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ARTICLE INFO ABSTRACT

Keywords: Wheat (Tritium aestivum L.) productivity is severely hampered by various pathogens and changing climatic
Wheat conditions. Spot blotch and terminal heat stress are the major constraints of wheat production in the eastern
Iswumg; h Gangetic plains of India. To identify novel breeding sources and to understand underlying resistance mecha-
pot blotc

nisms, forty-four gamma rays mutagenized wheat genotypes, derived from three different parents were screened
under favourable agro-ecological conditions for spot blotch and terminal heat stress. Ten mutants showed
reduced spot blotch infection calculated based on Area Under Disease Progress Curve (AUDPC), than their
respective parents. The mutant TAW41 had the least infection (AUDPC: 354.32), significantly lower than its
parent HD2967 (AUDPC: 675.51) and other checks. TAW41 also had a higher Normalized Difference Vegetation
Index (NDVI) and chlorophyll content than the parent. Gene expression analysis of TAW41 showed differential
accumulation of transcripts involved in hormonal pathways (Salicylic acid, Jasmonic acid, and ethylene) and
other defense-associated genes, indicating that TAW41 might have unique resistance mechanism that facilitates
this genotype to perform better against the combined stress of spot blotch and terminal heat. Hence, mutant
TAW41 has been identified as a novel source of resistance that could be exploited in wheat improvement pro-
grammes to enhance tolerance to spot blotch and terminal heat stress.

Terminal heat
Gene expression
Hormones

1. Introduction

Wheat (Triticum aestivum L.) is a primary staple food crop of about
half of India and 1/3rd of the global population [1]. However, its pro-
ductivity is hampered by climate change and rapidly evolving new races
of pathogens [2]. Among the various stresses in major wheat-growing
regions of India, especially in the eastern Gangetic plains, spot blotch
and terminal heat stress are the major constraints [3]. Spot blotch
caused by Bipolaris sorokiniana, a hemibiotrophic fungal pathogen ex-
hibits varied mechanisms such as heterokaryosis, multinucleate, nuclear
migration (induces variability in the pathogen), and being asexually

* This article is part of a special issue entitled “VSI: Resilience to climate”.
* Corresponding authors.

reproduced under warm and humid climate [4]. South-East Asia [5],
North and Latin America, Africa [6], India [7], China [8], and Brazil [9]
are among the major spot blotch affected areas where a significant
reduction in wheat production was observed due to spot blotch disease.
Average yield loss due to spot blotch was estimated to be in the range of
15-25%, however, higher losses are reported in micro-environments
[10].

In addition, the proximity to the equator and late sowing of wheat in
India exposes the crop to high temperatures, mostly above 30°C during
the grain filling stage, causing terminal heat stress [11]. It is estimated
that 13.5 mha. area under wheat cultivation in India alone is affected by
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terminal heat stress [11]. Heat stress at the flowering stage causes pollen
sterility, while during grain filling stage reduces grain filling rate which
in turn declines grain weight and seed yield [12]. For every degree in-
crease above 15 °C, susceptible wheat genotypes showed a 3% reduction
in seed yield [13]. Additionally, the coincidence of warm and humid
climatic conditions with the post-anthesis phase exaggerates spot blotch
infection which usually happens in the rice-wheat cropping system of
eastern Gangetic plains [14].

Therefore it is imperative to develop novel cultivars having better
tolerance to both spot blotch and terminal heat stresses for this region
[15]. Several quantitative trait loci (QTLs) conferring spot blotch
resistance have been identified in wheat such as Sb1, Sb2, Sb3, Sb4, QSb.
bhu-2B, QSb.bhu-5B, and QSb.bhu-7D [16], and many QTLs were also
reported for tolerance to terminal heat stress [17]. In addition, many
resistant and tolerant traits have been identified for spot blotch and
terminal heat respectively [7]. However, there are gaps in our under-
standing of key defense regulation and the physiological basis of toler-
ance and susceptibility to combined stresses of spot blotch and terminal
heat [18].

