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Abstract Breeding for terminal heat stress (THS)
in Brassica juncea L. Czern & Coss is recognized as
an imperative objective for sustained productivity in
contemporary climatic changes. A fixed diversity
stock of 491 genotypes was documented for wide
range of variations for seed yield under natural
terminal heat stress. A set of top 20 genotypes
comprising introgression lines from wild species
Erucastrum cardaminoides and B. tournefortii;
derived B. juncea lines using B. carinata and B.
napus; land races;, commercial cultivars and breeding
lines, having the lowest heat susceptibility index and
the least yield reduction under heat stress, have been
identified as potential heat tolerant donors. A panel of
96 genotypes was constituted from this stock on the
basis of their differential response to heat susceptibil-
ity index and seed yield reduction under natural THS.
The constituted panel was evaluated for validation
under controlled conditions for ten seed yield-related
traits. Moderate to low correlations between SY and its
related traits were observed in NS and THS conditions.
Double digest restriction site associated DNA
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sequencing of 71 genotypes identified 18,258 SNPs
after filtration. Least square means of all the traits
under NS and THS conditions and the best linear
unbiased predictors along with identified SNPs were
used for genome-wide association study. A total of 34
SNPs under NS, 24SNPs under THS and 30SNPs
using BLUP values were found to be associated with
all seed yield-related traits. Chromosome BO0S5 har-
bored the maximum number of SNPs (nine) followed
by chromosomes AO7 and AQ09 (eight SNPs
each). SNPs under NS conditions could not be asso-
ciated with THS. This is the first report on the
identification of 24 marker-traits associations detected
for SY and its component traits under THS condi-
tions. It may be possible to develop the molecular
markers for significant SNPs after due validation. The
constituted panel may also serve as a source of allelic
diversity for genes controlling various economic traits.
The derived introgression lines as potential heat
tolerant donors indicated the possibility of using wild
species to breed for abiotic stress tolerance in Indian
mustard.

Keywords Brassica juncea - GWAS - BLUP -
SNPs - Yield - Terminal heat stress
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Introduction

Indian mustard (Brassica juncea L. Czern & Coss), an
allotetraploid AABB; 2n = 36, is a major oilseed crop
of South Asian countries. It has originated through
several independent hybridization events between B.
rapa (AA;2n = 20) and B. nigra (BB;2n = 16) in the
areas encompassing Mediterranean, Irano-Turanian
and Saharo-Sindian geographies (Nagaharu 1935;
Kaur et al. 2014). It is an important winter season
oilseed crop in India and contributes nearly 28.6% of
edible oil supplies (GOI 2017). Being a C; plant, B.
Jjuncea is sensitive to climatic variables, affecting its
productivity radically. It exhibits an efficient photo-
synthetic response at 15-20 °C and gets affected by
both early (during germination and seedling stage) as
well as by terminal (during flowering and seed ripening
stage) heat stress. Early heat stress affects seed
germination, increase seedling mortality and hence,
results in poor crop stand (Azharudheen et al. 2013).

In India, delayed sowing of the mustard crop after
harvesting of rice and cotton exposes the crop to high-
temperature stress during the reproductive stage
(Chauhan et al. 2009); referred to as terminal heat
stress (THS). Due to delayed planting, THS occur
during the post-anthesis/seed filling stage that not only
affects the movement of photosynthates to the devel-
oping sinks and inhibits the synthetic processes, but
also lead to an increase in disease incidence and
insect-pest infestation, thereby causing lower seed
weight and seed yield (Tuteja et al. 1996). Delayed
planting also leads to shortening of the vegetative
phase, advances flowering time and decreases seed
development period (Srivastva and Balkrishna 2003
and Dhaliwal et al. 2007). The effect of heat stress on
seed yield and its contributing traits viz. plant height,
main shoot length, number of primary and secondary
branches, number of pods on main shoot and seed
size, has been well documented (Morrison and Ste-
wart 2002; Alam et al 2014; Sharma 2014 and Sharma
and Sardana 2016). Young et al. (2004) reported
impaired seed filling on exposure of B. juncea crop to
THS. Nutall et al. (1992) recorded a decline of
430 kg/ha in seed yield with a rise of 3 °C in
maximum daily temperature (21-24 °C) during the
flowering phase.

Terminal heat stress (THS) has now emerged as a
major challenge in Indian mustard, because of climate
change. Woods et al. (1991) and later Chauhan et al.

@ Springer

(2009) favored the development of thermo-tolerance
in B. juncea to expand its cultivation in relatively
warm and dry regions of India as well as worldwide.
Development of THS tolerant varieties would be an
important approach in this direction. However, quan-
titative nature of seed yield and its component traits
complicates direct phenotypic selection. In B. juncea,
there are several reports on the identification of QTLs
for seed yield and its component traits (Ramchiary
et al. 2007; Yadava et al. 2012; Akhatar and Banga
2015 and Dhaka et al. 2017). But, there is no report on
the identification of SNPs associated with SY and its
component traits under heat stress conditions. It is
important now to identify variation for these traits in
germplasm and utilize them in breeding programmes.

