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Abstract

Background Drought is one of the important abiotic stresses that can significantly reduce crop yields. In India,
about 24% of Brassica juncea (Indian mustard) cultivation is taken up under rainfed conditions, leading to low yields
due to moisture deficit stress. Hence, there is an urgent need to improve the productivity of mustard under drought
conditions. In the present study, a set of 87 B. carinata-derived B. juncea introgression lines (ILs) was developed

with the goal of creating drought-tolerant genotypes.

Method The experiment followed the augmented randomized complete block design with four blocks and three
checks. ILs were evaluated for seed yield and its contributing traits under both rainfed and irrigated conditions

in three different environments created by manipulating locations and years. To identify novel genes and alleles
imparting drought tolerance, Quantitative Trait Loci (QTL) analysis was carried out. Genotyping-by-Sequencing (GBS)
approach was used to construct the linkage map.

Results The linkage map consisted of 5,165 SNP markers distributed across 18 chromosomes and spanning a dis-
tance of 1,671.87 cM. On average, there was a 3.09 cM gap between adjoining markers. A total of 29 additive QTLs
were identified for drought tolerance; among these, 17 (58.6% of total QTLs detected) were contributed by B. carinata
(BC 4), suggesting a greater contribution of B. carinata towards improving drought tolerance in the ILs. Out of 17 QTLs,
11 (64.7%) were located on the B genome, indicating more introgression segments on the B genome of B. juncea.
Eight QTL hotspots, containing two or more QTLs, governing seed yield contributing traits, water use efficiency,

and drought tolerance under moisture deficit stress conditions were identified. Seventeen candidate genes related

to biotic and abiotic stresses, viz,, SOS2, SOS2 like, NPR1, FAE1-KCS, HOT5, DNAJAT, NIAT, BRIT, RF21, ycf2, WRKY33, PAL,
SAMS2, orf147, MAPK3, WRR1 and SUS, were reported in the genomic regions of identified QTLs.

Conclusions The significance of B. carinata in improving drought tolerance and WUE by introducing genomic
segments in Indian mustard is well demonstrated. The findings also provide valuable insights into the genetic basis
of drought tolerance in mustard and pave the way for the development of drought-tolerant varieties.
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Background

Global warming and climate change present a severe
threat to crop production, including the occurrence of
various biotic and abiotic stresses [1, 2]. Drought, among
the abiotic stresses, significantly impacts the growth and
productivity of crop plants [3, 4]. Over the last 6-7 dec-
ades, India has experienced a consistent decline in sum-
mer monsoon rainfall, leading to an increased risk of
droughts [5]. Between 1951 and 2016, droughts became
more frequent and widespread, particularly in central
India, the southwest coast, the southern peninsula, and
the north-eastern parts of the country, which experi-
enced an average of two droughts per decade [5]. Fur-
thermore, the drought-affected area has expanded by
1.3% per decade during this period [5]. Rapeseed-mus-
tard, an important group of edible oilseed crops, is cul-
tivated worldwide and occupies 41.64 million hectares
(Mha) with a production of approximately 87.30 million
metric tons (MMT). It contributes 13.91% to global oil-
seed production (627.44 MMT). In India, Indian mus-
tard (B. juncea) dominates the rapeseed-mustard group,
covering over 90% of the total acreage (9.00 Mha) and
accounting for 28.45% of the country’s oilseed produc-
tion (40.42 MMT) in 2022-23 [6].

Higher production of Indian mustard is needed to meet
the edible oil demand of the ever-growing population,
which can be well achieved by improving productivity
and reducing the yield losses caused by different biotic
and abiotic stresses. Efforts have been made in the past
to improve seed and oil yields to achieve self-sufficiency,
but a huge quantity of edible oil is still imported annually.
According to the Indian Vegetable Oil Producers’ Asso-
ciation, India imported 14.38 million metric tons (MMT)
of oil, costing over 18 billion dollars accounting for more
than 70% of the country’s total edible oil demand in the
year 2022-23 (Source: https://www.indiastatagri.com/).
The rise in per capita oil consumption is driven by factors
like population growth, increasing income and changing
dietary preferences, and is expected to further increase
[7]. To meet the edible oil demand of growing popula-
tion, it is estimated that approximately 16.4-20.5 MMT
of rapeseed-mustard needs to be produced [8, 9], while
the current production stands at only 11.5 MMT [6].

To achieve self-sufficiency in edible oil, the produc-
tivity of Indian mustard needs to be urgently improved.
However, the narrow genetic base of this species poses
a significant constraint to its improvement [10]. The
crop’s susceptibility to various pests, diseases, and

environmental stresses contributes to inconsistent
production patterns. Approximately 24% of Indian
mustard cultivation is taken up in rainfed areas, result-
ing in substantial yield losses due to moisture deficit
stress [11]. Most commercially released B. juncea vari-
eties are sensitive to drought, leading to critical seed
yield losses. Although a few drought-tolerant varieties
have been developed for drought-prone regions, their
poor yield potential limits adoption. Therefore, the
search for new sources imparting drought tolerance
is urgently needed to reduce yield losses, particularly
in the drought-prone areas of the eastern and western
parts of the country [12].

Brassica species and their close relatives possess
beneficial traits such as tolerance to cold, salinity and
drought, which could be incorporated into present-day
cultivars [13-18]. Wide hybridization has been con-
sidered a novel approach for the successful transfer of
desirable traits and generating selectable genetic vari-
ability in cultivated species [19-21]. Ethiopian mustard,
B. carinata (BBCC; 2n=4x=34), possesses resistance/
tolerance to various abiotic and biotic stresses, includ-
ing drought, heat, aphid, white rust, Sclerotinia rot,
Alternaria black spot, powdery mildew and blackleg
[22, 23]. Exploiting B. carinata as a donor for drought
tolerance can enhance the performance and stability of
Indian mustard cultivars under diverse arid environ-
ments [23-25].

Drought tolerance is a complex, polygenic trait
reported in several crop species, including mustard
[18]. To improve drought tolerance, approaches like
introgressions from wild relatives, quantitative trait
loci (QTL) mapping and marker-assisted backcross
breeding (MABB) are being employed [26]. QTL map-
ping requires a large number of molecular markers
with genome-wide coverage for high resolution. Simple
sequence repeats (SSRs) have been extensively used for
QTL mapping [27], but their limited number and une-
ven distribution in the genome hinder resolution. This
has been greatly achieved by the advent of next-genera-
tion sequencing (NGS) techniques.

Next generation sequencing platforms offer a
cost-effective solution for genotyping by sequenc-
ing single nucleotide polymorphic (SNP) sites, offer-
ing thousands to millions of molecular markers.
Whole genome resequencing is an effective method
when a reference genome is available, but it can be
costly for crop species with large genomes. Therefore,
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genotyping-by-sequencing (GBS), a reduced represen-
tation genotyping approach based on restriction site-
associated DNA sequencing (RAD-seq), has emerged
as a novel and alternative method [28]. It has been suc-
cessfully employed for high-resolution linkage map-
ping, particularly in introgression lines derived from
related species of Brassicas [28—30]. However, very few
studies reported QTLs associated with drought toler-
ance in rapeseed-mustard [18, 31];) and the mapping of
QTLs for drought tolerance or improved water use effi-
ciency in B. carinata or its derived lines remain largely
unexplored.

