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Abstract Thermal stress is a major abiotic stress in wheat
and is highly complex in mechanism. A large area in north-
western plain zones (NWPZ), which is the wheat bowl of
India is affected by heat stress. Climate change also causes
an abrupt increase in temperature at different growth stages
of wheat. Thus, wiser selection of stress tolerant varie-
ties is an important strategy to combat the climate change
effect. The present study aims for physiological and bio-
chemical screening of timely sown NWPZ wheat varieties
(WB2, HD3086, DBW88, DPW621-50, DBW17, HD2967
and PBW550) of India for their thermal stress tolerance
along with heat tolerant (RAJ3765) and susceptible checks
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(RAJ4014) at seedling stage. The experiment was con-
ducted in completely randomized design under controlled
laboratory condition and heat stress was induced at 37 °C
at seedling stage. Later different physio-biochemical traits
were studied in both control and stress seedlings. All traits
exhibited significant variations among genotypes under heat
stress condition. Root and shoot weight, relative water con-
tent, chlorophyll content index and chlorophyll fluorescence
reduced significantly, whereas membrane leakage, osmotic
potential, catalase, ascorbate peroxidase, guaiacol peroxi-
dase, malondialdehyde content and proline content were
increased in stress plants. A tolerance matrix was prepared
based on stress response of the genotypes for each trait and
a final tolerance score was given to each genotype. Based on
this tolerance matrix, DBW88 and PBW550 were identified
as tolerant, DPW621-50, DBW17 and HD2967 as moder-
ately susceptible and HD3086 and WB2 as susceptible to
heat stress. Earlier studies parade that seedling level stress
tolerance has high correlation with adult level stress toler-
ance under field condition in wheat. Hence, this study helps
in wiser selection of varieties for sowing in NWPZ based on
weather forecast of the location for creating varietal mosaic
in context of climate change.

Keywords Wheat - Heat stress - Physiological traits -
Biochemical traits - Seedling stress - Antioxidants

Abbreviations
HS Heat stress

CCI  Chlorophyll content index
CFL  Chlorophyll fluorescence
RWC Relative water content

0] Osmotic potential
CAT  Catalase
POX  Guaiacol peroxidase
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APX  Ascorbate peroxidase
MDA Malondialdehyde content
ROS  Reactive oxygen species

Introduction

Wheat is a primary source of nutrition and an important sta-
ple grain for humans. In the year 2021-2022, global wheat
production was 778.64 million metric tons. India is third
largest wheat producer in the world after European Union
(EU) and China. In recent years, varying climate has signifi-
cantly affected wheat yield. The average temperature and
CO, concentration in atmosphere are on increasing trend
which may result in more frequent heat waves and severe ter-
minal drought for many cropping regions. With an increase
rate of 0.3 °C per decade, by 2025 global temperature is
expected to be 1 °C above present value and by 2100 it will
be 3 °C above the present value (Pachauri and Meyer 2014;
Chauhan et al. 2014; Gupta et al. 2016; Mamrutha et al.
2020a). Wheat, being a winter crop is highly sensitive to
elevated temperatures especially during reproductive stage
(Dillard 2019; Sonkar et al. 2019; Malhi et al. 2021; Daloza
et al. 2021).

India has five major wheat growing zones namely North-
ern Hill Zone (NHZ), North Western Plains Zone (NWPZ),
North Eastern Plains Zone (NEPZ), Central Zone (CZ) and
Peninsular Zone (PZ). Wheat is grown on 31.76 million ha.
area with a production of 109.5 mt (ICAR-IIWBR 2021)
and NWPZ is the largest wheat producing zone in India. In
NWPZ, thermal stress is moderate but has significant impor-
tance as it contributes for the major wheat production of the
country (Mohan et al. 2011; Mamrutha et al. 2020b; Daloza
et al. 2021). An increase of 6 °C in mean temperature by
2080 has been projected in Indo Gangetic Plains (IGP), as
compared to present. The precipitation is also expected to
increase by 20% by year 2080. Increased CO, and precipita-
tion will increase the yield but enhanced CO, effect will get
nullified by a temperature increase of above 3 °C. Kumar
et al. (2014) predicted wheat yield reduction up to 25% by
2080 in India and other models also suggested a drop of 15%
in wheat yield by 2100 in India. Simulated models predict a
general wheat yield loss for Punjab, Haryana, Uttar Pradesh
and Bihar between 1 and 8%. Increasing production in the
future requires the adaptation of wheat through breeding and
other suitable agronomic strategies which reduces the effect
of high temperature. Under continuous climate change, the
wise selection of the wheat variety based on weather forecast
of the locality plays a significant role (Mukherjee et al. 2019;
Ramadas et al. 2020).