With recent developments in next-generation
sequencing (NGS) and genome complexity reduction
methods, genotyping by sequencing (GBS) have
emerged as powerful genotyping platforms. GBS can
be used to discover thousands of markers across
almost any genome of interest in number of individ-
uals in a population in a few weeks (Davey et al.
2011). Utilizing the power of GBS, Genome wide
association studies (GWAS) has emerged as a pow-
erful approach for identifying QTLs/genes underlying
complex traits (Zhu et al. 2008). The approach has
generated wider interest in plant breeding community
after its demonstration in maize (Thornsberry
et al. 2001).

A fixed diverse germplasm stock (derived through
continues selfing) of 491 Indian mustard genotypes
comprising landraces; released Indian varieties/culti-
vars; accessions collected from different countries and
developed introgression lines, is available with Punjab
Agricultural University (PAU), Ludhiana. The germ-
plasm collection was evaluated for seed yield and its
component traits for two years at PAU- Regional
Research Station, Abohar, Fazilka district of Punjab
state, India under two planting regimes. This location
is situated in that zone of Punjab which experiences
higher temperature than rest of Punjab during onset of
summer season. This region accompanied by delayed
planting of germplasm was explored for natural
screening of germplasm for terminal heat stress. From
this stock, a panel of 96 genotypes, which represented
differential response to seed yield based heat suscep-
tibility index (HSI) and percent seed yield reduction
under terminal heat stress was constituted and used for
GWAS.
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Materials and methods
Constitution of diversity panel for GWAS

A diversity panel of 96 genotypes, comprising intro-
gression lines, land races, old cultivars, and fixed
breeding material, was used in this study. To constitute
this diverse panel, a germplasm collection of 491geno-
types was evaluated for SY and its component traits at
PAU Regional Research Station, Abohar, Fazilka
(representing arid zone environment; located at
30.15°N, 74.19°E) for two years during 2015-16 and
201617 under two environments. Two environments
represent two sowing regimes: set I sown on Novem-
ber 14 (represented normal sown conditions; abbrevi-
ated as NS); set I sown on December 2 (represented
late sown conditions to expose the crop to terminal
heat stress; abbreviated as THS). Each genotype was
sown in a plot of two rows of two-meter length at a row
to row distance of 30 cm and plant to plant spacing of
10 cm in two replications in an alpha lattice design. At
maturity, the data for seed yield was recorded for ten
random plants and averaged to seed yield per plant (g).
Percent yield reduction (YD%) for each genotype, due
to heat stress during the reproductive phase of crop,
was computed using formula:
YDo — TNs —Yms g
Yns

Yns: Seed yield under NS condition, Yrys: Seed
yield under THS condition.

The heat susceptibility index (HSI) for seed yield
per plant (g) for each genotype was calculated using
formula given by Fischer and Maurer (1978).

1-7Y THS/YNS
1— YTHS/m

Yns: Mean seed yield under NS; Y7gs: Mean seed
yield under THS.

HSI =

Phenotyping and genotyping of the diversity panel

The diversity panel of 96 genotypes was planted at the
research farm of Punjab Agricultural University,
Ludhiana (30.90°N, 75.86°E) during the year
2017-18 under two different environments. In the
environment I, the panel was sown under natural field
conditions (NS) and in environment II, the same set of

panel was sown under the same field conditions but
covered with polytunnels during the reproductive
phase i.e., the onset of flowering to seed ripening
stage of the crop. Polytunnels were shaped by placing
an iron rod frame in field and covering the crop by
polythene sheets (3 mm thickness) from 10.00 am to
3.00 pm every day. In each environment, the panel set
was sown in an alpha lattice design with two
replications; with each genotype in 3-meter row
length. Row to row distance of 30 cm and plant to
plant distance of 10 cm was maintained. Weather data
on temperature and relative humidity were recorded
under normal and stress conditions (Table 1). All
package and protection measures were taken to raise
healthy crop. Data were recorded at physiological
maturity on yield and yield components traits and were
analyzed statistically. Based on five randomly taken
plants of each genotype of each replication, plant
height (PH; in centimeter) was determined on standing
crop by measuring the height of plant from its base up
to the end of main shoot. Main shoot length (MSL; in
centimeter) was recorded by measuring the length of
main raceme. Number of primary branches (NPB)
recorded by counting the siliquae bearing branches
emerging from main shoot of the plant, number of
secondary branches (NSB) was recorded by counting
siliquae bearing branches emerging from primary
branches and number of siliquae on the main shoot
was recorded by counting total siliquae attached to
main shoot. Number of days to maturity (DM) was
recorded as number of days from sowing to the date on
which 75% of siliquae of a genotype, in plot, turned
yellow. Seed yield (SY; in gm) was recorded on a plot
basis after manual thrashing and drying of seeds of
each genotype. 1000 seed weight (TSW; in gm) was
measured by counting 1000 seeds from each genotype
and weighted on an electronic balance. For number of
seeds per siliquae (NSP), five siliquae of each were
taken from main raceme of five randomly selected
plants of each plot and after thrashing, seeds were
counted and averaged.