Previous studies on molecular defense response mechanisms against
various abiotic and biotic stresses in wheat have shown the importance
of different hormonal pathways and their cross-talks [18]. During spot
blotch infection in wheat, resistant genotypes exhibited significant
upregulation of salicylic acid (SA), jasmonic acid (JA), and ethylene (ET)
signaling genes, however, no significant induction for most of these
genes were found in susceptible genotypes [19]. SA and JA play an
important role in transcriptional reprogramming in plants as a defense
response to counteract biotic and abiotic stresses [20]. Accumulation of
SA during spot blotch infection in wheat showed a negative correlation
with AUDPC [21]. Production of SA in turn results in the massive syn-
thesis of PR proteins and collective action of SA and PR proteins ensures
resistance against a wide range of pathogens [22].

Furthermore, Reactive oxygen species (ROS) involves majorly in
signal transduction during infection and also in further prevention of
infection [23]. However, the role of ROS as a signaling molecule or
causing oxidative damage to the cell depends on the maintenance of
equilibrium among ROS production and their scavenging [24]. Further,
secondary metabolites like, phenolic acids participate in plant defense
by acting as antimicrobial and antioxidants compounds [25]. Findings
have independently confirmed the role of phenolic acids i.e., syringic
acid for its inverse correlation with spot blotch disease progression in
wheat, suggesting its role in defense signaling [21]. Evidence for the
individual role of the various phyto-hormones and secondary metabo-
lites is well established in model species like Arabidopsis [26] whereas,
information on their response under field experiments involving com-
bined spot blotch and terminal heat stresses in wheat is limited.

Therefore, lack of clear understanding of defense response regula-
tions against these combined stresses [27] and limited availability of
locally adapted resistant genotypes suggests to generate and charac-
terize novel variation for combined stresses. Induced mutations play a
critical role in creating new variations and also identifying key regula-
tory genes [28]. Thus, screening and characterization of diverse genetic
sources including mutants for combined stresses of spot blotch and
terminal heat would help in identifying new donor lines and their un-
derlying defense mechanisms. Introgression of such novel alleles into
elite lines could help in developing region-specific climate-resilient
cultivars [29].

Thus, the present investigation aims to identify novel sources of
resistance and to understand their tolerance mechanisms by studying
expression dynamics of major hormonal, antioxidants, and senescence-
related genes in mutant wheat genotypes grown under spot blotch and
terminal heat stress conditions in the field. We identified a wheat mutant
(TAWA41) with tolerance to the spot blotch and terminal heat stresses
with differential regulation of hormone signaling and biosynthesis genes
in response to these stresses.
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2. Materials and methods
2.1. Plant materials and growth conditions

Forty-four gamma rays induced mutant wheat genotypes abbrevi-
ated as TAW (Trombay Aestivum Wheat), derived from three parent
varieties namely PBW677, HD2967, and Borlaugl00 were obtained
from Nuclear Agriculture and Biotechnology Division, Bhabha Atomic
Research Centre, Mumbai. These mutants were grown in the field station
of the Institute of Agricultural Sciences of Banaras Hindu University
(25.2677° N, 82.9913° E) from December to April 2021 in augmented
block design with parents and local checks (HUW510, HUW234, and
HUW468). Each genotype was planted in a three rows plot (row length:
3 m, spacing: 20 cm x 5 cm) with repeated checks at regular intervals for
better comparison. Recommended package of practices was followed to
raise the crop [30].

2.2. Pathogen inoculation, disease scoring, and data recordings

The experimental field was inoculated with a mixture of HD3069
(NCBI SRX7473632, NCCS-NCMR accession: MCC1572) and PUSA2
(NCBI SRX7473635, NCCS-NCMR accession: MCC1533) isolates of
Bipolaris sorokiniana. For spot blotch infection, wheat plants were
inoculated twice at 78th and 85th day, with the spore solution (10*
spores ml’l), whereas terminal heat (terminal heat) stress (31-36 °C)
was naturally coincided at post-anthesis stage of the crop. The humidity
was maintained for uniform development of the spot blotch disease by
flood irrigation. Wheat lines were scored for the spot blotch disease for
21 days with an interval of 7 days starting from initiation of flowering
(Zadoks Growth stage-Z 59) to late milk stage (Z-77) [31]. A
double-digit scale (00-99) [32] was employed to score the disease where
the first digit designates vertical disease progress (D1) and second digit
stands for disease severity (D2). The disease severity percentage (DS%)
was calculated according to the formula, DS% = (D1/9) x (D2/9) x 100
[33]. The area under disease progress curve (AUDPC) was estimated
using DS% based on the following formula [7]:

AUDPC =

n

(¥ + Yan) /2} # (1) — 1)]

i=1

Where Y; = disease level at time t;, (tj1- tj) = days between two disease
scores, n = number of readings.