Elevated temperature raises the level of water stress in
plant cells, crop water requirement, respiration and also
affect plant photosynthesis. In early growth stages (seed

@ Springer

germination), the ideal temperature range for wheat is
12-25 °C while the critical temperature at later growth
stage (grain-filling) should be between 25 and 28 °C.
Increased ambient temperature reduces the total crop dura-
tion by causing early flowering and shortening the grain
filling period thus reducing the yield (Mohan et al. 2017,
Lamaoui et al. 2018). Studies suggest that for 1 °C rise
in air temperature in north India, the flowering date is
reduced by 5 days and maturity date by 4 days (Zampieri
et al. 2017) with wheat yield reduction upto 3-5% (Akter
and Islam 2017).

Exposure to intermittent or constant high temperatures
result in an array of morpho-anatomical, physiological and
biochemical changes in plants affecting their growth and
development and consequently causing drastic reduction in
crop yield. Although supply of assimilates is boosted due to
increased temperature and photosynthesis but this doesn’t
fully compensate for reduced duration of starch deposition.
Thus, resulting in smaller grains and low yield (Dhyani et al.
2013; Hossain et al. 2013; Asthir et al. 2014; Ding et al.
2021). Plants survive in high temperature by two inherent
mechanisms, mainly by basal tolerance (inherent ability
to survive) followed by acclimation (adaptability to lethal
temperature). Both these mechanisms are found in wheat
with activation of different genetic systems (Akter and Islam
2017; Islam et al. 2017; Ding et al. 2021). Protein dena-
turation, aggregation and enhanced fluidity of membrane
lipids are direct injuries to the plants resulting from high
temperatures, whereas protein degradation, inhibition of
protein synthesis, inactivation of enzyme in chloroplast and
mitochondria and loss of membrane integrity are low heat
injuries or indirect injuries to the plants (Khan et al. 2017;
Sharma et al. 2019). Heat stress is extremely complex and
the physiological and biochemical changes occurring inside
the plant under heat stress condition have not been fully
explored (Wang et al. 2014; Pandey et al. 2019; Sharma
et al. 2019).

Timely sowing (TS) is done in majority of the wheat
growing area in NWPZ and there is a need to study the
response of timely sown wheat varieties on temperature fluc-
tuations for wiser selection of varieties pertaining to the area
to sustain higher yield ICAR-IIWBR 2021). Previous stud-
ies have shown high correlation between seedling level heat
stress tolerance with adult level heat stress tolerance under
field conditions in wheat (Rinki et al. 2016). Hence, the pre-
sent study aims at precise screening of TS wheat varieties of
NWPZ based on their heat stress tolerance and segregating
them into stress tolerant and susceptible groups considering
different physio-biochemical traits. Such classification can
serve varieties as signature in breeding program for heat
stress tolerance, it helps in wise selection of the variety for
sowing based on weather forecast of the location and also as
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a good source for transgenic and genome editing to improve
abiotic stress tolerance in wheat.

Material and methods
Plant materials and experimental conditions

Nine wheat genotypes, including seven NWPZ-TS
released varieties (WB2, PBW550, DBW17, DPW621-50,
HD3086, HD2976 and DBW88) and two checks RAJ4014
(heat-susceptible), and RAJ3765 (heat-tolerant), were
used in the present study (Table 1). Seeds were obtained
from the germplasm unit, ICAR-Indian Institute of Wheat
and Barley Research, Karnal, India. Seeds were surface
sterilized with 0.1% mercuric chloride solution for 5 min
and then rinsed with 70% ethanol for 2 min and subse-
quently with distilled water as described by Kumar et al.
(2017). The experiment was conducted in plastic 4" pots
having potting mixture of soil, sand and peat in the ratio
2:1:1 (v/v) and grown at 22 °C, 65+ 10% RH, 16/8 h
photoperiod in laboratory condition. A completely ran-
domized design (CRD) with three replications per geno-
type per treatment was used. Seven seeds were sown in
each of the pots, after successful germination, two least
grown plants were removed from each pot leaving only
five plants in each pot. Forty-five days old seedlings were
subjected to heat stress in growth chamber at 37 °C for
12 h and another set was maintained as control. Leaf sam-
ples were collected from treated and non-treated plants
for studying different physio-biochemical traits immedi-
ately after stress treatment.

