 17.88 explaining about 5.58%–15.33% traits
phenotypic variation explained. Only one QTL is mapped on
chromosome 6 B for SRE and two for LSR. However, eleven
QTLs were mapped for SPAD value under different stress
conditions. For nine QTLs, the additive effect was positive and
for five QTLs, the additive effect was negative, indicating that

inheritance of favorable alleles for these loci either from parents
HD3086 or HI1500 respectively. The list of candidate genes
associated with the QTLs region is presented in Table 3.

Soil plant analysis development (SPAD) value

In total, 11 QTLs were mapped on different chromosomes under
varied stress conditions with LOD scores varying from 4.11 to
17.88 and PVE varied from 5.58% to 13.42%. Under control
conditions, three QTLs (QSPAD.iari.5B.1, QSPAD. iari.1D,
QSPAD. iari.2D) were mapped on chromosomes 5B, 1D, and 2D
respectively and one QTL (QSPAD.iari.5B.2) was under drought
stress conditions. Here, one of the QTL (QSPAD.iari.5B) for SPAD
was mapped on the chr5B flanked by the samemarker AX-95090540
and AX-94924,365 under control and drought conditions.
Additionally, a total of five QTLs were identified on
chromosomes 2 B (QSPAD.iari.2B), 3 B (QSPAD.iari.3B.1,
QSPAD. iari.3B.2), 6A (QSPAD.iari.6A), and 7A
(QSPAD.iari.7A.1) under late sown heat stress condition.
However, two QTLs were mapped on chromosomes 1A
(QSPAD.iari.1A) and 7A (QSPAD.iari.7A.2) under combined
stress conditions. Under combined stress conditions, QSPAD.

TABLE 2 QTLs identified for Staygreen traits and SRM in the RIL population under control, drought, heat, and combined stress conditions.

Traits
name

Condition QTL names Chromosome Position Left
marker

Right
marker

LOD PVE
(%)

Add
effect

Left
CI

Right
CI

SPAD_A Control QSPAD.iari.5 B.1 chr5B 636 AX-
95090540

AX-
94924,365

4.21 10.79 0.7369 628.5 645.5

SPADA10 QSPAD.iari.1D chr1D 419 AX-
95189357

AX-
94656001

5.42 13.42 2.4252 409.5 428.5

SPAD_A20 QSPAD.iari.2D chr2D 133 AX-
94763103

AX-
94432282

4.80 9.37 −4.0989 130.5 135.5

SPAD_A Drought QSPAD.iari.5 B.2 chr5B 632 AX-
95090540

AX-
94924,365

4.11 7.95 0.9698 614.5 642.5

SPAD_A Heat QSPAD.iari.7A.1 chr7A 324 AX-
94780124

AX-
95133266

4.82 9.23 1.1579 312.5 342.5

SPAD_A QSPAD.iari.2 B chr2B 403 AX-
94465179

AX-
95146413

4.22 6.98 1.0127 402.5 404.5

SPAD_A20 QSPAD.iari.6A chr6A 452 AX-
94408525

AX-
94614,034

4.42 10.44 −2.9629 448.5 452.5

SPAD_A15 QSPAD.iari.3 B.1 chr3B 451 AX-
94429243

AX-
94763661

9.54 5.58 7.1225 447.5 452.5

SPAD_A15 QSPAD.iari.3 B.2 chr3B 455 AX-
94923714

AX-
94838752

17.88 11.69 −10.4139 454.5 455.5

SPAD_A HD QSPAD.iari.1A chr1A 287 AX-
95167291

AX-
94412593

4.94 12.77 0.3447 286.5 287.5

SPAD_A QSPAD.iari.7A.2 chr7A 150 AX-
94431804

AX-
94621027

4.16 11.09 −0.3091 145.5 154.5

LSR Drought QLSR.iari.2D chr2D 422 AX-
95134,406

AX-
94713939

4.47 8.61 −0.0025 421.5 422.5

LSR Heat QLSR.iari.4 B chr4B 335 AX-
94957045

AX-
95215762

5.16 15.33 0.0061 334.5 335.5

SRE Control QSRE.iari.6 B chr6B 187 AX-
94539574

AX-
94589501

4.63 7.31 1.5024 179.5 192.5
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TABLE 3 Identified marker candidate genes in QTLs region and encoded proteins.