For control samples, uppermost fully emerged 62 days old flag leaves
from 9 different plants were collected just before the first inoculation
and immediately frozen in liquid nitrogen and stored at — 80 °C for
further analysis. Similarly, for treated (spot blotch-+terminal heat)
samples, the uppermost fully emerged infected flag leaves were
collected during the last disease scoring to study the interaction between
spot blotch and terminal heat stress. Parameters like normalized dif-
ference vegetation index (NDVI), chlorophyll content (Soil Plant Anal-
ysis Development (SPAD) values), canopy temperature depression
(CTD) were recorded for 24 days post inoculation (dpi) with an interval
of 4 days.

NDVI was recorded by hand-held crop sensor (Green seeker, Trimble
Agriculture) as an average for each row between 11 AM to 2 PM, while
leaf chlorophyll content was recorded by SPAD meter at a position 2/3rd
of the distance between the leaf base and leaf apex of the uppermost
fully expanded flag leaf. Additionally, CTD was recorded by an infrared
thermometer on the same day of NDVI & SPAD recording at 2 pm. All
other agronomic traits like days to heading, plant height (cm), number
of tillers, spike length (cm), days to maturity, and thousand kernel
weight were also recorded.

2.3. RNA extraction and cDNA synthesis

Four biological replicates of each condition (control and stress
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treatment) were processed for RNA extraction. Total RNA was extracted
using RNeasy plant mini kit (Qiagen, Germany) with on-column DNase
treatment according to user instructions. RNA was quantified in Nano-
drop™ spectrophotometer (Thermo Scientific) and integrity was
checked on agarose gel. For cDNA synthesis, one microgram of total
RNA was reverse transcribed through QuantiTect reverse transcription
kit (Qiagen, Germany).

2.4. RT-qPCR and expression analysis

Quantitative real time-PCR was performed as described previously
[34]. ¢cDNA was diluted 10-15 folds for the expression analysis. KAPA
SYBR FAST (Sigma-Aldrich) was used for RT-qPCR reactions. The re-
action mixture was consisted of SYBR green (1x), forward and reverse
primers (10 uM each), cDNA (20 ng), and nuclease-free water. All re-
actions were set up in duplicates for each sample. The actin gene [35]
was used as an internal reference for normalization. Gene-specific
primers for all the genes analyzed were collected from previously pub-
lished literature (supplementary table 1). The RT-qPCR was performed
in Rotor gene Q (Qiagen) with thermal cycle conditions of 95 °C for
3 min, 40 cycles of 95 °C for 5 s, and 61.5 °C for 30 s, and a final melting
curve analysis was done as per default parameters. The relative
expression data analysis was performed according to 2724¢T method
[36] where AACT was calculated by comparing expression with control
of parent HD2967.

2.5. Statistical analysis

The data were analyzed in IBM SPSS Statistics version 16.0 (SPSS
Inc., Chicago, IL, USA). The treatment means were compared using one-
way analysis of variance (ANOVA) and the Student-Newman-Keuls
(SNK) and least significant difference (LSD) posthoc test with a 5%
significance level (p < 0.05). While, principal component analysis
(PCA) and heatmap analysis were performed using a publicly available
online tool, ClustVis [37].

3. Results

3.1. Evaluation of wheat mutants against combined stress of spot blotch
and terminal heat

Mutant genotypes derived from three parents namely PBW677,
HD2967, and Borlaugl00 were grown under field conditions and
analyzed for spot blotch and terminal heat. Spot blotch infection
calculated based on AUDPC showed a significant increase in all geno-
types after inoculation (Supplementary table 2). Three mutant geno-
types derived from PBW677 showed different response compared to
PBW677. In them, TAWS58 had a significantly higher disease level
(AUDPC: 825) and TAW94 showed lower disease (AUDPC: 531). In case
of HD2967 derived mutants, nine genotypes had shown different re-
sponses where, TAW41 and TAW134 showed significantly lower and
higher spot blotch infection respectively. The level of spot blotch
infection on mutant TAW41 was 47.5% lower than its parent HD2967
(Fig. 1). However, in Borlaugl00 derived mutants, no lines showed
significant difference from it, for spot blotch infection (Supplementary
table 2).