Morpho-physiological traits
Shoot, root length and root weight

Shoot and root were harvested immediately after stress
treatment and their length were measured in cm using
a standard scale and root weight was measured using a
precision weighing scale (Afcoset, ER-182A).

Relative water content (RWC)

After stress treatment, RWC was measured in three ran-
domly chosen plants. About 100 mg Fresh leaf samples
(FW) from treated and control plants were immersed in
distilled water in 50 ml centrifuge tubes overnight at room
temperature. Next morning, the leaf samples were weighed
for recording turgid weight (TW). Subsequently, the samples
were placed in a paper bag and dried in a hot air oven at
80 °C until they obtained a constant weight and dry weight
(DW) was recorded (Barrs and Weatherley 1962). A preci-
sion analytical balance (Afcoset, ER-182A) was used for all
weight measurements.
The RWC of a leaf was calculated as:

RWC(% ) = [(FW-DW)/(TW-DW)| x 100

where FW =fresh weight, TW =turgid weight, DW =dry
weight.

Membrane leakage

Membrane leakage of leaves after treatment was measured
using electrical conductivity meter (Eutech PC700, Thermo
Scientific, USA) in EC mode. Equal weighing (100 mg) leaf
samples were excised and were immersed in 50 ml distilled
water in 50 ml tubes. The initial leakage was measured
immediately after immersion in water. Then, all the samples
were autoclaved at 121 °C for 15 min. The tubes were cooled
at room temperature and final leakage was recorded. The

Table 1 Pedigree of the wheat

) Genotype name Pedigree Year of release
genotypes used in the study
WB2 T.DICOCCON CI9309/AE.SQUARROSA(409)// 2017
MUTUS/3/2*MUTUS
PBW550 WH 594/RAJ 3858//W 485 2007
DBW17 CMH79A.95/3*CNO-79//RAJ-3777 2006
DPW621-50 KAUZ//ALTAR84/AOS/3/MILAN/KAUZ/4/HUITES 2010
HD3086 DBW14/HD2733//HUW468 2014
HD2967 ALD/COC//URES/HD2160M/HD2278 2011
DBWS8 KAUZ//ALTAR84/AOS/3MILAN/KAUZ/4/HUITES 2014
RAJ4014 DL 8025/K 9011 2014
RAJ3765 HD2402/VL639 1995
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membrane leakage of each sample was calculated using the
formula: Membrane leakage% = (Initial leakage/Final Leak-
age) X 100 (Maia et al. 2010).

Chlorophyll content index (CCI)

Leaf chlorophyll content is an indirect measure of the photo-
synthetic capacity of the plants. A chlorophyll content meter
(SPAD-502 Plus, Konica Minolta) was used to estimate CCI
of the leaves. The measurements were done immediately
after stress treatment in seedling leaves, by placing the
instrument in such a way that its optical portion is covered
by the leaf and three biological readings were taken from
each treatment of the varieties as replications. The CCI val-
ues of the instrument ranges from 1 to 100.

Chlorophyll fluorescence (CFL)

CFL (F,/F,,) measures the photosynthetic efficiency of the
plants and is severely affected under abiotic stress. CFL was
estimated using a chlorophyll fluorescence meter (Model
0S30P+, Opti-Sciences, Inc., USA). It was recorded after
20 min of dark adaptation using the leaf clips (for normal-
izing the electron flow of the photosystems) and later placing
the instrument at the same position with a flash of light to
measure the efficiency of photosystem II in terms of F /F
in varieties after the stress treatment. The CFL values ranges
from O to 0.84.

Leaf osmotic potential

Leaf osmotic potential measurements were done as
described by Blum et al. (1999). About 100 mg of fresh leaf
sample was taken and immediately stored in liquid nitro-
gen. Then the leaf sample was put in spin tube and crushed
via glass rod to extract the sap. The sap received from
pressed leaves was analyzed for osmolarity (mmol/kg™")
using a Vapor Pressure Osmometer (model 5520, Wescor
Inc., Logan, UT). Osmolarity of the cell sap was converted
from mmol/kg to osmotic potential (MPa) using the formula
MPa=-Cx2.58%107

Extraction and determination of antioxidant enzyme
activities

Leaf samples were collected from seedlings of treated and
control plants. Enzyme extract for each sample was prepared
by grinding 100 mg leaf in an ice-cold pestle and mortar
with cold extraction buffer (100 mM potassium phosphate
buffer, pH 7.5) containing 0.5 mM EDTA and then spinning
the extract at 15,000 rpm in a centrifuge at 4 °C for 20 min.
The supernatant obtained was used for the spectrophotomet-
ric assay of different antioxidant enzymes.
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Catalase (CAT)

CAT activity was determined by observing the decrease in
concentration of H,0, in reaction mixture at 240 nm for
5 min (Aebi 1984; Jebara et al. 2005). The reaction mix-
ture contained 100 mM potassium phosphate buffer (pH
7.0) and 25 pl plant extract in 3.0 ml reaction volume. The
reaction was initiated by adding 10 pl of 6 mM H,0, to the
reaction mixture. The enzyme activity was calculated using
the extinction coefficient of H,0, (39.4 mM~! cm™!) and
expressed as units/gram fresh weight.