QTLs Chromosomes Genes ID Positions Uniprot ID Proteins

QSPAD.iari.5 B.1 QSPAD.iari.5 B.2 chr5B TraesCS5B02G116500 5 B:
198,416,588–198,421,636

A0A1D6DFC9 leucine-rich repeat receptor-like
tyrosine-protein kinase PXC3

TraesCS5B02G047500 5 B:
53,538,071–53,540,473

A0A341V6U3 wall-associated receptor kinase 5-
like

TraesCS5B02G543300 5 B:
696,420,260–696,423,306

W5FG07 DNA repair RAD52-like protein
2, chloroplastic

QSPAD.iari.1D chr1D TraesCS1D02G290700 1D:
388,645,449–388,653,819

A0A1D5SYR4 calcium-dependent protein
kinase 16

TraesCS1D02G050800 1D:
30,881,098–30,882,272

A0A341PCC1 Dirigent protein 6-like

QSPAD.iari.2D chr2D TraesCS2D02G222600 2D:
189,600,502–189,601,505

A0A1D5V218 protein TsetseEP-like

TraesCS2D02G217200 2D:
180,324,417–180,328,801

A0A1D5V247 mixed-linked glucan synthase 3

QSPAD.iari.7A.1 chr7A TraesCS7A02G018200 7A: 7,727,287–7,730,698 A0A1D6BVN4 Pre-mRNA-splicing factor
Cwf15/Cwc15

QSPAD.iari.2 B chr2B TraesCS2B02G077200 2 B:
42,276,897–42,282,176

A0A1D5UE13 prostaglandin E synthase 2-like

QSPAD.iari.6A chr6A TraesCS6A02G402500 6A:
610,348,775–610,352,296

A0A1D6AD57 Ubiquitin carboxyl-terminal
hydrolase

TraesCS6A02G147800 6A:
128,438,184–128,440,927

W5GCV9 Ubiquitin carboxyl-terminal
hydrolase

QSPAD.iari.3 B.1 chr3B TraesCS3B02G422800 3 B:
659,782,983–659,788,379

A0A077S642 ceramide glucosyltransferase

TraesCS3B02G375900 3 B:
591,366,633–591,372,331

A0A1D5W9E1 Protein FATTY ACID EXPORT
3, chloroplastic

QSPAD.iari.3 B.2 chr3B TraesCS3B02G353000 3 B:
562,727,970–562,731,330

W5D0L0 NAD(P)H dehydrogenase
(quinone)

QSPAD.iari.1A chr1A TraesCS1A02G151400 1A:
259,994,475–259,997,900

A0A341NL01/
W4ZSJ3

cyclin-dependent kinase
inhibitor 4-like isoform X1

QSPAD.iari.7A.2 chr7A TraesCS7A02G418600 7A:
610,438,735–610,441,107

A0A0X8DFF7/
W5HB56

Group II HKT transporter
(potassium ion transport)

TraesCS7A02G383100 7A:
558,099,570–558,102,160

A0A341YFU7 Serine/threonine-protein kinase

TraesCS7A02G383000 7A:
558,079,939–558,082,558

A0A341XZL3 G-type lectin S-receptor-like
serine/threonine-protein kinase

QLSR.iari.2D chr2D TraesCS2D02G112800 2D:
62,550,720–62,552,140

A0A1D5V1J9/
A0A2X0S1F0

aspartyl protease family protein
2-like isoform X1

TraesCS2D02G106600 2D:
58,777,176–58,781,472

A0A1D5UVG7 potassium transporter 9

QLSR.iari.4 B chr4B TraesCS4B02G056800 4 B:
46,615,028–46,621,497

A0A1D5XRE4 Inositol-tetrakisphosphate 1-
kinase

TraesCS4B02G008300 4 B: 5,458,308–5,460,603 A0A1D5XU24 DNA polymerase epsilon subunit
D-like