We also used three checks HUW234, HUW468, and HUW510, in our
study as these varieties are being popular among the farmers of the
Northern Eastern Plain Zone. All these three check varieties showed
significantly high disease infection. HUW510 was the most susceptible
genotype that showed 137% more spot blotch infection than the mutant
TAW41 (Fig. 1 and Supplementary table 2). The NDVI has been a reli-
able physiological parameter to check the performance of wheat geno-
types against spot blotch infection [38] and terminal heat stress [39]. At
the end of the experiment (where spot blotch and terminal heat stress
were in peak), mutants of PBW677 showed NDVI ranging from 0.233
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Fig. 1. Spot blotch infection in wheat genotypes grown under field conditions.
Disease infection was calculated as area under disease progress curve (AUDPC).
Data are means + SE. The different letter above each bar indicates significant
differences calculated by one-way ANOVA, p < 0.05 SNK test.

(TAW99) to 0.423 (TAW73) with ten mutants significantly differing
from PBW677 (0.323) (Supplementary table 3). In HD2967 derived
mutants, 26 genotypes were significantly different from it for NDVI,
with a range of 0.207 (TAW115) to 0.59 (TAW122), while HD2967 had
a 0.380 NDVI value. TAW41 also had significantly higher NDVI than
HD2967 (34.2%) and HUW510 (155%) (Fig. 2a and Supplementary
table 3). In case of the mutants of Borlaug100, only TAW147 (0.303)
differed significantly from Borlaug100 (0.217). Further, NDVI values for
all mutant genotypes derived from three parents were in the same range
as with the mutants of HD2967.

In case of SPAD values, at last reading 10 mutant genotypes of
PBW677, 27 of HD2967, and 3 of Borlaug100 differed significantly from
their respective parents. Overall SPAD values ranged from 11.8
(TAW144) to 51.3 (TAW122) (Supplementary table 4). TAW41 also
maintained significantly higher SPAD values with 22.2% and 64.5%
more chlorophyll content than HD2967 and HUW510 respectively
under the combined effect of spot blotch and terminal heat stress
(Fig. 2b and Supplementary table 4). In of CTD, mean values ranged
from 0.07 (TAW150) to 7.93 (TAW125), and 11 mutants of PBW677, 21
of HD2967, and none of Borlaug100 differed significantly from their
respective parents (Supplementary table 5). TAW41 showed significant
difference at the 12th and 16th day after treatment than the parent,
whereas no difference was observed at the end of the stress treatment
(Fig. 2c). Agronomic traits like days to heading, days to maturity, plant
height, spike length, number of tillers, and thousand kernel weight were
also recorded for all mutant lines and presented in Supplementary table
6.

Since the mutant genotype TAW 41 had the least disease infection
(AUDPC: 354) and significantly higher vegetation index (NDVI: 0.51),
this line was chosen for further analysis. To avoid the effect of genetic
background, we chose another mutant genotype TAW132 that was also
derived from HD2967. Although the TAW132 had the same background
as TAW41, the mutant showed different response such as higher AUDPC
(717) (Fig. 1 and Supplementary table 2) and lower NDVI (0.243)
(Fig. 2a) than TAW41. No changes in SPAD and CTD was observed for
TAW132 and TAW41 (Fig. 2b & c). Thus, in total four genotypes
HD2967, TAW41, TAW132, and HUW510 were further analyzed for
expression dynamics of phytohormones and other associated genes
involved in spot blotch and heat stress tolerance.
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Fig. 2. : Analysis of NDVI, SPAD, and CTD in wheat genotypes under control
and a combination of spot blotch and terminal heat stress. Time-course analysis
of NDVI (a), SPAD (chlorophyll) (b), and CTD (c) in all four genotypes. The top
X-axis of the plot highlights the corresponding atmospheric temperature of each
reading. Data are means =+ SE. Asterisks (*) indicates significant difference
calculated by one-way ANOVA, p < 0.05 SNK test.