With a view to improve the ability of B. juncea to
withstand moisture deficit stress conditions, efforts
were made at the Indian Council of Agricultural
Research-Indian  Agricultural Research Institute
(ICAR-IARI), New Delhi to broaden the genetic base
of B. juncea through the development of introgression
lines (ILs) carrying genomic segments from B. cari-
nata. The present study also aimed to identify QTLs/
genes responsible for imparting drought tolerance and/
or improved water use efficiency (WUE). To the best of
our knowledge, this is the first instance where ILs pos-
sessing useful genomic segment(s) from B. carinata
were developed and deployed for genetic studies con-
ducted under moisture deficit stress conditions. This
diverse set of ILs, evaluated under moisture deficit
stress conditions in different environments, was used
to map the QTL(s) and decipher the underlying can-
didate genes associated with WUE, drought tolerant
indices and yield contributing traits. This study will lay
the foundation for future investigations into molecu-
lar mechanisms underlying drought tolerance/WUE in
mustard.

Materials and methods

Development and cytological investigation on B. carinata
derived B. juncea introgression lines

A set of 87 B. juncea introgression lines, in F¢ generation,
carrying the genomic segments of B. carinata was devel-
oped. These lines were derived from the cross between B.
juncea cv. DRMRI]J 31 and B. carinata acc. BC 4, and fol-
lowing biparental mating among phenotypically selected
plants within F, population (Fig. 1). Phenotypic selection
of desirable segregants having a close resemblance to B.
juncea parent in the subsequent filial generations led to
the development of B. carinata derived B. juncea intro-
gression lines (ILs). These ILs were identified as homozy-
gous and cytologically stable, as reported in our earlier
study on the expression of heterosis by them [32]. Fur-
ther, molecular analysis on these ILs has confirmed the
presence of introgression segments from B. carinata [33].
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Phenotypic evaluation of ILs under moisture deficit stress
conditions
A set of ILs along with their parents were evaluated at
ICAR-IARI, New Delhi (L-1) and ICAR-Directorate of
Rapeseed and Mustard Research (ICAR-DRMR), Bharat-
pur, Rajasthan (L-2). During 2018-19 crop season, the
experiment was conducted at L1 location under rain-
fed (RE1) and irrigated (IE1) conditions, whereas dur-
ing 2020-21 crop season it was done at both L1 and L2
locations under rainfed (RE2 and RE3) and irrigated (IE2
and IE3) conditions, thus consisting of a total of six envi-
ronments. An augmented Randomised Complete Block
Design (RCBD) with four blocks and three checks (Pusa
Agrani, DRMRIJ 31 and Pusa Mustard 30) was used for
the morphological characterization of ILs differing in
metric traits and response to moisture deficit stress.
Checks were replicated in each block under both rainfed
and irrigated conditions. Each IL was raised in a paired
row plot of four meters in length. Within each plot, row-
row and plant-plant spacing were kept at 30 ¢cm and
15 cm, respectively, and plots were separated by 60 cm.
No irrigation was applied in the rainfed plots, while two
irrigations of 50 mm were applied in the irrigated plots
at 45 and 90 days after sowing (DAS). All recommended
agronomic practices were followed for raising the crop.
Data were recorded on 15 quantitative traits, viz.,
plant height (cm), primary branches/plant, secondary
branches/plant, main shoot length (cm), total siliquae on
main shoot, siliqua length (cm), seeds/siliqua, seed yield/
plant (g), biological yield/plant (g), seed yield/plot (g),
harvest index, oil content (%), 1,000-seed weight (g), days
to 50% flowering, and days to maturity. The data were
recorded on five randomly selected competitive plants
from each plot in each replication, except for seed yield
per plot (g), days to 50% flowering and days to maturity,
where observations were recorded on a plot basis. The
biological yield/plant (g) was recorded at maturity after
completely drying the harvested plants.

Statistical analysis

An analysis of variance for augmented randomized com-
plete block design (Augmented-RCBD) was performed
for all the studied traits following the statistical model,

Yik =pn+G+C+Ei+GxE;+ CxE; +Br(E) + e

where, Y} is the mean values of a trait in i environment

of j genotype in k™ block; y is the population mean; G,
C and E, is genotype, check and i environment, respec-
tively; GXE; and CXEi is the effect of the genotype by
environment interaction and check by environment
interaction, respectively; B, (E,) is the effect of the k™
block within i" environment; and e,y is the residual error.



Limbalkar et al. BMC Plant Biology

(2023) 23:664

Brassica juncea cv. DRMRI 31

AA BB

Parents

Biparental mating of phenotypically
selected plants in F; population, ~100
crosses attempted

Multiple cycles of selfings

Page 4 of 22

B. carinata acc. BC4

BB CC

F, progenies
I®

FZ

1®

I®

I®

900

i aicic
AAB B

0000 000

A°A“B'B

A" A" B B"

Introgression Lines
Fig. 1 Scheme for development of introgression lines in genetic background of DRMRIJ 31 ( and € represent genome from B.juncea and B. carinata

parent, respectively)

Best linear unbiased predictors (BLUP) values for all
studied traits were estimated to perform combined analy-
sis under both rainfed and irrigated conditions across the
environments using Augmented Complete Block Design
in R (ACBD-R) software [34, 35]. The descriptive statistics
such as mean, range and broad-sense heritability ((h?); [36])
were estimated using Plant Breeding Tools software [37].

Assessment of drought tolerance

Adjusted mean values of all the studied traits under
both rainfed and irrigated conditions were used for
the estimation of drought susceptibility index (DSI),
drought tolerance index (DTI), tolerance index (TOL)
and mean relative performance (MRP) using the fol-
lowing formulae:
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+ Drought Susceptibility Index (DSI)=(1-Y, / Y,,) /

D; [38]
+ Drought tolerance index (DTI)=(Y XY, /
(Y psm) - [39]

+ Tolerance index (TOL) =Y —Y,; [40]
+ Mean relative performance: MRP=[Y /Y +Y /Y ]
Where, D is stress intensity and calculated as, D=1-
(Ygm / Yoem)s Y=seed yield of genotype under moisture
deficit stress conditions (drought stress); Y, =seed yield
of genotype under irrigated or non-stress conditions;
Y ,=mean seed yield of all genotypes under moisture
deficit stress conditions; Y, ,=mean seed yield of all
genotypes under irrigated or non-stress conditions.
Water-use efficiency (WUE) for ILs was estimated from
the following formulae:

_ SeedYield(kg/ha)
- Waterreceivedfromirrigationandrainfall (mm)

WUE [kghaflmm_l}

WUE [kgm_g} = 0.1 x WUE [kgha_lmm_1

The minimum and maximum temperatures (°C) and
rainfall (mm) were recorded during the crop growth
seasons during 2018-19 and 2020-21 by the mete-
orological observatories located within 500 m distance
from the trial sites at ICAR-IARI, New Delhi and ICAR-
DRMR, Bharatpur (Fig. 2). The effective rainfall during
crop season from November to March was calculated
for respective season using Cropwat software (Version
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80 branches and
seed filling
£
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E
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~
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8.0) by USDA SCS method. The water use efficiency in
ILs was then estimated using effective rainfall observed.

Genotyping by sequencing

A total of 87 introgression lines (ILs) were used for
genotyping by sequencing [GBS; [41]]. The genomic
DNA was extracted from each genotype following the
modified Cetyl Trimethyl Ammonium Bromide (CTAB)
method suggested by Saghai-Maroof et al. [42]. Genomic
services were outsourced from NxGenBio Life Sciences
Private Limited. An optimized GBS library was prepared
using high-quality DNA following the protocol given by
Elshire et al. [41], and raw sequence data were generated
using Illumina True Seq sequencing. Sequence reads
were processed and aligned to the reference genome of
B. juncea cv. Varuna UDSC Var 1.1 [43] using bwa ver-
sion 0.7.17 [44]. Polymorphic SNPs were identified
using the TASSEL-GBS pipeline [45], which further fil-
tered for minor allele frequency of >0.05 as well as miss-
ing genotypic frequency of<0.01. The linkage map was
constructed using polymorphic non-redundant binned
SNPs with the least missing data using IciMapping 4.2
tool ([http://www.isbreeding.net; [46]).