QSRE.iari.6 B chr6B TraesCS6B02G386100 6 B:
660,664,103–660,676,384

A0A1D6ABN6 serine/threonine-protein kinase
24-like isoform X1

6 B:
660,664,103–660,676,384

A0A1D6AMY2 serine/threonine-protein kinase
OSR1-like isoform X2
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iari.1A explained 12.77% phenotypic variance flanked by markers
AX-95167291 and AX-94412593 with 1 cM confidence interval.
Furthermore, QSPAD. iari.3 B.2 mapped in heat conditions
explained 11.69% of PVE flanked by markers AX-94923714 and
AX-94838752 with 1 cM CI with the highest LOD value of 17.88.

Leaf senescence rate (LSR)

Two QTLs were mapped for LSR with LOD scores of 4.47 and
5.16. One QTL QLSR. iari.2D was mapped on chromosome 2D and
the other QTLQLSR. iari.4Bwas on chromosome 4 B under drought
and heat conditions respectively. The favorable alleles for the trait on
2D were inherited from HI1500 and those on chromosome 4 B were
inherited from HD3086. The phenotypic variance explained (PVE)
of 8.61% and 15.33% was recorded for the QTLs under drought and
heat stress conditions respectively. QLSR. iari.4B explained 15.33%
phenotypic variance flanked by markers AX-94957045 and AX-
95215762 with the highest LOD score of 5.16 and QLSR. iari.2D
explained 8.61% phenotypic variance flanked by markers AX-
95134,406 and AX-94713939 with LOD value of 4.47. Both QTLs
were present in 1 cM confidence interval. The QTL QLSR. iari.2D
harbor two candidate genes TraesCS2D02G112800 and
TraesCS2D02G106600 which code for aspartyl protease family
protein and potassium transporter 9 respectively. Furthermore,
other QTL QLSR. iari.4B is associated with two candidate genes
TraesCS4B02G056800 and TraesCS4B02G008300, which code for
inositol-tetrakisphosphate 1-kinase and DNA polymerase epsilon
subunit D-like to regulate LSR.

Stem reserve mobilisation efficiency (SRE)

One QTL QSRE. iari.6B was detected for SRE on chromosome
6 B with a LOD score of 4.63 under control conditions. One of the
parents, HD3086, contributed the favorable allele for SRE. This QTL
explains about 7.31% of phenotypic variance. This region is
associated with one putative candidate gene
TraesCS6B02G386100, which codes for serine-threonine protein
kinases namely serine-threonine protein kinase 24-like, serine-
threonine protein kinase OSR1-like and serine-threonine protein
kinase BLUS1-like.

Selection of superiors RILs

Superior lines were selected based on 15% selection intensity,
and lines with the lowest MGIDI values were selected as superior
RILs (Figure 5). Out of 220 lines, 33 lines having both staygreen and
SRM traits have been selected for further study.

Discussion

Staygreen (SG) and stem reserve mobilisation (SRM) are two
important traits that have the potential for yield enhancement under
stress conditions. However, these two traits are mutually exclusive
traits i.e., neither trait can simultaneously contribute to grain yield.

Furthermore, these traits are governed by many genes whose
expression is influenced by the external environment. Therefore,
the present study was to identify the QTLs regions governing both
these traits (SG and SRM) as well as to identify superior lines having
both traits that can contribute to grain filling under adverse climatic
conditions.

The higher SPAD value at 10 DAA in control condition followed
by drought, heat, and combined stress was probably because abiotic
stress accelerates chlorophyll degradation (Hörtensteiner and
Kräutler, 2011; Jiang et al., 2020). The reduced chlorophyll
content under heat and drought stress has been reported (Raja
et al., 2020). Reduction of chlorophyll content was also observed in
wheat and maize under combined drought and heat stress
respectively (Li et al., 2007; Anjum et al., 2017). The higher leaf
senescence rate under combined stress conditions was also probably
due to more chlorophyll degradation. Furthermore, this leaf
senescence might be regulated by an endogenous factor, abscisic
acid (ABA) which acts as a signaling molecule responding to abiotic
stress during leaf senescence (Asad et al., 2019). Apart from
staygreen traits, stem reserve mobilisation also contributed to
grain filling under stress conditions in wheat (Blum et al., 1994).