3.2. Expression dynamics: differential regulation of hormonal and other
defense associated genes in TAW 41

3.2.1. Salicylic acid pathway and related genes

The role of SA is proven in the plant defense regulation process [40].
The host plant accumulates SA and activates downstream signaling
cascades, as defense response to pathogen attack [41,42].
Pathogenesis-related (PR) genes are the important downstream com-
ponents of systemic acquired resistance (SAR) in response to SA, JA, and
ET [43-45]. Biosynthesis of SA in plants occurs via isochorismate (IC)
and the phenylalanine ammonia-lyase (PAL) pathway [46]. We chose
three PR genes (PR1, PR1.1, and PR3), an NPR1 like gene (NPR1-3), and
PAL (PAL1, PAL2, and PAL3) genes to check their expression pattern.
These genes were analyzed in TAW41, HD2967, TAW132, and HUW 510
under control and treatment samples.

Expression analysis revealed that NPR1-3 gene expression pattern
didn’t show any significant variation between TAW41, TAW132, and
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HD2967, but it was significantly up-regulated in the control samples of
HUW 510 (7.26 folds). Further, no significant variation was observed for
PR1, PR1.1, and PR3 genes between TAW41, TAW132 and HD2967.
However, PR1 and PR1.1 showed significantly higher expression in the
HUW510 treatment sample (32.9 and 11.41 folds respectively)
compared to HD2967. Likewise, PR3 gene expression was significantly
higher in both control and treatment samples of HUW510. This
expression pattern may be due to the higher susceptibility of HUW510 to
spot blotch, which would have induced more PR genes in response to
pathogen attack (Fig. 3a).

The scenario was quite different in phenylpropanoid pathway genes,
where PAL1, PAL2, and PAL3 were significantly down-regulated in
TAW41 compared to parent HD2967. However, PAL1 and PAL3
expression didn’t differ significantly between TAW41, TAW132, and
HUWS510. But PAL2 expression was observed to be significantly higher
in TAW132 and HD2967 compared to TAW41. With respect to expres-
sion dynamics of PALI, PAL2, and PAL3, mutant genotype TAW41
differed significantly from HD2967 (Fig. 3a).

3.2.2. Genes associated to jasmonic acid (JA) metabolism

Jasmonate biosynthetic pathway initiates when linolenic acid is
converted by successive actions of lipoxygenase (LOX), allene oxide
synthase (AOS), and allene oxide cyclase (AOC) into the precursor 12-
oxo-phytodienoic acid (OPDA), which is further reduced by OPDA-
reductase 3 (OPR3) for the production of JA [47,48]. MYC2, a master
switch transcription factor (TF) acts additively with its close homologs
MYC3 and MYC4 and regulates JA responses for diverse stimuli [49].
Furthermore, many genes of the WRKY TF family are responsive to
pathogen infection and phytohormones such as SA and JA [50]. Thus,
three biosynthesis genes of JA (AOS2, LOX2, and OPR3) and two TFs
WRKY33 and MYC2, which regulate JA signaling and response were
selected for the expression analysis [51]. Transcription factors MYC2
and WRKY33 were significantly downregulated in TAW41 compared to
HD2967. In case of WRKY33, TAW41 showed significantly lower
expression compared to TAW132 and HD2967 (Fig. 3b). However, there
was no significant difference between TAW41 and TAW132 for MYC2.

Further AOS2 expression was significantly downregulated in both
samples of TAW41 compared to HD2967 (Fig. 3b), while its expression
pattern in TAW132 considerably differed from HD2967 and TAWA41.
While LOX2 gene showed an unusual expression pattern where its
expression was mostly similar in HD2967 and TAW41, but TAW132 and
HUWS510 showed significantly higher expression, 223 and 152 fold
changes in control and treatment samples of HUW510 respectively, and
89 and 68 fold changes in control and treatment samples of TAW132
respectively. As expected OPR3 expression showed similar patterns of
AO0S2, as OPR3 acts downstream to AOS and ACO in the JA biosynthesis
pathway. Overall, all analyzed genes of JA were relatively down-
regulated in TAW41 as compared to the parent HD2967.

3.2.3. Ethylene signaling and biosynthesis genes

Ethylene is known to stimulate various PR proteins or phytoalexins
and rigidify cell walls by inducing phenylpropanoid pathway [52,53].
The 1-amminocyclopropane-1-carboxylic acid synthase (ACC synthase)
and ACC oxidase (ACO) are the two major enzymes involved in the
ethylene biosynthesis pathway.