Mapping of QTLs and candidate gene analysis

Agro-morphological traits recorded on ILs across the
environments and molecular data were used to map
Quantitative Trait Loci (QTL) in different environments
using BIP and MET function in IciMapping 4.2 software
[46]. To increase the authenticity and reliability of the
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to maturity
35
30
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o
Temperature (o C)
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== Rainfall (2020-21D)

e Max. Temperature (2018-19)
Max. Temperature (2020-21B)
= Min. Temperature (2020-21D)

Fig. 2 The maximum, minimum temperatures and rainfall recorded from the experimental site during crop growth seasons of 2018-19 and 2020-

21
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detected QTLs, Logarithm of the Odds (LOD) was kept
at>3. QTLs were named as per the previously described
method [47, 48]. The name of the identified QTL begins
with the initial "g" followed by the short form of the trait
and the linkage group (Al to A10 and Bl to B8). When
any linkage group contains more than one QTL, the
detected QTLs are numbered in order of their physical
locations. Candidate genes within the region of identified
QTLs were predicted following the method suggested by
Wang et al. [49]. The identification of candidate genes
was based on the annotation of the Arabidopsis thaliana
genome and the physical positions of SNPs in the B. jun-
cea reference genome [43].

Results

Phenotypic evaluation of introgression lines

Wide range of phenotypic variations were observed for
all the 15 agro-morphological traits in the ILs evalu-
ated under both rainfed and irrigated conditions. All
the traits were normally distributed (Fig. 3), indicating
the suitability of ILs for QTL mapping. The notched
boxplots obtained between rainfed and irrigated con-
ditions for each trait were compared following the
Wilcoxon test, with the corresponding level of signifi-
cance depicted through P values (Fig. 3). Pooled analy-
sis over the environments indicated a significant mean

Plant Height (cm) Number of primary branches

Number of secondary branches
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difference between rainfed and irrigated conditions for
studied traits, viz., plant height (cm), primary branches/
plant, secondary branches/plant, total siliquae on main
shoot, biological yield per plant (g), harvest index, seed
yield per plot (g), 1,000-seed weight (g), days to 50%
flowering and days to maturity. The mean values of har-
vest index and 1,000 seed weight (g) were found to be
significantly higher under rainfed than in irrigated con-
ditions (Fig. 3).

The data recorded on all the traits under three differ-
ent environments were pooled, and analysis revealed
a significant effect of genotypes (P<0.01) under both
rainfed and irrigated conditions (Table 1). This indi-
cates the presence of sufficient genetic variability in the
ILs for all the studied traits across environments. Sig-
nificant GXE interactions were also observed for all the
traits studied (Table 1). A wide range of variation, along
with transgressive segregants, was recovered for almost
all the traits recorded under rainfed and irrigated condi-
tions (Table 1). The broad-sense heritability across the
environments ranged from 0.19 to 0.95 and from 0.28
to 0.91 under rainfed and irrigated conditions, respec-
tively. Under rainfed conditions, all the traits exhibited
high heritability except for secondary branches per plant,
seed yield per plant and biological yield per plant, which
exhibited low to moderate heritability (Table 1).

Main shoot length (cm) siliquae on main shoot (no.)
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Water use efficiency (WUE) and drought tolerance indices
Water use efficiency (WUE) and drought toler-
ance indices, viz., drought susceptibility index (DSI),
drought tolerance index (DTI), tolerance index (TOL)
and mean relative performance (MRP) for seed yield
(kg/ha) were estimated under three different environ-
ments. WUE among the parental lines was observed
to vary from 1.23 to 2.88 kg m~2, 1.41 to 5.23 kg m 3
and 5.06 to 5.70 kg m~2 in RE1, RE2 and RE3 environ-
ments, respectively, under a moisture deficit stress
condition. On the other hand, WUE among ILs ranged
from 0.72 to 4.09 kg m~3, 1.83 to 6.19 kg m™ and 1.77
to 10.56 kg m~? in RE1, RE2 and RE3 environments,
respectively. The highest and lowest values for this
trait were recorded for IL94 and IL154 in RE1, IL160
and IL135 in RE2 and IL160 and IL125 in RE3 envi-
ronments, respectively (Supplementary Table). In all
the environments, ILs had a higher WUE than their B.
juncea parent (Fig. 4). Results also revealed that in all
environments, the mean WUE of parents and ILs were
higher under rainfed conditions than under irrigated
conditions (Fig. 4).

Important seed yield contributing traits such as sili-
qua length (cm), seed yield per plant (g), biological
yield per plant (g), harvest index, seed yield per plot
(g), 1,000 seed weight (g) and oil content (%) exhibited
higher DTI and MRP for ILs than their parents (Fig. 5).
DTI for seed yield varied from 0.17 to 2.73, 0.18 to 2.21
and 0.18 to 2.12 in ILs, whereas it varied from 0.12 to
1.46, 0.10 to 1.40 and 0.35 to 1.25 in their parents in E1,
E2 and E3 environments, respectively (Supplementary
Table). Similarly, MRP varied from 0.82 to 2.68, 0.63
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to 2.37 and 1.31 to 2.36 in parents, whereas it ranges
from 0.92 to 3.68, 0.85 to 2.98 and 0.96 to 3.09 in ILs in
El, E2 and E3 environments, respectively (Supplemen-
tary Table). ILs, viz., IL104, IL106, IL119, IL121, IL126,
IL128, IL131 and IL135 have a DTI value of>1 and a
MRP value of>2, indicating their superiority under
both rainfed and irrigated conditions across all the
environments (Supplementary Table).

Construction of linkage map

The linkage map was constructed using 5,165 genome-
wide SNPs obtained from GBS and grouped into 838
unique bins (Table 2). The linkage map spanned over a
length of 1,671.87 ¢cM with an average marker interval
of 2.00 cM and an average marker density of 3.09 cM.
The number of genetic bins on each chromosome varied
from 25 (10A) to 65 (9A) and markers from 159 (10A)
to 438 (9A) per chromosome. The shortest chromo-
some was 4A, which carried 204 markers with a genetic
length of 5.21 cM, an average marker interval of 0.12 cM,
and a marker density of 39.16 per marker. The 3B chro-
mosome was the longest, with 277 markers, 245.27 cM
genetic length and an average marker interval of 6.45 cM.
Marker density was found to be lowest in chromosome
3B (1.13 cM per marker) and highest in 4A (39.16 cM
per marker), followed by 5B (10.25 ¢cM per marker). The
A and B genomes contain 2932 and 2233 markers with
a total length of 736.17 ¢cM and 935.70 cM, respectively.
Among the two genomes of B. juncea, the A genome had
a higher marker density (3.98 cM per marker and 56.77%
of total markers) than the B genome (2.39 ¢cM per marker
and 43.23% of total markers) (Table 2).