In our present study, stem reserve mobilisation efficiency was
found to be accelerated under drought conditions as compared to
other stress conditions (Gurumurthy et al., 2023). It is well known
that, abscisic acid (ABA) is thought to be a sensitive signal generated
under water deficit stress (Davies and Zhang, 1991; Dood andDavies
2005). It has also been demonstrated that combined stem
remobilisation efficiency and higher 6-fructan exohydrolase
activity could contribute to grain yield enhancement under
terminal drought (Joudi et al., 2012). The positive association of
ABA with stem reserve mobilisation and grain filling in wheat in
moderate soil drying has been also well demonstrated (Xu et al.,
2016). However, the lowest SRE was recorded during the late-sown
high-temperature stress condition. This might be due to the reduced
expansive growth of stems (Asana and Williams, 1965; Pradhan
et al., 2012) and forced maturity imposed by the high temperature
stress (Djanaguiraman et al., 2018) respectively. For the selection of
traits that are contributing to the yield, correlation studies are
crucial. From correlation studies, when one trait is chosen to be
improved, another trait can also be improved for better
enhancement of crop yield.

The positive correlation of TGW with staygreen traits (SPAD
value) and negative correlation with LSR indicated the significant
contribution of positive traits to grain yield, which can be selected
for further evaluation. A positive association of TGW with SPAD
value was also reported by earlier workers (Christopher et al., 2008;
Pinto et al., 2010; Lopes and Reynolds, 2012), whereas a negative
association with LSR was also documented (Lu et al., 2011; Kipp
et al., 2013). Similarly, a positive association of SRE with grain yield
under stress conditions has also been reported (Yang et al., 2004;
Sharbatkhari et al., 2016). A greater environmental effect on the
expression of a specific characteristic is indicated by a lower GCV
value, whereas a higher GCV value shows that an individual’s
genetic makeup is primarily responsible for population variation
(Manjunath et al., 2023). GCV for LSR varied from 0.2–0.32,
whereas for SPAD value it varied from 2.82 to 41.23 across all
stress conditions. GCV for SRE varied from 35.25–39.11 in different
stress conditions. Furthermore, after choosing traits that can be
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targeted for yield enhancement, it is crucial to identify the
chromosomal regions linked with the desired traits. Moreover,
the identification of putative candidates’ genes within the
identified QTLs is necessary for targeting QTLs/genes for crop
improvement.

In the present study, 14 wheat QTLs were identified for SG and
SRM, out of which 11, 2 and 1 for SPAD value, LSR, and SRE
respectively (Figure 6). Out of 11 QTLs of SDAD value, 6 QTLs were
mapped for major effect explained >10% phenotypic variance,
whereas only one major effect QTL was mapped for LSR on

chr4B. The QTL for SPAD value was also reported in earlier
studies on 1A,7A, 2B, and 5 B (Peleg et al., 2009), 3 B (Kumar
et al., 2012), 7A (Ilyas et al., 2014) and 1A (Tahmasebi et al., 2016) in
the different mapping populations. Similarly, staygreen trait (SPAD)
was also reported in chr3B in ”Chirya” X ”Sonalika” population
(Kumar et al., 2010). The chromosomal regions for SPAD values
encompass various genes like glucan synthase, calcium-dependent
protein kinase (CDPKs), Group-II HKT transporter, and various
kinases regulating signaling networks. The role of glucan in drought
tolerance was also reported (Scavuzzo-Duggan et al., 2021).