Thus, two ACS genes (ACS6 and TaACS1), one ACO gene (ACO4), a
novel pathogen-induced ethylene-responsive factor (ERF) gene of
wheat, TaPIEP1 and ethylene signaling gene TaEIL1 (Ethylene-Insensi-
tive3-Likel-EIN3-Likel) were selected to check their expression dy-
namics in the test genotypes. All biosynthesis pathway genes ACS6,
TaACS1 and ACO4 were downregulated in TAW41 compared to HD2967
(Fig. 3c). But there was no significant variation seen for these genes
among the genotypes TAW41, TAW132, and HD2967. The expression of
ACS6 and ACO4 significantly differed between control and treatment
samples of HD2967. There was no significant variation in the expression
of TaPIEP1 gene among the genotypes. Though TaFIL1 had lowest
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Fig. 3. Expression pattern of SA (3a), JA (3b), Ethylene (3c) and Cytokinin (3d) associated genes. Data are means + SE. Different letter above each bar indicates

significant difference calculated by one-way ANOVA, p < 0.05 SNK test.

expression (0.41 fold) in treatment sample of TAW41 but it didn’t differ
significantly from TAW41 control and TAW132. However, TaEILI
expression differed significantly between HD2967 treatment (2.47) and
TAW41 treatment sample (0.41).

3.2.4. Cytokinin pathway and signaling genes
We checked the expression analysis of IPT1, TalPT2, TalPT5, and

TaCKX1 [cytokinin oxidase/dehydrogenase (CKX) which irreversibly
degrades cytokinins and regulates its level)]. IPT1 gene was significantly
downregulated in TAW41 treatment sample compared to HD2967
treatment, while in control sample, there were no changes (Fig. 3d). But
IPT1 expression in TAW132 control differed significantly from HD2967
and TAW41 control. Gene TaIPT2 did not show any significant variation,
though its expression appeared to be higher in TAW41 control. But
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TaIPT5 expression was significantly higher in control of TAW41 (2.6
folds) and it differed significantly from all the samples. For TaCKX1 both
TAW132 and TAW41 behaved similarly and both showed significantly
higher expression in their control samples compared to respective
treatment samples. In overview, IPT1 and TaCKX1 were significantly
downregulated in TAW41 treatment compared to HD2967. While there
was no significant variation observed in TaIPT2 and TalPT5 between
genotypes, TalPT5 showed higher expression in TAW41 control
(Fig. 3d).
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3.2.5. Antioxidant genes

The Fe-SOD (Superoxide dismutase) was relatively downregulated in
both samples of TAW41 compared to HD2967. But it was upregulated
significantly in control sample and downregulated in treatment sample
of TAW132 compared to HD2967 control (Fig. 4a). There was no sig-
nificant variation in the expression of catalase between HD2967,
TAW41 and TAW132. However, Catalase was expressed relatively
higher in control samples of HD2967, TAW41, TAW132 and HUW510
compared to their respective treatment samples. Expression of APX
(Ascorbate peroxidase) differed significantly in TAW41 and TAW132
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significant difference calculated by one-way ANOVA, p < 0.05 SNK test.
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compared to HD2967. Its expression in control samples of TAW41 and
TAW132 was significantly upregulated compared to control of HD2967.
In brief, antioxidant enzymes weren’t induced significantly in TAW41
treatment samples.

3.2.6. Differential accumulation of senescence-associated genes in TAW41

Mutant genotype TAW41 had relatively higher NDVI and lower
AUDPC (Figs. 1 and 2). To support this observation, we analyzed the
expression of a few senescence-associated genes in all four wheat ge-
notypes. A wheat copper-binding protein (WCBP1) has been involved in
leaf rust resistance and leaf senescence inhibition [54]. Similarly,
TaSAG4 and a TaSNAC11-4B (wheat NAC transcription factor regu-
lating leaf senescence) have well-defined roles in the senescence process
[55,56].

WCBP1, in treatment sample of TAW41 showed highest expression
compared to other genotypes and it differed significantly from HD2967
and TAW132 (Fig. 4b). The control sample of TAW41 also had a
significantly higher expression of WCBP1 compared to HD2967 and
TAW132. TaSAG4 was significantly downregulated in the treatment
sample of TAW41 compared to its control and treatment of HD2967. But
its expression was highest in control of TAW41 compared to all other
genotypes including check variety (Fig. 4b). There was no significant
variation seen in the expression of TaSNAC11-4B between TAW41,
TAW132, HUW510 and control of HD2967. However, HD2967 treat-
ment sample showed significantly higher expression compared to all
genotypes.