E2 E3

OParents IR WILs IR

Fig. 4 WUE in B. carinata derived B. juncea introgression lines along with their parents under rainfed (RF) and irrigated (IR) conditions [Environment,

E1=2018-19 (Delhi); E2=2020-21 (Delhi); E3=2020-21 (Bharatpur)]
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HH

HI SY/plot TSW  Oil content

OMRP Parents BMRP ILs

Fig.5 The drought tolerant index (DTI) and mean relative performance (MRP) observed on important seed yield contributing traits in ILs
along with parents evaluated under rainfed and irrigated conditions. (SY/pt Seed yield/plant, BY/pt Biological yield/plant, HI Harvest index, SY/plot

Seed yield/plot, TSW 1,000 seed weight)

Table 2 Marker statistics of the linkage map constructed from introgression lines derived from cross between DRMRIJ 31 and BC 4

Chromosome Number of SNPs % Markers Map length (cM) Bins Average markers/ Marker density
bin interval

1A 298 5.77 72.50 41 1.77 4.1
2A 194 3.76 56.18 37 152 345
3A 431 834 95.90 49 1.96 449
4A 204 3.95 521 42 0.12 39.16
5A 296 573 73.10 48 1.52 405
6A 405 7.84 123.00 52 237 329
7A 267 517 104.65 47 223 255
8A 240 465 49.58 58 0.85 4.84
9A 438 8.48 90.13 65 1.39 4.86
10A 159 3.08 65.92 25 264 241
1B 220 426 12061 39 3.09 1.82
2B 229 443 91.72 45 2.04 2.50
3B 277 536 24527 38 645 1.13
4B 311 6.02 83.92 65 1.29 3.71
5B 318 6.16 31.02 50 0.62 10.25
6B 250 4.84 181.72 43 423 1.38
7B 331 641 95.22 60 1.59 348
8B 297 575 86.22 34 2.54 344
A genome 2932 56.77 736.17 464 1.59 3.98
B genome 2233 4323 935.70 374 2.50 239
Total 5165 1671.87 838 2.00 3.09

Mapping of QTLs for agro-morphological traits
under drought conditions
In three different environments, namely 2018—19 (Delhi;
E1), 2020-21 (Delhi; E2), and 2020-21 crop season

(Bharatpur; E3), created under moisture deficiency stress
conditions, a total of 24 additive QTLs linked with seed
yield and its contributing attributes were discovered
(Table 3). These QTLs were distributed over eleven
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Table 3 Significant QTLs detected using high-density linkage map for yield contributing traits in ILs evaluated across the

environments created under rainfed situations

Trait QTL Env  Chr Pos Flanking Markers LOD PVE(%) Add Marker interval (cM)
Plant height gPH.2B.1 RE1 2B 10 2B_3291748-2B_1636089 326 16.38 -988  25-155
qPH.3B.1 RE2 3B 119 3B_19151635-3B_18990496 2.88 11.55 6.84 116.5-1195
gPH.9A.1 RE3 9A 72 9A_45604301-9A_3104692 278 15.62 13.52 71.5-735
Secondary branches/plant  gSB.3B.1 RE1 3B 58 3B_65754767-3B_63675862 3.05 15.66 -467 57.5-585
qSB.7A.1 RE2 7A 80 7A_6835604-7A_7834496 3.10 5.49 3.01 76.5-82.5
qSB.10A.1 10A 49 10A_17921440-10A_847901 2.95 5.65 2.92 47.5-49.5
Main shoot length gMSL.3B.1 RE1 3B 103 3B_9101086-3B_22690875 3.19 16.17 -5.28 96.5-111.5
Siliqua length qSL.2B.1 RE1 2B 64 2B _65115276-2B_64577224 432 20.65 0.25 62.5-64.5
gSL.2B.1 RE2 2B 64 2B_65115276-2B_64577224 2.51 12.96 0.25 62.5-64.5
gSL8A.1 RE3 8A 27 8A_3395566-8A_3395574 263 15.07 0.51 26.5-285
Seeds/ silique qSS.9A.1 RE1 9A 24 9A_38513927-9A_5962669 2.82 18.21 2.64 23.5-24.5
GSS.9A.1 RE3 9A 24 9A_38513927-9A_5962669 281 13.89 332 23.5-245
Seed yield/ plant qSY.3B.1 RE3 3B 100 3B_9101086-3B_22690875 2.74 14.15 -1.74  945-1035
qSY.3B.2 RE2 3B 11 3B_22690875-3B_19151635 339 18.34 -2.55 104.5-1155
Biological yield/plant gBY.3A.1 RE2 3A 87 3A_2676786-3A_2045625 436 859 16.55 85.5-87.5
qBY.3B.1 RE2 3B 20 3B_60523215-3B_58467664 308 553 8.26 16.5-21.5
gBY.3B.2 RE3 3B 101 3B_9101086-3B_22690875 3.03 1191 -544 96.5-104.5
gBY.3B2 RE2 3B 104 3B_9101086-3B_22690875 552 10.75 -8.96 99.5-110.5
1,000 seed weight qrSW.3B.1 RE3 3B 237 3B_59798024-3B_16518040 2.70 13.66 -0.34 229.5-237.5
qTSW.3B.2 RE1 3B 243 3B_16490510-3B_15005559 373 14.58 -047 238.5-245
qrsSW.3B2  RE2 3B 242 3B 16490510-3B_15005559  2.98 14.40 -0.31 237.5-245
qrSW.6B.1 RE2 6B 120 6B_17473921-6B_17473911 2.83 11.78 0.24 111.5-1265
Oil content qOIL8A.1 RE1 8A 47 8A_16951000-8A_1068464 2.58 11.49 -1.11 44.5-49
Days to 50% flowering gDF5B.1 RE1 5B 9 5B_51917617-5B_48146581 348 742 10.31 7.5-10.5
gDF.1B.1 RE2 1B 71 1B_56351113-1B_30563611 3.82 17.84 257 68.5-72.5
gDF3B.1 RE3 3B 116 3B_22690875-3B_19151635  3.13 15.07 1.60 110.5-119.5
Days to maturity gDM.8B.1 RE2 8B 22 8B_69572249-8B_69878598 2.89 16.35 1.95 20.5-22.5
gDM.2B.1 RE3 2B 53 2B_58202892-2B_64284809  3.36 1241 -485  485-56.5

Where, Env Environment, Chr Chromosome, Pos Chromosome position (cM) of the QTL, LOD Logarithm of the odds, PVE Phenotypic variance explained (%); Add
Additive effect (positive values of the additive effect indicated that alleles from parent‘BC 4’ were in the direction of increasing trait score and negative indicated that

alleles from parent‘DRMRIJ 31’ were in the direction of increasing trait score); RE1=2018-19; RE2=2020-21-Delhi; RE3 =2020-21-Bharatpur

chromosomes (3A, 7A, 8A, 9A, 10A, 1B, 2B, 3B, 5B, 6B
and 8B) and explained about 5.49 to 20.65% of the total
phenotypic variation (PV). Among 24 QTLs, 14 (58%)
loci carried alleles from the B. carinata parent (BC 4) for
increasing phenotypic values and to withstand moisture
deficit stress. While the remaining 10 (42%) loci carried
alleles from the B. juncea parent (Table 3).

Three additive effect QTLs were identified, one in each
environment for plant height, explaining PV from 11.55%
to 16.38% and distributed over three chromosomes (9A,
2B and 3B). For secondary branches per plant, three
QTLs were detected on three different chromosomes
(7A, 10A and 3B) and explained 5.49 to 15.66% PV. A
QTL regulating main shoot length under moisture defi-
cit stress was identified to exhibit high PV (16.17%). For
siliqua length two major QTLs, viz., gSL.2B.1 on chro-
mosome 2B and ¢SL.8A.1 on chromosome 8A were

detected to explain PV of 12.96 and 20.65%, respectively.
The QTL ¢gSL.2B.1, flanked by markers 2B_65115276 and
2B_64577224, was found to regulate siliqua length in
two of the three environments. All the QTLs associated
with siliqua length observed positive additive effects,
indicating the contribution of B. carinata parent BC 4 to
increase siliqua length under moisture deficit stress con-
ditions (Table 3).