Statistical analysis of phenotypic data

Phenotypic distributions of each trait were plotted as
histograms with fitting normal curve. Analysis of
variance and adjusted means for alpha lattice design
were calculated by using Proc GLM procedure in
SAS 9.3 (SAS Institute 2011) for each environment.

@ Springer
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Reduction in the mean value of traits in THS as
compared to NS environment was tested using
Student’s t-test statistics. Pearson’s correlation coef-
ficients were calculated to analyze the association of
yield and yield contributing traits in two environ-
ments. BLUPs (Best Linear Unbiased Predictors) for
yield and yield contributing traits were obtained by
fitting a mixed linear model in R-pack-
age “Imer” (Robinson 1991; Douglas et al. 2015).
These BLUP values were used in GWAS for QTL
mapping. Mean broad sense heritability (hzbs) was
calculated by variance components estimated in mixed
linear model by using the formula:

c’g

2 o’gy | %
o8 T Tk

hbs =

where %g is the genotypic variance, c’gy is the
variance due to genotype and environment interaction,
o2e is the error variance, k is the number of
environments and r is the number of replications.

DNA extraction and GBS data

High-quality genomic DNA of 71 genotypes was
isolated using CTAB (cetyl trimethyl ammonium
bromide) method given by Doyle et al. (1990). Geno-
typing by sequencing (GBS) was outsourced from
AgriGenome Labs Pvt Ltd, India using double diges-
tion Restriction site Associated DNA sequencing
(ddRAD-seq) platform. Quality clean GBS reads were
aligned with the reference genome of B. jun-
cea (www.brassicadb.org) using Bowtie2 (version
2-2.2.9) program with default parameters (Langmead

and Salzberg 2012). Samtools (samtools version
0.1.18) was used for SNP calling (Li et al. 2009).
SNPs, with missing data > 20% and MAF < 5%,
were removed.

GWAS analysis of yield and its component traits

GWAS was done with FarmCPU (Fixed and Random
Model Circulating Unification) (Liu et al. 2016)
package in R statistical software (R Core Team
2018) to identify QTLs for eight test traits. FarmCPU
is a multi-locus model that addresses the confounding
problem of mixed linear models (MLM) by using
population structure and multiple associated markers
in fixed effect model. The multiple associated markers
are estimated by incorporating kinship values in the
random effect model (Liu et al. 2016). Population
structure was estimated with principal component
analysis (PCA) using GAPIT version 3.0 (Genomic
Association and Prediction Integrated Tool) package
(Lipka et al. 2012). The significantly associated SNPs
based on their associated p-values were identified as
putative genomic regions associated with yield and
yield component traits in B. juncea.

Results

Field screening of germplasm stock for terminal
heat tolerance

A fixed diversity stock of 491 genotypes was docu-
mented for wide range of variations for seed yield
under natural terminal heat stress. This stock was

Table 1 Weekly maximum and minimum temperature during reproductive phase of B. juncea diversity panel in two environments

Week Growth stage of crop

Normal sown conditions (NS)

Terminal heat stress conditions (THS)

Minimum

temperature (°C)

Maximum
temperature (°C)

Minimum
temperature (°C)

Maximum
temperature (°C)

I (8 to 14 Feb) Siliquae initiation 6.4
III (15 to21 Feb) Siliquae development 12.9
IV (22 to 28 Feb) Siliquae development 8.4
I (1 to 7 March) Seed development & filling 9.7
II (8 to 14 March)*  Seed filling 94
IIT (15 to 21 March) Seed filling & onset 11.6

of physiological maturity

21.6 17.9 30.6
25.8 22.5 34.5
24.5 20.9 36.4
252 21.5 37.7
19.4 21.2 335
26.2 223 38.8

#32.2 mm rainfall observed during this week
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categorized into different groups based on HSI and
YD% (Fig. Sla, S1b). The percent yield reduction
(YD) under THS in comparison to optimum conditions
ranged from — 26.7 to 21.4. The negative values of
YD of some genotypes revealed yield augmentation
under heat stress and thereby gave preliminary indi-
cation for their more adaptation to high temperature
during maturity stage. This study also enabled to
identify potential terminal heat stress donors for
validation and utilization in commercial breeding.
Out of 491, top 20 lines which expressed negative YD
and low HSI (indicator of susceptibility of a geno-
type), were marked for their potency as terminal heat
stress donor lines and hence, recommended for
exploitation in commercial breeding after evaluation
in larger plots (Table 2). Amongst these identified