Ascorbate peroxidase (APX)

Separate extraction was carried out for the estimation of
APX activity with the extraction buffer solution containing
100 mM phosphate buffer (pH 7.0), 0.1 mM EDTA, 1.0 mM
ascorbate and 1 mM DTT. APX activity was calculated by
monitoring the rate of oxidation of ascorbic acid in assay
buffer that contained 50 mM phosphate buffer (pH 7.0),
0.5 mM ascorbate and enzyme extract, in a total volume of
1 ml (Jebara et al. 2005). The oxidation of ascorbic acid was
initiated by adding 10 pl of 10% (v/v) H,0, and the decrease
in absorbance was monitored at 290 nm (extraction coeffi-
cient 2.8 mM~! cm™!) for 2 min. One unit of enzyme activity
was defined as amount of enzyme required to oxidize 1 pmol
of ascorbate per minute.

Guaiacol peroxidase (POX)

POX activity was determined using the method described
by Jebara et al. (2005). The final assay volume of 3.0 ml
containing 50 mM potassium phosphate buffer (pH 7.0),
9 mM guaiacol, 19 mM H,0, and 0.1 ml of enzyme extract
was prepared. Five absorbance readings were recorded for
each sample at one-minute interval at 470 nm. Peroxidase
activity was calculated using the extinction coefficient of
26.6mM~' cm™L.

Malondialdehyde content (MDA)

The method by Dhindsa et al. (1981) and Zhang and
Kirkham (1994) were used to estimate the level of lipid per-
oxidation in the leaf tissue in terms of MDA, a product of
lipid peroxidation, content determined by thiobarbituric acid
(TBA) reaction. About 0.25 g leaf sample was homogenized
in 5.0 ml of 0.1% TCA. The homogenate was then centri-
fuged at 10,000xg for 5 min. 4.0 ml of 20% TCA contain-
ing 0.5% TBA was added in 1 ml of enzyme extract. This
mixture was then heated at 95 °C for 30 min and followed
by immediate quenching in an ice bath. After centrifuga-
tion of this mixture at 10,000xg for 10 min, the absorb-
ance of the supernatant was recorded at 532 nm and the
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value for non-specific absorption was subtracted at 600 nm.
The MDA was calculated using an extinction coefficient of
155mM ™" em™.

Proline content

About 500 mg fresh tissue of the shoots was homogenized
in 10 ml of 3% sulphosalicyclic acid (w/v) with pestle and
mortar in ice cold bath. Homogenate was centrifuged at
10,000xg for 15 min. Reaction mixture was prepared by
taking 2 ml of the supernatant and mixing it with 2 ml of
acid ninhydrin and 2 ml of glacial acetic acid. The mixture
was then incubated at 100 °C for 1 h until a colored complex
developed and the reaction was terminated by instant cooling
in ice. Then 4.0 ml toluene was added to the colored com-
plex and the mixture was vortexed for 15-20 s. Optical den-
sity of chromophore layer was taken at 520 nm (Bates et al.
1973; Carillo et al. 2008). Proline content was estimated by
using standard curve of L-proline (Bates et al. 1973).

Data analysis

All the experimental data were analyzed using the SAS
statistical software, PROC GLM, SAS version 9.3 (SAS
Institute Inc. Cary, NC, USA) at different statistical sig-
nificance level. Least significant difference (LSD@5%) and
Tukey—Kramer’s test were used to find the significant differ-
ences among varieties under different treatments. The mean
values with different alphabets are found to be statistically
significant. During the study of each physio-biochemical
trait, all the genotypes were classified as sensitive (S), mod-
erately sensitive (MS), moderately tolerant (MT) and toler-
ant (T) based on their response under heat stress condition.
For each trait, percent increase/decrease data was compiled
and the highest percent increase/decrease value was taken
as 100% and base value was taken as Zero. The genotypes
falling in 0-25% were categorized as T, 25-50% as MT, 50-
75% as MS and 75-100% as S. A consolidated matrix table
was prepared categorizing all nine varieties in aforemen-
tioned groups for each of the thirteen traits studied. A toler-
ance score was assigned to each category where S-0, MS-1,
MT-2 and T-3. The scores were added for each variety to
obtain a final tolerance score. Thus, the total highest score
for a variety exhibiting tolerant characteristic for each trait
would be “39” (13 traits X 3 for “T”") and the lowest score
would be zero if a variety exhibits sensitive behavior for all
the traits. Again, the highest score of 39 was considered at
100% and the range 0-39 was divided in four segments of
25% each. The genotypes having scores from 0 to 25% of
the range were categorized as S, 25-50% as MS, 50-75% as
MT and above 75% as T.