3.3. Principal Component Analysis (PCA) and Heat map of differentially
expressed genes

PCA was performed with the observed gene expression differences in
all the four wheat genotypes under control and treatment. In control,
two principal components captured 84.6% variation and TAW41 was
spotted far apart from HD2967 and HUW510 (Fig. 5a). Whereas, in the
treatment of spot blotch and terminal heat, PCA components captured
88.1% of the total variation and TAW41 was spotted far apart from
HD2967 but in opposite direction (Fig. 5b). This implies that TAW41
behaved genetically different in response to combined spot blotch and
terminal heat stress compared to the parent HD2967. A summarized
analysis of gene expression differences in all the four genotypes are
given in the heat map where TAW41 showed a different pattern
compared to HD2967 in both control and treatment (Supplementary
figure 1).
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4. Discussion

Spot blotch and terminal heat stresses are the two major constraints
for wheat cultivation in the eastern Gangetic plain of India. Heat stress
was reported to enhance disease infection, thus reducing the yields
significantly. Crop plants were found to respond differently under
combined stresses compared to individual stress [57,58]. Moreover,
under field conditions, a crop season may witness several stresses in a
given time period. Hence, screening diverse genotypes and under-
standing their defense mechanisms under combined stresses is essential
to develop climate-resilient cultivars. Genetic diversity and new varia-
tion play a vital role in crop improvement and breeding programmes
[59]. Mutations are quick sources of genetic variation and create new
alleles. Therefore, in the present study, a set of mutant genotypes
developed from agronomically superior cultivars through gamma-ray
irradiation were screened against combined spot blotch and terminal
heat stresses. The screening clearly showed significant genetic variation
among the mutant genotypes for spot blotch and terminal heat stress
tolerance. The experiments identified TAW41 as the best performing
mutant genotype under combined stresses of spot blotch and terminal
heat compared to parental genotypes and other check varieties. TAW41
mutant was also different at the molecular level where genes involved in
various hormonal pathways/signaling were differentially expressed
than the parent (Supplementary figure 1).

It is noteworthy that TAWA41 is a longer duration genotype (85 days
to heading and 132 days for maturation) than HD2967 (75 days to
heading and 120 days to maturation) which raises a possibility that the
resistance response of TAW41 against spot blotch and terminal heat
might be due to a difference in developmental stage with its parental
genotype. However, our results identified other mutant (TAW115) that
flowered in 70 days and matured in 112; but it had a similar AUDPC
(671) level like that of the parent (675.5). Similarly, another line
TAW143 (heading 84 days and maturation 133 days) showed AUDPC
value 684 (Supplementary table 2 & 6). The observation clearly implies
that at the adult plant stage, this much difference in flowering and
maturation time may not contribute to the resistance mechanisms
against the combined stress of spot blotch and terminal heat in wheat.
Lower thousand kernel weight of TAW41 than HD2967 may be due to its
increased investment in tolerance and survival mechanisms under both
stress conditions.

Hormonal homeostasis in TAW41 which showed the lowest AUDPC
and relatively higher NDVI compared to other genotypes was signifi-
cantly different from its parent HD2967. PR genes such as PR1, PR2, and
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[
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Fig. 5. : Principal component analysis (PCA) of differential gene expression data. Biplot analysis shows principal components (P1 and P2) that explain maximum

variability in all the four genotypes under control (a) and stress treatment (b).
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PR5 are often considered as marker genes for salicylate-induced plant
defense response [60]. Further, NPRI (Non-expressor of
pathogenesis-related genesl) plays a pivotal role in SAR [61] and master
regulates plant defense signaling and cross-talks of SA and JA/Ethylene
responses [62,63]. In this study, PR genes and NPR1.3 genes did not
show any significant variation between mutant genotype and parent, but
PAL genes were significantly downregulated in TAW41 compared to
HD2967. This could be due to cross-talk between abiotic (terminal heat)
and biotic (spot blotch) stresses. Previous studies have reported that
ABA-mediated water-deficit stress tolerance and SA-based immunity
antagonized each other [64] and were also observed to be
age-dependent [65]. Additionally, at higher temperatures, NLR
(Nucleotide-binding domain leucine-rich repeat) nuclear accumulation
(an important step in ETI) was found to underwent ABA-dependent
suppression [66]. Further, in addition to PR genes, there could be
other regulatory mechanisms facilitating defense response in TAW41.