For seeds per siliqua, a major QTL (¢SS.94.1), which is
flanked by markers 94_38513927 and 9A_5962669, was
detected in two different environments and explained PV
up to 18.21%. Two QTLs on chromosome 3B were found
to be associated with seed yield per plant under moisture
deficit stress conditions, and these explained PV ranging
from 14.15 to 18.34% (Table 3). Three QTLs were discov-
ered to be associated with biological yield per plant; they
were present on chromosomes 3A and 3B and explained
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PV ranging from 5.53 to 11.91% under moisture deficit
stress conditions. A QTL flanked by markers 3B_9101086
and 3B_22690875 (¢qBY.3B.2) was detected to explain
high PV in two different environments, whereas, another
QTL on chromosome 8A explained 11.49% variation for
oil content. Three QTLs, viz., gTSW.3B.1, gTSW.3B.2 and
qTSW.6B.1, were found to regulate 1,000-seed weight
(g). Two of these were found to be located on chromo-
some 3B and the other on chromosome 6B, explaining
PV from 11.78 to 14.58%, respectively. Another QTL for
1000-seed weight (g7SW.3B.2) flanked by 3B_16490510
and 3B_15005559 markers was found to explain 14.40 to
14.58% PV in two environments. For days to 50% flower-
ing, three QTLs were detected, one in each environment,
explaining PV from 7.42 to 17.84% and were located on
three different chromosomes (1B, 3B and 5B). QTLs viz.,
gDM.8B.1 and gDM.8B.1 were reported to be associated
with shorter maturity duration under moisture deficit
stress in E2 and E3 environments, explaining 12.41 and
16.35% of PVs, respectively (Table 3).

Several QTLs with a wide range of QTL X environment
interactions were detected across the environments under
moisture deficit stress conditions (Table 4). For plant
height, QTL detected on chromosome 2B (qPH.2B.1) had
a high Logarithm of Odds (LOD) score for additive effect
[LOD (A)] and a small LOD score for additive X environ-
ment effect [LOD (A XE)], which indicated weak QTL-
environment interactions. QTL, gPH.3B.1 exhibited a
high LOD (A XE) and low LOD (A) values, implying sig-
nificant interactions between the QTL and the environ-
ment. QTLs for primary and secondary branches per
plant showed very high QTL X environment interactions,
which is evident by the small value of LOD (A) and high
LOD (A XE). In the case of main shoot length, out of three
QTLs detected, one on 3B (¢gMSL.3B.2) exhibited very
strong QTLXenvironment interactions. All the QTLs
identified for siliqua length, seeds per siliqua, 1000-seed
weight and oil content displayed high values for LOD
(A) and small LOD (A XE) values. The QTLs for seed
yield per plant and biological yield per plant exhibited
medium-to-high QTLXenvironment interactions. For
days to 50% flowering, all identified QTLs showed small
QTL xenvironment interactions. Only one QTL present
on chromosome 8B (gDM.8B.1), explaining variation for
days to maturity under moisture deficit stress conditions,
had strong QTLXenvironment interactions, while the
rest were responsible for controlling variation for this trait
only in one or the other environments (Table 4).

Mapping of QTLs for water use efficiency and drought
tolerance indices

A total of five additive QTLs associated with different
WUE and drought tolerance indices were identified in
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three environments under moisture deficit stress condi-
tions (Table 5). These were located on four different chro-
mosomes (7A, 2B, 7B and 8B) and explained PV ranging
from 5.42 to 24.18%. Out of these five QTLs, three had
a positive additive effect, which indicated that these loci
carry alleles from the B. carinata parent (BC 4) and are
responsible for improving drought tolerance in the ILs.
The rest of the two QTLs identified in these ILs were
inherited from B. juncea cultivar DRMRI]J 31.

A QTL (gWUE.7B.1) with flanking markers 7B_30548045
and 7B_870706 was found to improve WUE under mois-
ture deficit stress conditions and explained up-to 13.40%
PV. Two QTLs, viz.,, gDTL2B.1 and ¢gDTIL7A.1, were
reported to control the DTT and explained high PV (12.51
and 24.18%, respectively). Similarly, two QTLs (gMRP2B.1
and gMRP8B.1) were reported to explain 12.63 and
5.42% PV for MRP, respectively (Table 5). Another QTL
(gDTIL2B.1) located on the 2B chromosome, flanked
by markers 2B 3291748 and 2B_1636089, was identi-
fied to explain more than 10% PV for DTI and MRP traits
(Table 5).

Significant QTL X environment interactions were also
observed for QTLs explaining WUE and drought toler-
ance indices across the environments (Table 6). A total
of 16 QTLs were reported to influence WUE under
moisture deficit stress and drought tolerance indices.
Six QTLs responsible for improving WUE in this study
were identified on three different chromosomes, and
three of them (gWUE.7A.1, qWUE.7A.2 and qWUE.3B.1)
had higher LOD (A) than LOD (A XE), indicating small
QTL X environment interactions. The other three QTLs
(qWUE.7B.1, gWUE.7B.2 and gWUE.7B.3), on the other
hand, have significant QTL X environment interactions.
All five QTLs responsible for improved DTI exhibited
higher LOD (A) than LOD (A XE), suggesting smaller
QTLXenvironment interactions. Four QTLs associ-
ated with higher MRP, namely gMRP7A.1, gMRP1B.1,
gMRP2B.1 and gMRP3B.1, had higher LOD (A) than
LOD (A XE), and had small QTL X environment interac-
tions. Higher QTLXenvironment interaction was also
observed for gMRP8B.1 QTL (Table 6).

Identification of co-localized QTLs and candidate genes

in the QTL regions

Analysis was performed for the identification of two
or more co-localized QTLs, at the same position in the
genome, governing agro-morphological traits, WUE
and drought tolerance indices under moisture defi-
cit stress conditions (Table 7; Fig. 6). Four QTLs, viz.,
qSS.7A.1, qSL.7A.1, qWUE.7A.2 and gDTIL7A.1 were
found to be located together in the small confidence
interval on chromosome 7A. Two QTLs (¢SL.9A.1 and
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Table 5 Significant QTLs detected for different drought tolerance indices under rainfed and irrigated conditions across three
environments

Trait QTL Env Chr Pos Marker interval LOD PVE (%) Additive effect Confidence
interval
(cM)
WUE qWUE.7B.1 E3 7B 14 7B_30548045-7B_870706 3.89 13.40 0.32 13.5-14.5
DTl qDTI1.2B.1 E1 2B 9 2B_3291748-2B_1636089 353 1251 0.22 0-145
qDTI.7A.1 E3 7A 28 JA_27314562—-7A_27853328 3.51 2418 0.38 27.5-285
MRP gMRP2B.1 E1 2B 8 2B_3291748-2B_1636089 361 12,63 -0.24 0-135
GMRP8B.1 E2 8B 14 8B_35192556-8B_68780330 3.96 542 -0.22 13.5-17.5

Env Environment, Chr Chromosome, Pos Chromosome position (cM) of the QTL, LOD logarithm of the odds, WUE Water use efficiency (kg m~3) under rainfed condition,
DTl Drought tolerance index, and MRP Mean relative performance

Table 6 QTL xenvironment interactions affecting different drought tolerance indices under rainfed and irrigated conditions across

three environments

Trait QTL Chr Pos Marker interval LOD LOD(A) LOD(AxXE) PVE PVE(A) PVE(AxE) Additive effect Confidence
interval
(eM)