introgression lines from B. juncea x Erucastrum
cardaminoides; PTJ-3-100, PTJ-3-102 and PTIJ-
3-79 are introgessions from B. ftournefortii x B.
Jjuncea; DAR-5 and MSC-5derived from B.juncea x B.
carinata hybridizationand DJ-149 is resynthesized B.
Jjuncea line. Erucastrum cardaminoides, an annual to
biennial crucifer in the Micronesian region, is endemic
to rocky places, fields, volcanicrocks and soil and
hence, this species is expected to be a source of
gene(s) for manybiotic and abiotic stresses (Warwick
et al. 2000). Brassica tournifortii species, documented
for drought resistance genes, has been identified to
confer stress tolerance in cultivated Brassicas (Pratap
and Gupta 2016). Cross-tolerance is a broadly
described phenomenon in plants, whereby a response
to one stress also helps to protect the plant from

donors,

MCP-12-211

and MCP-12-624 are

another coincident or subsequent environmental

Table 2 Heat Susceptibility Index (HSI) and percent yield reduction (YD%) of 20 (out of 491) top tolerant genotypes to terminal
heat stress under field conditions

Genotype Name Pedigree HSI % YD
RRN-598 Advanced breeding line —17.6 —26.7
B-410 B. juncea germplasm line - 174 —26.5
RGN-253 Advanced breeding line — 16.6 — 252
MCP-12-211 Derived B. juncea line from — 16.1 — 245
B. juncea x Erucastrum cardaminoides
PTJ-3-100 B. juncea introgression line from — 159 — 242
B. tournefortii X B. juncea
PTJ-3-79 -do- — 159 — 242
PBR-378 Variety released for rainfed condition under AICRP — 155 — 236
PTJ-3-102 B. juncea introgression line from B. tournefortii x B. juncea — 153 — 233
DJ-149 Derived resynthesized B. juncea — 152 — 231
Varuna Widely adapted cultivar — 148 — 22,6
MSC-5 Introgression B. juncea line from B.juncea x B. carinata hybridization — 14.6 — 222
MCP-12-624 Derived B. juncea line from — 145 —22.0
B. juncea x Erucastrum cardaminoides
RB-50 Variety released for rainfed condition under AICRP — 142 — 215
PUSA BOLD DT Determinate version of a commercial cultivar — 138 - 21.0
Kranti Widely adapted cultivar — 134 —20.3
PRG-2001-65 B. juncea germplasm line — 13.0 — 19.7
RH-0644 Advanced breeding line — 128 - 195
HUIM-02-01 B. juncea germplasm line — 128 — 194
GMCN-1-2 -do- — 124 — 18.8
DAR-5 Introgression B. juncea line from B.juncea x B. carinata hybridization - 123 — 18.7
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stress. The results by Rivero et al. (2014) indicate
protection to salt stress following a mild heat stress
treatment (35 °C).

Characterization of these distinctive genetic
resources will enable their utilization in target oriented
commercial breeding. It is pertinent to mention that
two varieties viz. RB-50 and PBR 378 released for
commercial cultivation under moisture stress (rainfed)
conditions under All India Co-ordinated Research
Program (AICRP), were also identified as heat stress
donors. The widely distributed variability for HSI in
stock of 491 lines (Fig. Sla) provided an opportunity
to constitute a diverse panel for THS; displaying most
susceptible (HSI =14.1) to most tolerant
(HSI = — 17.6) genotypes. This information was
supported by YD% (though indirectly determined by
HSI too).

Performance of diversity panel under normal
and THS environments

The differential response of 96 genotypes to terminal
heat stress, based on HSI and YD, was further
validated by evaluating under controlled conditions.
A significant increase in weekly temperature regimes

Fig. 1 Frequency distribution of phenotypic traits with normal p
distribution curve: a Plant height (PH) b Main shoot length
(MSL) ¢ Number of primary branches (NPB) d Number of
secondary branches (NSB) e Days to Maturity (DM) f Number
of pods on main shoot (NPMS) g Pod length (PL) h Number of
seeds per pod (NSP) i Thousand seed weight (TSW) j Seed yield
(SY). *Mean + SE based on BLUPs for each trait are shown at
the top-right

during different reproductive stages of the crop under
controlled conditions in comparison to NS conditions
(control) authenticated the screening conditions of
panel for THS using polytunnels (Table 1).
Significant variation was observed for seed yield
and its component traits under both NS and THS
environments (Table 3, Fig. 1). PH ranged from
10571 cm  to 184.63 cm with mean value
148.09 &+ 1.96 under NS condition, while under
THS condition, PH ranged from 92.04 cm to
170.05 cm with mean of 137.52 + 1.57. Number of
pods on main shoot ranged from 24.52 to 45.77 with
mean value 35.34 £ 052 under NS condition, while it
ranged from 23.52 to 43.76 with mean of
33.15 & 0.52 under THS condition. TSW ranged
from 2.71 g to 6.96 g with mean value4.27 + 0.08