FIGURE 5
Ranking of genotypes based on MGIDI index.
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CDPK1 from ginger was reported to be involved in drought
tolerance by retaining higher chlorophyll content in Nicotiana
tabacum (Vivek et al., 2013). It was reported that candidate
genes TraesCS3B02G353000 in QSPAD. iari.3B.2 encodes
NAD(P)H dehydrogenase which probably regulates staygreen by
maintaining the balance of the redox system in the electron transfer
chain in the chloroplast as well as by providing extra reducing power

(ATP) for biochemical reactions (Ma et al., 2021). Mapping ofQLSR.
iari.2D affecting flag LSR detected in chr2D under drought
conditions was also reported in different mapping populations
(Verma et al., 2004; Barakat et al., 2013; Saleh et al., 2014).
However, one major effect noble QTL QLSR. iari.4B was found
on chr4B under late-sown high-temperature stress conditions. The
putative candidate gene TraesCS2D02G106600 in the QLSR. iari.2D

FIGURE 6
Genetic linkage map and QTL positions identified on A, B, and D genomes of RILs derived from the cross HD3086/HI1500. Green color indicates
QTLs for SPAD; Red color indicates QTLs for LSR and Blue color indicates QTLs for SRE.
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encodes the potassium transporter 9 and it has been reported that
flag leaf potassium was involved in inducing drought tolerance by
promoting ABA degradation, which is known to induce leaf
senescence in barley (Hosseini et al., 2016). Another candidate
gene TraesCS2D02G112800 in QLSR. iari.2D encodes aspartyl
protease family protein, which is involved in the regulation of
leaf senescence under stress. Aspartyl protease is one of the four
large proteolytic enzyme families regulating plant growth and
development (Cao et al., 2019). It is well established that protein
breakdown is an important catabolic process in plants during leaf
senescence with an indispensable role in nutrient recycling (Diaz-
Mendoza et al., 2016). The role of aspartic protease (CND41) in the
regulation of leaf senescence by degrading partially denatured
RUBISCO in vitro was also demonstrated (Kato et al., 2004). Our
studies also predicted the possible role of aspartyl protease in the
regulation of leaf senescence under drought stress. The QLSR.
iari.4B for LSR harbors one gene TraesCS4B02G056800, which
codes for inositol-tetrakisphosphate 1-kinase and another gene
TraesCS4B02G008300 which codes for DNA polymerase epsilon
subunit D-like. The role of ABA in the regulation of
phosphoinositide metabolism in plants was reported (Fleet et al.,
2009; Jia et al., 2019), which in turn regulates leaf senescence. QSRE.
iari.6B for stem reserve mobilisation efficiency was mapped on
chr6B. QTLs for stem water-soluble carbohydrates (WSC) were
also reported on chr6B (Yang et al., 2007). The putative candidate
gene TraesCS6B02G386100 in QSRE. iari.6B encodes a serine-
threonine protein kinase involved in many signaling networks.
The role of serine-threonine protein kinase in ABA-dependent
plant developmental regulation under stress has been well
documented by earlier workers (Kulik et al., 2011; Yang et al.,
2012; Ali et al., 2020) and ABA in turn regulated stem reserve
mobilisation (Travaglia et al., 2012). Furthermore, MGIDI index has
been used in many experimental conditions for the screening of
genotypes by earlier workers (Benakanahalli et al., 2021; Pour-
Aboughadareh and Poczai, 2021; Al-Ashkar et al., 2023).

Conclusion

Staygreen traits and stem reserve mobilisation are the two
important traits contributing to grain filling during drought and
heat stress. A positive correlation of staygreen traits and SRMwith
their respective yield traits were found, which can be useful for the
selection of superior line based on trait values in future studies.
From PCA analysis, important latent variables contributing
significantly to total variance can be selected for further
selection by avoiding trait redundancy and multicollinearity
issues. From our study, 14 wheat QTLs were identified for SG
and SRE, out of which 11, 2, and 1 were for SPAD value, LSR, and
SRE respectively. In-silico identification of candidate genes linked
to QTLs region needs to be validated through gene expression
analysis in future studies. Physio-biochemical characterization of
selected lines through MGIDI can be done for further validation
of identified putative candidate genes. The QTL mapping
conducted in this study provides primary information on
genomic regions linked to SG and SRM. Furthermore,
validation of the QTLs can be carried out for further use in the
MAS program.
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