Similarly, most of the JA genes except LOX2 were significantly down-
regulated compared to parent HD2967 suggesting that TAW41 behaves
differently from HD2967 under combined stress. Further JA regulators,
MYC2 and WRKY33 were observed to be not induced significantly in
TAW41 compared to HD2967. However, Anderson et al. showed
antagonistic interaction between ABA and JA-ethylene signaling path-
ways, where endogenous and exogenous ABA suppressed transcript
levels of JA-ethylene responsive defense genes [67]. Therefore, eluci-
dating hormonal signaling cross-talk under combined stress remains a
challenging task and seems to be important to develop stress-tolerant
cultivars. Overall, JA signaling and pathway genes were observed to
be less induced in TAW41. An exact reason is not clear; however, it is
possible that the TAW41 might have suppressed its defense signaling
components to activate tolerance mechanisms against the terminal heat
stress which during crop season co-appears with spot blotch.

Ethylene pathway and signaling genes were differentially expressed
in both TAW41 and TAW132 compared to HD2967. Ethylene regulator
TaEIL1 found to be significantly downregulated in TAW41 treatment
compared to HD2967 treatment suggests that either ethylene is not
induced in TAW41 treatment or it was suppressed by other pathways or
cross-talks. ROS homeostasis and scavenging seems to be not well
initiated and/or accumulated as mostly they were downregulated in
treatment samples suggesting that plant may be investing more in de-
fense and tolerance signaling.

Though there was no clear trend in cytokinin pathway genes but its
relative downregulation in TAW41 treatment compared to its control
and HD2967 treatment could be attributable to relatively low accumu-
lation of senescence-associated genes and significantly higher expres-
sion of WCBP1 in treatment sample of TAW41. Cytokinins are well
known to delay leaf senescence in many plant species by promoting cell
division and growth [68,69]. WCBP1 is proven to be involved in stripe
rust resistance and inhibiting leaf senescence [54]. Downregulation of
senescence promoting genes TaSAG4, TaSNAC11-4B and upregulation
of WCBP1 in treatment samples of TAW41 could be probable possibility
of low AUDPC values of TAW41. But further controlled environment
studies on interaction with cytokinin, ABA, and senescence-associated
genes could provide more clues about defense mechanisms under com-
bined terminal heat and spot blotch stress.

Overall, hormonal homeostasis in TAW41 majorly differed from
HD2967, and further investigation is needed to understand the expres-
sion patterns and cross-talks of cytokinin, WCBP1, and senescence-
associated genes.

Based on the expression pattern of PR, JA, and ethylene genes in
TAW41 treatment, there could be a possibility of some physical barriers
or anatomical features and/or biochemical composition, hindering
pathogen penetration or hyphal establishment. For example, trichomes
create an unfavorable environment for the fungal spores to germinate
and penetrate [70], similarly, lignin in leaves spatially restricts and
limits their mobility [71]. Hence further microscopic observations and
biochemical analysis of leaf could help in better understanding of the

Current Plant Biology 29 (2022) 100234

resistance mechanisms of TAW41.

The present study identified a novel source of resistance against
combined stress to spot blotch and terminal heat stresses. The genotype
TAW41 may further be utilized in the wheat breeding program to
enhance the tolerance against these stresses. An extensive-expression
analysis of hormonal pathway genes in the present study shows their
role in tolerance mechanisms against spot blotch and terminal heat. The
information will improve our understanding of tolerance mechanisms
against both stresses in wheat. TAW41 may be utilized to develop
mapping populations to identify regulatory components involved in
tolerance mechanisms against the combined effect of spot blotch and
terminal heat stresses in wheat.

5. Conclusion

Mutant genotypes derived from three parents showed considerable
variation for AUDPC, NDVI, SPAD, CTD and other agronomic traits.
Mutant TAW41 derived from HD2967 performed significantly better
against combined spot blotch and terminal heat stress. Hormonal ho-
meostasis in TAW41 differed significantly from its parent HD2967. A
few genes were found to be significantly altered in TAW41 treatment
that have proven roles in disease resistance. However, the exact mech-
anism by which TAWA41 suppresses pathogen infection is not fully un-
derstood. A further holistic investigation including genetical,
morphological and biochemical analysis could reveal more information.
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