WUE gWUE7A.T 7A 13 7A_14916577-7A_22542484 326 2.83 043 561 537 0.24 0.12 11.5-185
gWUE7A2 7A 28  7A_27314562-7A_27853328 439 3.76 0.63 921 830 0.90 0.30 27.5-285
gWUE3B.1 3B 119 3B_19151635-3B_18990496 342 222 1.20 624 420 2.04 -0.08 1145-1235
gWUE7B.1 7B 0O 7B_38657519-7B_40804516 3.11 0.98 213 566 150 416 -0.05 0-5.5.0
gWUE7B.2 7B 14 7B_30548045-7B_870706 331 121 210 583 1.78 4.04 0.07 13.5-145
gWUE.7B3 7B 62  7B_49573087-7B_46012400 329 1.18 2.11 6.01 1.93 4.08 -0.06 59.5-67.5

DTl gDTL.7A.1  7A 28  JA_27314562-7A_27853328 4.77 3.64 1.13 744 6.75 0.69 027 27.5-285
gDTI.1B.1 1B 98 1B _47952601-1B_2982196 3.12 2.8 032 578 557 0.21 0.19 97.5-98.5
gDTI2B1 2B 10 2B_3291748-2B 1636089 332 2.26 1.06 7.77 436 341 0.09 0-145
gDTl4B.1 4B 5 4B_6040423-4B_52400595  3.22 204 1.18 6.02 390 212 -0.12 35-55
qgDTI6B.1 6B 157 6B_5822839-6B_4974945 328 194 1.34 523 374 148 -0.09 155.5-157.5

MRP  gMRR7A.T 7A 42 7A_27686964-7A_26280398 3.61 295 0.66 6.19 546 0.73 0.1 28.5-495
gMRPI1B.1 1B 98  1B_47952601-1B_2982196  3.15 268 047 543 503 040 0.18 97.5-98.5
gMRP2B.1 2B 10 2B_3291748-2B_1636089 329 22 1.09 753 393 3.60 -0.09 0-14.5
gMRP3B.1 3B 120 3B_19012909-3B_18718709 3.59 281 0.78 542 516 0.26 -0.10 113.5-1255
gMRP8B.1 8B 14  8B_35192556-8B_68780330 3.76 1.63 213 586 288 298 -0.09 13.5-175

Chr = Chromosome, Pos = Chromosome position (cM) of the QTL, LOD = Logarithm of the odds, LOD (A) LOD score for additive effects, LOD (A x E) LOD score for
additive by environment effects, PVE, PVE (A) and PVE (A X E) is Phenotypic variance explained by QTL, additive effects and additive x environment effects, respectively
WUE Water use efficiency (kg m~3) under rainfed condition; DT/ Drought tolerance index; and MRP Mean relative perform

qSS.9A.1) controlling siliqua length and seeds per sili-
qua, respectively, were found co-localized on the 9A
chromosome. Two QTLs (¢DTLIB.1 and gMRP1B.1)
on 1B and two (¢DE2B.1 and gDM.2B.1) on the 2B
chromosome were detected at the same position in the
genome (Fig. 6). The hotspot carrying eight QTLs, viz.,
qBY.3B.2, gMSL.3B.1, qSY.3B.1, qSL.3B.1, gDE3B.1,
qPH.3B.1, gDM.3B.1 and gWUE.3B.1 was identified on
chromosome 3B in a small confidence interval. Further-
more, QTLs gDFE7B.1 and gDM.7B.1 were also reported
to be located at the same position on chromosome 7B
(Table 7; Fig. 6). To make any B. juncea line tolerant
to moisture deficit stress, QTL hotspots identified in

the present study can be further transferred from ILs
through MAS.

The search for candidate genes in the different QTL
regions through in silico analysis on B. juncea chromo-
somes identified a total of seventeen genes in Indian
mustard with their orthologs in Arabidopsis thali-
ana (Table 7). SOS2like and NPRI genes were identi-
fied in the gMSL.6A.1 QTL region, while gSS.7A.1 and
qSL.7A.1 carried the FAEI KCS gene. Three candidate
genes, viz., HOT5, DNAJA1 and NIAI, were reported
in the gWUE.7A.2 and gDTI.7A.1 QTL regions. How-
ever, QTL gMRP.7A.1 identified to govern MRP under
moisture deficit stress conditions, harbored the BRI1
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Table 7 Co-localized QTLs for one or more traits and position of the candidate genes in the identified QTL regions

Trait QTL Marker interval Position (cM) Confidence LOD PVE (%) Candidate genes reported
interval
(cM)

Main shoot length gMSL.6A.T  6A_38048376-6A_39119449 122 116.5-122 476 102 SOS2 like gene [50]; NPRT [51]

Seeds per siliqua qSS.7A.1 JA_22615478-7A_17513851 24 18.5-27.5 365 431 FAET KCS [52]

Siliqua length gSL.7A.1 26 24.5-275 457 623

Water use efficiency gWUE.7A2  7A_27314562-7A_27853328 28 27.5-285 439 10.21 HOTS5 [53]; DNAJAT [54]; NIAT

Drought tolerance index  qDTIL7A.7 28 27.5-285 477 744 [55]

Mean relative performance gMRP7A.T  7A_27686964-7A_26280398 42 28.5-495 361 6.19 BRIT [56]

Siliqua length qSL.9A.1 9A_38513927-9A_5962669 24 23.5-245 533 6.11 RF21,ycf2 [57]

Seeds/siliqua qSS.9A.1 24 23.5-245 6.95 1082

Drought tolerance index qDTIL1B.1 1B_47952601-1B_2982196 98 97.5-985 312 578 -

Mean relative performance gMRP1B.1 98 97.5-98.5 315 543

Days to 50% flowering gDF2B.1 2B_58470758-2B_58202895 46 455-46.5 477 782 -

Days to maturity gDM.2B.1 48 45.5-56.5 330 838

Secondary branches/plant  gSB.3B.1 3B_65754767-3B_63675862 58 57.5-585 430 1740 WRKY-33 [58]

Biological yield/plant gBY.3B2 3B_9101086-3B_22690875 104 99.5-109.5 841 874 PAL [59]; SAMS2 [60-62]

Main shoot length gMSL.3B.1 104 98.5-110.5 405 1053

Seed yield/plant qSY.3B2 3B_22690875-3B_19151635 108 1045-1145 625 7.88 SOS2 like gene [50]

Siliqua length qSL.3B.1 112 1005-1215 320 259

Days to 50% flowering qDF.3B.1 3B _19151635-3B_18990496 119 1145-1195 513 7.60 orf147 (mitochondria)

Plant height gPH.3B.1 119 116.5-1195 358 10.66

Days to maturity gDM.3B.1 119 116.5-1195 434 1221

Water use efficiency gWUE.3B.1 119 1145-1235 342 624

Siliqua length qSL.3B.2 3B_16490510-3B_15005559 238 2325-2405 455 375 MAPK3 [63]

1,000 seed weight qTSW.3B.2 243 239.5-245 6.75 1373

Drought tolerance index gDTI.6B.1 6B_5822839-6B_4974945 157 1555-1575 328 523 SOS2 [501; ERF [64]; BRIT [56];

WRRT1 [65]

Water use efficiency gWUE.7B.1  7B_38657519-7B_40804516 0O 0-5.5 311 566 Sucrose synthase 09 (SUS) [66]