Table 3 Mean, standard error, range, mean square of genotypes and coefficient of variation (CV) of seed yield and its components in

normal and stress environments

Traits  Normal sown conditions (NS) Terminal heat stress conditions (THS) hb52
Mean £+ SE Range Mean square CV Mean + SE Range Mean square CV
(genotype) (genotype)
PH 148.09 + 1.96 105.71-184.63 687.84%** 3.89 137.52 £ 1.57 92.04-170.05 434.45%%* 344 044
MSL 53.75 £ 0.75  38.84-68.42 97.52%%% 7.14 5212+ 0.73  35.29-74.61 96.37%%%* 10.88  0.30
NPB 4.86 £ 0.07 3.26-6.74 0.94%*%* 9.47 4.94 £ 0.07 3.16-6.70 0.89%* 14.06  0.004
NSB 10.38 £ 0.25 4.86-17.76 11.21%** 14.08  10.36 &+ 0.20 6.65-15.62 7.37%*% 13.75 0.16
DM 137.56 &+ 0.81 134.61-140.55 2.93%#% 0.59 136.05 + 0.99 132.01-140.13 5.18%%%* 0.73  0.38
NPMS 3534 £0.52 24.52-45.77 47.50%%* 6.73  33.15+£0.52  23.52-43.76 48.31%** 7.65 038
NSP 11.50 £ 0.14 8.75-15.63 2.88*#* 798 11.15 +£0.14 7.48-14.72 2.89% % 7.598 0.38
PL 3.78 £ 0.04 3.124.71 0.26%** 7.06 3.87 £ 0.04 3.02-4.72 0.23%%* 744  0.72
TSW 4.27 £ 0.08 2.71-6.96 1.15%%* 8.73 3.92 £ 0.07 2.25-6.27 0.96%** 6.57 0.90
SY 40.60 £ 0.99  21.90-66.27  170.78*** 8.04 3572 £ 1.06 18.05-67.49  195.91%%*%* 9.37 0.63

PH plant height (cm), MSL main shoot length (cm), NPB number of primary branches, NSB number of secondary branches, DM days
to maturity, NPMS number of pods on main shoot, NSP number of seeds/pod, PL pod length (cm), 7SW thousand seed weight (g), SY

seed yield (g/plant). Pod = Siliqua
**significance at p < 0.01, ***significance at p < 0.001
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under NS condition, while under THS, it ranged from
2.25 gto 6.27 g with mean value 3.92 £ 0.07. NPMS
and TSW are major SY determining traits and hence
any negative effect on these traits results decline in
productivity (Sandhu et al. 2019). In NS condition, SY
ranged from 2190 g to 66.27 g with mean of
40.60 £ 0.99 whereas it ranged from 18.05 g to
67.49 g with mean value 35.72 £ 1.06 under THS
condition (Table 3).The significant reduction in pop-
ulation means in PH, NPMS, TSW and SY were
observed under THS as compared to NS condition
(Table 4). Significant high to moderate correlations
were obtained between NS and THS environment for
seven traits viz. PH, DM, NPMS, PL, TSW, NSP, and
SY with correlation coefficient (r) value of 0.28, 0.25,
0.25, 0.55, 0.81, 0.35 and 0.41, respectively (Table 5).
BLUP based range of variation for test traits are given
in supplementary Table S2.

Phenotypic data of all evaluated traits of 96
genotypes was used to draw a cluster dendrogram
using Euclidean distance and hierarchical clustering
method “ward.D2”. Based on cluster dendrogram, 71
most diverse genotypes were selected for genotyping

Table 4 Significant reduction in mean trait values from nor-
mal to heat stress environment

Trait Reduction (NS — THS) *  95% CI T-Value
PH 10.6 5.63-15.53  4.2]1%*x*
NPMS 2.19 0.75-3.64 2,99
TSW 0.35 0.13-0.56 3.13%*
SY 4.88 2.01-7.74 3.36%*

PH plant height (cm), NPMS number of pods on main shoot,
TSW thousand seed weight (g), SY seed yield (g/plant)

NS normal sown, THS terminal heat stress

**significance at p < 0.01, ***significance at p < 0.001

(Fig. 2, Table S1). Broad sense heritability (hzbs)
estimates of test traits in this study ranged from 0.004
to 0.90 (Table 3). As hzbs of some traits (e.g. NPB =
0.004, NSB = 0.16) was low, a threshold of h%,
=0.30 was set for GWAS. Only traits having h%,
exceeding 0.30 (thereby excluding NPB and NSB)
were used for GWAS analysis.