Days to 50% flowering gDF7B.1 7B_49935609-7B_49542209 49 47.5-56.5 400 693 -

Days to maturity gDM.7B.1 49 475-55.5 387 749

(brassinosteroid insensitive 1) gene in the same chro-
mosomal region. The genes RF21 and ycf2 were identi-
fied to be co-localized in the genomic region of QTLs
qSL.9A.1 and gSS.9A.1, whereas genes PAL and SAMS2
were detected in the gSB.3B.1, gBY.3B.2 and gMSL.3B.1
QTL regions. Furthermore, QTL ¢SB.3B.1 harbors the
WRKY-33 gene on the 3B chromosome (Table 7).
Similarly, the QTL responsible for higher DTI
(qDTL6B.1) carried candidate genes SOS2like, ERFI,
BRI and WRRI in the same genomic region, whereas
the MAPK3 gene was co-localized with QTLs ¢gSL.3B.2
and gTSW.3B.1. The gene SUS (sucrose synthase 09)
was found to be located within gWUE.7B.1, a QTL
identified to improve WUE under moisture deficit
stress conditions (Table 7). The association among
identified QTLs and already reported candidate genes
that are directly or indirectly involved in the pathways

associated with drought tolerance in plants was estab-
lished in this study. Further, the QTLs carrying putative
genes in the same genomic region may even be consid-
ered as candidate loci in the future studies.

Discussion

Interspecific hybridization is a prominent method for
generating selectable genetic variation in cultivated Bras-
sica species [67]. B. carinata being tolerant to various
abiotic stresses, including drought, is most suitable for
broadening the genetic base of other Brassicas [23, 33].
Introgression lines, carrying genomic segments from an
alien species into the genetic background of cultivated
genotype(s), are highly desirable for the identification
and mapping of novel genes/QTLs. Simultaneously, such
efforts provide valuable insights into the genetic basis of
drought tolerance. The present study was, thus, aimed
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Fig. 6 The linkage map depicting QTLs for agro-morphological traits, water use efficiency and drought tolerance indices across the environments

to develop B. carinata-derived B. juncea ILs possessing
drought tolerance/improved WUE under water stress
conditions and elucidating responsive QTLs/genes.

The existence of significant differences (P<0.001)
among the ILs for all agro-morphological traits under
both rainfed and irrigated conditions indicated the wide
range of variability created for these traits, as reported
in different environments (Table 1). Furthermore, the
pooled analysis revealed significant genotype-by-envi-
ronment (GXE) interactions for all the traits studied,
suggesting the influence of the environment on the
expression of these traits. Notably, under both rain-
fed and irrigated conditions, a wide range of variation
along with the recovery of transgressive segregants was

observed for nearly all the agro-morphological traits
(Table 1), indicating the distribution of desirable alleles in
both parents.

Water use efficiency and drought tolerance indices

In general, higher values of WUE were observed under
rainfed conditions than in irrigated conditions and ILs
had higher WUE than their parents in both test environ-
ments (Fig. 4). Associations among the drought tolerance
indices suggested the usefulness of DTI and MRP in the
indirect selection of genotypes suitable for drought tol-
erance in B. carinata-derived B. juncea lines [32]. There-
fore, in the present study, DTI and MRP were calculated
from the average values of ILs and parents. Several ILs
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exhibited high DTI (> 1) and MRP (>2) values, indicating
their superiority in both rainfed and irrigated conditions
across all environments (Supplementary Table). Further-
more, seed yield contributing traits such as siliqua length,
seed vyield per plant, biological yield per plant, harvest
index, seed yield per plot, 1000-seed weight and oil con-
tent observed higher DTI and MRP for ILs than their
respective parents (Fig. 5), implying that improved WUE
in these ILs might be due to the complementation of ben-
eficial alleles [32]. These ILs have the potential to become
cultivars after large-scale testing and/or be involved in
hybridization to develop varieties for drought-prone
areas [32, 68].

Construction of linkage map and mapping of QTLs
governing drought tolerance

The linkage map is a prerequisite for the precise mapping
of QTLs associated with drought tolerance [69]. In the
present study, it was constructed using 5,165 GBS-based
SNP markers widely distributed on 18 chromosomes.
It covered a total length of 1671.87 cM with an average
interval of 2.0 cM between marker loci (Table 2), indi-
cating the availability of a large number of genome-wide
SNP markers for the identification of genomic regions
governing the traits under study. The GBS approach
has earlier been successfully used for the construction
of linkage maps [43, 70—72] and mapping of QTLs in B.
juncea and its derived lines [29, 30, 73, 74].

A total of 29 QTLs were identified in the present study.
Out of 29, 5 were responsible for WUE and drought
tolerance, while the remaining 24 were responsible for
additive effect explaining variation in various agro-mor-
phological traits (Table 3 & 5). Results revealed that B.
carinata has contributed about 17 QTLs (58.6% of total
QTLs detected) which regulates 10 of the studied traits,
suggesting that alleles from the B. carinata largely con-
tributed to improving the drought tolerance in these ILs.
DRMRI]J 31 contributed 12 (41.4%) of the 29 QTLs iden-
tified in different environments. This implies that positive
loci governing agro-morphological traits under moisture
deficit stress conditions were majorly contributed by B.
carinata parent in the ILs.

Out of 17 QTLs identified in ILs, 10 (58.8% of total
QTLs detected) were contributed by the B genome of B.
carinata, while the rest seven (41.2%) were contributed
by the A genome. It is likely that pairing and recom-
bination between the B genomes of both spe-
cies, as well as the higher frequency of recombina-
tion between the A and C genomes, resulted in the intro-
gression of the genomic regions between B. cari-
nata and B. juncea [75, 76]. The present study reports
a larger number of QTLs for drought tolerance and
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improved WUE in the B genome. As also revealed in the
previous study, a larger number of introgressed segments
were observed in the B genome than in the A genome of
the ILs [33]. This might be due to the conservation of novel
alleles for drought tolerance in B. carinata [77], and their
elimination in B. juncea during the course of evolution. It
is expected as a consequence of nucleo-cytoplasmic inter-
actions leading to considerable changes in the B genome of
B. juncea, whereas it remains intact in B. carinata 78, 79].

In the present study, 23 major QTLs expressing
high PV (>10%) for agro-morphological traits, WUE
and drought tolerance indices under moisture deficit
stress conditions were identified (Table 3 & 5). A major
QTL expressing PV upto 20.65% and flanked by mark-
ers 2B 65115276 and 2B_64577224 was identified to
regulate the siliqua length (¢gSL.2B.1) trait in two dif-
ferent environments. A QTL governing seed per sili-
qua (¢gSS.9A.1), flanked by markers 9A_38513927 and
9A_5962669, explained PV upto 18.21% was detected in
two different environments (Table 3). Both QTLs
exhibited a positive additive effect, indicating that
QTLs derived from the B. carinata parent (BC 4) are
responsible for increasing siliqua length and seeds per
siliqua in ILs under moisture deficit stress. Most of the
QTLs reported to explain seed yield contributing traits
showing positive additive effects, in the present study,
were derived from B. carinata (BC 4), thus highlighting
the usefulness of B. carinata in stabilizing productivity
traits under drought stress conditions (Table 3). A few
QTLs identified in current study for seed yield-contrib-
uting traits were found on the same chromosomes as in
prior studies by Dhaka et al. [80], Rout et al., [72], and
Aakanksha et al. [81]. Notably, these QTLs were associ-
ated with imparting drought tolerance and improving
WUE under moisture deficit stress conditions in B. car-
inata derived introgression lines.

QTL x environment interactions for morpho-physiological
traitsin ILs
The ability of genotypes to produce different pheno-
types in a wide range of environments is mainly due to
phenotypic plasticity arising from the interaction of
QTLs with environments [82]. Therefore, understanding
QTLsXxenvironment interaction will help to select stable
genotypes across environments, which further improves
crop productivity [83, 84]. Previous studies also reported
significant QTLsXenvironment interaction for yield-
contributing traits in several crops, including mustard,
and demonstrated the varied range of QTL expression
with a change in environment [69, 80].

The present study also demonstrated the QTLs X envi-
ronment interactions for morpho-physiological traits
in B. carinata derived ILs under moisture deficit stress
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conditions (Table 4 & 6). Fifty QTLs were identified
to govern agro-morphological traits (Table 4) and 16
QTLs for WUE/drought tolerance indices (Table 6)
collectively demonstrated substantial QTL X environ-
ment interactions, indicating the existence of selecta-
ble genetic variations for phenotypic plasticity among
these ILs. In addition, all the QTLs governing plant
height, secondary branches per plant, main shoot
length, seed yield/plant, oil content, days to 50% flow-
ering and days to maturity, as well as a few QTLs for
siliqua length, seeds/siliqua, biological yield/plant and
1000-seed weight were detected in specific environ-
ments, indicating their varied range of expression in
different environments [69, 85]. The QTLs detected for
siliqua length, seeds per siliqua, 1,000-seed weight and
oil content observed small LOD (A x E) and high values
for LOD (A), indicating their stable response to differ-
ent environments (Table 4). This finding is consistent
with previous studies of Singh et al. [86]; Singh et al.
[87]; Singh et al. [88]; Binod et al. [89], which demon-
strate the preponderance of additive gene action gov-
erning these traits.

The majority of QTLs for WUE and drought toler-
ance indices had low QTL Xenvironment interactions
(Table 6), revealing their stability across the environ-
ments. However, QTLs associated with WUE and MRP,
namely gWUE.7B.1, qWUE.7B.3, gqWUE.7B.2 and
gMRP8B.1, had the highest QTL X environment interac-
tions, implying differential expression pattern in response
to different environments. The effect of environment
on QTL expression demonstrates that QTLXenviron-
ment interactions is a key component of genetic varia-
tion which can play an important role in defining future
mustard breeding programs. The QTLs identified in the
present study can be used in a wide range of environ-
ments or any specific environment based on their degree
of QTL X environment interactions.

Identification of co-localized QTLs and candidate genes

in the QTL regions

The genomic regions containing multiple QTLs for
different traits, also called QTL hotspots, enable
simultaneous selection and accelerating the breed-
ing progress through MAS [90]. The present study
reported four co-localized QTLs, viz.,, ¢SS.7A.1,
qSL.7A.1, gWUE.7A.2 and gDTI.7A.1 on chromosome
7A (Table 7; Fig. 6). QTLs for siliqua length (gSL.9A.1)
and seeds per siliqua (¢SS.9A.1), on the other hand,
were reported at the same position with the same set
of flanking markers, indicating a pleiotropic effect.
QTLs, viz., qBY.3B.2, gMSL.3B.1, qSY.3B.1, qSL.3B.1,
qDFE3B.1, qPH.3B.1, ¢gDM.3B.1 and qWUE.3B.1 were
observed to be co-localized on chromosome 3B,
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revealing a QTL hotspot that can be further exploited
through MAS for improving trait values under mois-
ture deficit stress conditions (Table 7).

Seventeen candidate genes, known to regulate vari-
ous pathways related to biotic and abiotic stress tol-
erance, were identified within QTL regions through
in silico analysis in this study (Table 7). The genomic
region of gMSL.6A.1 contains SOS2like and NPRI
genes associated with salt tolerance and salicylic
acid-mediated systemic acquired resistance (SAR)
pathways, respectively [50, 51]. QTLs ¢SS.7A.1 and
qSL.7A.1 carry the FAEI KCS gene involved in erucic
acid production [91, 92]. Three candidate genes,
HOTS5, DNAJAI, and NIAI, were identified in the
qWUE.7A.2 and gDTI.7A.1 QTL regions, known for
their role in inducing abiotic stress tolerance [53-55].
The gMRP.7A.1 QTL, associated with moisture deficit
stress, harbours the BRII gene linked to drought stress
tolerance [56]. RF21 and ycf2 genes were co-localized
in the gSL.9A.1 and ¢SS.9A.1 QTL regions, respec-
tively while WRKY-33 gene was found in the ¢SB.3B.1
QTL, associated with abiotic stress responses [58].
PAL and SAMS2 genes were detected in gBY.3B.2 and
gMSL.3B.1 QTL regions, respectively, known for their
involvement in drought and salt tolerance [59-62,
93, 94]. Lastly, the SOS2like gene involved in plant
response to abiotic stresses found to be co-localized
with ¢SY.3B.2 and ¢gSL.3B.1 QTLs for seed yield and
siliqua length respectively [50].

Similarly, the genomic region of co-localized QTLs
qSL.3B.2 and qTSW.3B.1 encompasses the MAPK3
gene, which is reported to impart drought tolerance
in tomato [63]. The drought tolerance index QTL
qDTI1.6B.1 contained four genes: SOS2 [50]; ERF [64];
BRII [56]; and WRRI1 [65]. Three of these four genes,
viz., SOS2, ERF and BRI1, were reported to be involved
in plant responses to abiotic stresses [50, 56, 64]. The
SUS gene encoding sucrose synthase 09 [66] was iden-
tified within the genomic region of QTL gWUE.7B.1,
and identified to be responsible for improving water
use efficiency under moisture deficit stress conditions
(Table 7). Thus, QTLs detected in multiple environ-
ments and carrying already known genes associated
with drought tolerance can also be used to identify
drought-responsive key candidate genes and their
markers following the transcriptomic approach by
mapping the transcripts over the reference sequence as
reported in crops including Brassicas [95, 96]. Further-
more, the co-localized QTLs conferring drought toler-
ance and/or improved WUE can be further subjected to
fine mapping and validation for their wider applications
in mustard breeding through marker-assisted selection.
The material and information generated from this study
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are expected to have long-term implications for the
development of drought-tolerant mustard varieties.

Conclusion

The study demonstrated the potential of B. carinata-
derived B. juncea ILs for improving drought tolerance
and WUE in B. juncea cultivar DRMRI]J 31 and provided
insights into the genetic basis of yield-contributing traits
under moisture deficit stress conditions. Significant dif-
ferences for yield-contributing agro-morphological traits
were observed among the ILs, evaluated under both rain-
fed and irrigated conditions, indicating the creation of
sufficient genetic variability through interspecific hybrid-
ization. These ILs exhibited higher WUE and drought
tolerance indices than their parents; moreover, some of
these lines also showed higher phenotypic values under
both rainfed and irrigated conditions. The genotyping
by sequencing (GBS)-based linkage map helped identify
the genomic regions associated with drought tolerance
and improved WUE. Twenty-nine QTLs for seed yield-
related traits were discovered, with a significant con-
tribution from the B genome of B. carinata. Significant
QTL-environment interactions were also observed, indi-
cating the influence of the environment on the expression
of the studied traits. QTL hotspots for various traits were
identified in the present study, which will further pro-
vide opportunities for marker-assisted selection. In silico
analysis identified 17 candidate genes involved in stress
tolerance pathways within the QTL regions. The material
and information generated from the present study have
demonstrated the usefulness of interspecific hybridiza-
tion among Brassicas in creating selectable novel genetic
variability and paved the way for the development of
high-yielding varieties with better WUE and improved
productivity in water-scarce regions.
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