Genotyping by sequencing (GBS) data analysis

A total of 1.7 to 6.1 million raw reads was obtained
through GBS of 71 genotypes. GC percent ranged
from 39.8 to 44.5 with Q3 value ranging from 90.75 to
94.29. Overall, 72.23 to 82.42 percent of reads aligned
to the reference genome for all the genotypes. A total
of 30,673 SNPs were obtained with SNP calling using
samtools version 0.1.18. Out of which, 18,258 SNPs
having less than 20% missing data and MAF > 5%
were obtained after filtering. MAF in the filtered SNP
data ranged from 0.05 to 0.5. These filtered SNPs were
used for genome-wide association analysis incorpo-
rating phenotypic data. SNPs were uniformly dis-
tributed covering the whole genome of 18
chromosomes of B. juncea (Fig. 3). Chromosome-
wise distribution of all SNPs is given in supplementary
Table S3; with the highest SNPs obtained from BO8
chromosome whereas the least numbers from Al0
chromosome. Linkage disequilibrium (LD) decay in
population was estimated to be ~ 50 kb where r*
value drops below 0.2 (Fig. S3).

GWAS for yield and its component traits

Preliminary GWAS using eight PC and three PC did
not differ significantly for associated p values. As,
hierarchical clustering based on phenotypic data of
diversity panel suggested three clusters in the panel
(Fig. 2), first three principal components were

Table 5 Pearson’s correlation coefficient for seed yield and its components between NS and THS environments

Traits PH MSL NPB NSB DM

NPMS PL TSW NSP SY

? 0.28% 0.15 0.04 0.10 0.25%

0.25% 0.55%**

0.81%** 0.35%%* 0.41%%%*

MSL main shoot length (cm), NPMS number of pods on main shoot, NPB number of primary branches, NSB number of secondary
branches, NSP number of seeds/pod, PH plant height (cm), PL pod length (cm), 7SW thousand seed weight (g), SY seed yield

(g/plant). Pod = Siliqua

*Significance at p < 0.05, **significance at p < 0.01, ***significance at p < 0.001
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Fig. 2 Cluster dendrogram of 96 genotypes. Table S1 provides genotype names corresponding to the genotype id used in this figure.

*Selected genotypes for GBS and GWAS

incorporated as a covariate in the GWAS model as
fixed effect (Fig. S2). Kinship among the genotypes
was incorporated as a random effect. Marker-trait
associations (MTAs) for test traits are discussed as
follows:

Plant height (PH)

A total of 15 significant SNPs were identified under
THS, NS, and using BLUP values (Tables 6, 7, S4,
S5). Under THS, significant associations were
observed on five different chromosomes (Fig. 4a,
S8a) whereas significant SNPs were located on four
different chromosomes under NS (Fig. S4a, S6a).
None of the SNP was found to be common in NS, THS
and BLUP (Fig. S5a, S7a), thereby revealing associ-
ation of specific genomic regions under THS
(Table 7).

Main shoot length (MSL)
A total of 12 significant SNPs found to be associated

with main shoot length (Table 7). Of these, three SNPs
were identified under THS (Table 6, Fig. 4b, S8b),

four SNPs under NS (Table S4, Fig. S4b, S6b) and five
SNPs under BLUP values (Table S5, Fig. S5b, 7b).

Days to maturity (DM)

A total of nine SNPs associated with days to maturity
were identified under THS, NS and BLUP (Tables 6, 7,
S4, S5). Out of these, two SNPs were identified
specifically under THS (Fig. 4c, S8c), while one SNP
is identified both under THS and BLUP values
(Table 6, S5; Fig. S5c, S7c). Under NS, five SNPs
were identified on five different chromosomes
(Fig. S4c, Sé6c).

Number of pods on main shoot (NPMS)

A total of seven SNPs were identified under THS, NS
and BLUP values (Tables 6, 7, S4, S5). Of these, two
different SNPs associated each under THS (Fig. 4d,
S8d) and NS conditions (Fig. S4d, S6d). However,
BLUPs identified three SNPs on different chromo-
somes (Fig. S5d, S7d).
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Pod length (PL)

For PL, out of total ten significant SNPs, two were
identified under THS (Fig. 4e, S8e).Four SNPs were
identified under NS (Fig. S4e, S6e) and BLUP each
(Fig. S5e, S7e). All the conditions identified different
associations (Tables 6, 7, S4, S5).

Number of seeds per pod (NSP)

A total of ten SNPs were found to be significantly
associated under THS, NS and BLUP values (Tables 6,
7, S4 and S5). Under THS, three SNPs were identified
(Fig. 4f, S8f) and five SNPs were identified under NS
(Fig. S4f, S6f) whereas two SNPs were identified
using BLUP values (Fig. S5f, S7f). One SNP
(CB05.62648306) was identified under both NS and
BLUP.

@ Springer

Thousand seed weight (TSW)

A total of nine significant SNPs mainly distributed on
six chromosomes viz. A01, A09, BO1, B02, BO5 and
B08 were found to be associated with TSW (Tables 6,
7, S4 and S5). Out of these, four SNPs were identified
under THS (Table 6, Fig. 4g, S8g) and three under NS
(Table S4, Fig. S4g, S6g). One SNP (CA09.51591158)
located on chromosome A09 was observed under both
NS and BLUP values (Table S4, S5, Fig. S4g, S5g).

Seed yield

For SY, a total of 15 significant SNPs were identified
under THS, NS and BLUP values (Tables 6, 7, S4 and
S5). Of these, one SNP was identified under THS on
A09 (Fig. 4h, S8h), which was also identified in BLUP
values (Table 6, S5, Fig. S5h, S7h).
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Table 6 Significant SNP markers associated with seed yield and its components in B. juncea under THS conditions

Traits SNPs associated ~ Chromosome  Position on genome (bp) Alleles MAF  Effect — logio(p) value Previous
reports
PH CA07.21579885  A07 21,579,885 G/A 023 —557 803 [1], [2]
CA07.29396128  A07 29,396,128 G/A 045 —459 642 [1], [2]
CA08.29787 A08 29,787 C/T 0.20 577 9.10 [11, [2]
CB05.30793004  BO5 30,793,004 A/G 0.14 5.03 6.39
CB07.16582224  B07 16,582,224 G/A 020 —6.21 8.57 [2]
CB08.53250437  B08 53,250,437 A/T 0.07 741 6.95
MSL CA06.21401508  A06 21,401,508 C/A 034 —202 765
CB01.25205837  BO1 25,205,837 A/G 0.06 641 8.64 [1]
CB02.18434222  B02 18,434,222 C/T 049 —165 733
DM CA02.13632528* A02 13,632,528 C/T 0.49 1.36 9.79
CB03.32442415  BO03 32,442 415 T/G 0.14 —083 726
CB07.23508366  B0O7 23,508,366 A/T 0.24 045 6.18
NPMS CAO01.38595643 A0l 38,595,643 T/C 0.21 —263 6.02
CB05.32430484  BO5 32,430,484 T/A 0.21 2.10 5.78
NSP CA04.19337826  A04 19,337,826 C/T 0.17 —-032 6.77
CA06.21230172  A06 21,230,172 T/G 0.11 048 6.01 [2], [3]
CB07.8994243 BO7 8,994,243 A/G 0.08 0.77 8.65 [2]
PL CB07.34074606  BO7 34,074,606 A/C 0.20 0.11 4.89 [2]
CB08.9733991 B08 9,733,991 C/T 0.35 0.08 6.88 [11, [2]
TSW CA01.14059125 A0l 14,059,125 C/G 0.08 0.54 6.35 [2], [4]
CA09.50886002  A09 50,886,002 C/A 0.34 023 598 [2], [4]
CB05.8239837 BO5 8,239,837 T/G 0.07 052 6.79 [4]
CB08.24601593  B08 24,601,593 A/C 0.27 023 5.62 [1], [2]
SY CA09.10419698*  A09 10,419,698 A/C 0.18 6.28 7.34

PH plant height (cm), MSL main shoot length (cm), DM days to maturity, NPMS number of pods on main shoot, NSP number of
seeds/pod, PL pod length (cm), TSW thousand seed weight (g), SY seed yield (g/plant). Pod = Siliqua

*[1] = Ramchiary et al (2007), [2] = Yadava et al (2012), [3] = Akhatar and Banga (2015), [4] = Dhaka et al (2017)

4SNPs consistently identified in BLUP values

Discussion

Due to low water requirement (80-240 mm), Indian
mustard crops fit well in the rainfed cropping system
and nearly 30.7% area (1.81 mha) is under rainfed
farming in India. Under these condition, high temper-
atures at germination and terminal stages, drought,
salinity and cold spells are major abiotic stresses,
leading to low productivity. In addition, changing
climatic conditions such as shortening of winter
duration has further aggravated the problem of heat
stress particularly during reproductive phase (terminal
heat stress). The effect of THS on the performance of
various yield contributing traits has been documented

in Indian mustard (Baghel and Srivastava 2010;
Sharma 2014). Delayed sowing is one of the major
causes that expose the crop to THS. The effect of THS
on maturity span in mustard has been reported by
Nanda et al. (1996), Tripathi et al. (2007),
Kumar et al. (2008) and Adak et al. (2011). THS led
to forced maturity of the genotypes thereby reducing
the time span for siliqua formation and seed filling.
In our study, significant reductions in population
mean of PH, NPMS, TSW, and SY under THS
condition verified the adverse effect of heat stress on
the growth and development of B.juncea. Character-
ization of germplasm stock explored the genetic
variation for economic traits under terminal heat
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Table 7 Comparative chromosomal distribution of SNPs of eight yield associated traits in B. juncea

Normal sown (NS) Terminal heat stress (THS)

Traits PH MSL DM NPMS PL NSP TSW SY Total PH MSL DM NPMS PL NSP TSW SY Total

A0l 1 1 1 2 5 1 1 2
A02 1 2 1 1
A03 1 1 0
A04 1 1 2 1 1
A05 2 2 4 0
A06 0 1 1 2
A07 1 1 1 4 2 2
A08 2 2 1 1
A09 1 1 2 1 1 2
Al0 0 0
BO1 2 2 1 1
B02 1 1 1 1
BO3 1 1 1 1
B04 0 0
BO5 1 1 1 1 4 1 1 1 3
B06 1 1 2 0
BO7 1 1 1 1 1 1 4
BO8 1 1 3
Total 5 4 5 2 4 5 3 6 34 6 3 3 2 2 3 4 1 24
BLUPs computed across environments (BLUPs)

Traits PH MSL DM NPMS PL NSP TSW SY Total Grand total®
A01 0 7

A02 1 1 2 5

A03 2 2 3

A04 0 3

A05 1 1 5

A06 1 1 1 3 5

A07 1 1 2 8

A08 0 3

A09 1 2 1 4 8

Al10 1 1 1 3 3

BO1 1 1 4

B02 1 1 1 3 5

BO3 1 1 2 4

B04 1 1 1

BOS 1 1 2 9

B06 0 2

BO7 1 1 6

BO8 1 2 3 7

Total 4 5 1 3 4 2 3 8 30 88

PH plant height (cm), MSL main shoot length (cm), DM days to maturity, NPMS number of pods on main shoot, NSP number of
seeds/pod, PL pod length (cm), TSW thousand seed weight (g), SY seed yield (g/plant). Pod = Siliqua

“NS normal sown, THS terminal heat stress,BLUP..,, BLUPs calculated across NS and THS environments

$ Grand total represents total number of SNPs identified across environments
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stress and identified potent heat tolerant donors. Yield
augmentation under heat stress conditions in intro-
gression lines developed from Erucastrum car-
daminoides and B. tournefortii inferred the potential
role of thesewild species to conferabiotic stress
tolerancein B. juncea.

FarmCPU has been proposed as the best model to
minimize false-positives and false-negatives in iden-
tifying significantly associated SNPs (Sanchez et al.
2018). FarmCPU is a multi-locus model that differs
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weight (TSW) h Seed yield (SY). *Chromosome 1 to 10
represents A genome mentioned as A0l to A10 and chromo-
some 11 to 18 represents B genome mentioned as BO1 to BO8 in
manuscript

from the widely used mixed linear model (MLM) as it
takes care of overwhelmed false positives and painful
false negatives by dividing modified MLM into fixed
effect and random effect model and using them
iteratively (Liu et al. 2016). To minimize the effect
of environmental variation, phenotypic BLUP values
were used for association analysis in various studies
(Henderson 1975; Kump et al. 2011; Hao et al. 2012).
In this study, adjusted means for NS and THS
separately and BLUP values over the environments
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were used to identify QTLs (associated SNPs) for seed
yield and its contributing traits under heat stress
conditions. A comparison of QTLs in all the three
conditions (NS, THS, and BLUP) helped to identify
the QTLs that are associated under heat stress
conditions.

Under THS, a total of 24SNPs were specifically
detected that were not found associated under NS. This
inferred the association of specific genomic regions/
QTLs under THS and emphasized that SNPs detected
under NS might not be associated in THS. Moderate to
low correlation between SY and its components
(except TSW) evaluated under NS and THS supported
these findings. Further, phenotypic evaluation at stress
specific location is mandatory to identify trait specific
variables. One SNP (CA09.10419698 with SNP effect
6.28, -log;o(p) 7.34) was identified for SY under THS,
which is also found to be co-localized with the SNP
identified for SY using BLUP values. It may be
possible to develop marker for effective selection for
SY, a quantitative trait with high G x E interaction.
Besides SY traits, three SNPs were identified for DM
too. Out of three, one SNP located on chromosome
A02 was also identified using BLUP values.

Several publications of earlier studies have identi-
fied SNPs associated with yield and yield component
traits. As an example,QTLs for PH, PL, MSL, NPMS,
TSW, SY have been reported by several workers
(Ramchiary et al. 2007; Yadava et al. 2012; Akhatar
and Banga 2015; Dhaka et al. 2017). Since all these
studies were conducted in normal conditions utilizing
variability of different traits in bi-parental or associ-
ation mapping panels, genomic positions of these
QTLs were different as compared to findings of our
study. Similarly, earlier studies reported QTLs for
multiple traits viz. PH, NSP, TSW (Ramchiary et al.
2007; Yadava et al. 2012; Dhaka et al. 2017) clustered
on chromosome A(Q7. We have identified SNPs for
four traits viz., PH, MSL, TSW, and SY harbored on
chromosome AQ09.

THS tolerance is an important trait to sustain the
production of B. juncea in present state of climatic
shocks and shortening of winters. The available
variability for this trait can be commercially utilized.
Development of heat stress tolerant varieties will
facilitate to expand cultivation of B. juncea, which
currently predominated in the Indian subcontinent,
across arid and low-rainfall areas. Once validated, the
putative SNPs detected in the present study can be

@ Springer

used to select heat tolerant donor lines having
favourable alleles for days to maturity, seed yield
and its related traits. This will lay a strong foundation
for marker assisted accelerated breeding programe for
heat tolerance in Indian mustard.
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