Results

All the morpho-physiological and biochemical param-
eters changed significantly in response to stress condition
for all the genotypes (Fig. 1). After statistical analysis, the
LS means of replications for control and stress conditions
are summarized in Tables 2 and 3 along with their stand-
ard deviations. The traits to stress interactions for differ-
ent genotypes were significant at *P <0.05 and **P <0.01
(Figs. 2, 3).

Effect of heat stress on morpho-physiological traits

The heat stress (37 °C for 12 h) was imposed on forty-five
days old seedlings of wheat (Fig. 1) and the significant
variation on morpho—physiological traits was observed
in response to temperature stress among studied genotypes
as observed by LSD and Tukey—Kramer’s test (Table 2 and
Fig. 2).

Under control condition, shoot length varied from 22.5 to
29 cm but under stress condition a significant reduction was
observed in shoot length and it ranged from 20.5 to 26.2 cm.
Higher reduction was observed in WB2 (15.9%), RAJ4014
(15.5%) and DBW 17 (15.2%) genotypes whereas less reduc-
tion was seen in DBW88 (2.7%). Root length in control con-
dition varied from 9.2 to 18.8 cm but under thermal stress
it varied from 8.1 to 13.1 cm. Less reduction in root length
was observed in RAJ3765 (2.7%) and higher reduction was
observed in WB2 (39.4%) under heat stress condition. Root
weight varied from 198 to 321 mg in control condition and
171-241 mg in stress condition with DPW621-50 (32.0%),
WB2 (30.3%) and HD3086 (29.6%) genotypes exhibiting
highest reduction whereas DBW88 (5.6%) displayed least
reduction in root weight (Fig. 2a—c).

Leaf RWC is the best growth and biochemical index
revealing the stress intensity. RWC indicates the water
stress of the cells and has significant association with yield
and stress tolerance. During heat stress, the water balance
of plant gets disrupted and the RWC of leaves is reduced.
The RWC in control plants varied from 86% (RAJ3765) to
96.4% (HD2967), while in stress conditions it varied from
47.1% (HD3086) to 83.3% (DBW88) (Table 2, Fig. 2).
Reduction was more significant in HD3086 (45.6%)
and RAJ4014 (47.7%) compared to DBWS88 (4.2%) and
RAJ3765 (11.1%). Membrane Leakage explains the
percentage relative injury to cell membrane and results
revealed that membrane leakage in control condition var-
ied from 20.3% to 41.3% and in stress condition it var-
ied from 26.4 to 47.0%. Percent increase in membrane
leakage was more in HD3086 (30.3%) and RAJ4014
(28.9%) under stress condition compared to control con-
dition (Fig. 2d, e). Similar pattern was observed for CCI
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Fig. 3 Percent increase in antioxidant enzyme activities and proline
content under heat stress compared to control condition in wheat
genotypes. a Catalase (CAT), b ascorbate peroxidase (APX), ¢ guai-

RWC, CCI, CFL, shoot length, root length and root weight
decreased under heat stress conditions. By considering all
these physiological and biochemical traits expression scores,
RAJ4014 (score 3), HD3086 (score 6) and WB2 (score 6)
were grouped as heat sensitive genotypes. PBW550 (score
31), DBWSS8 (score 35) and RAJ3765 (score 36) as heat tol-
erant genotypes and DPW621-50 (score 14), DBW17 (score
17) and HD2967 (score 19) as moderately heat sensitive
genotypes (Table 4). Finally, this matrix table explains the
cause for tolerance and susceptibility of genotypes in preci-
sion based on traits.

Discussion

Among the different abiotic stresses in NWPZ, heat stress
causes huge damage to wheat production at all growth stages.
Thus, breeding for heat stress tolerance and identifying the
climate resilient wheat varieties is the main thrust area of
research in NWPZ. Heat stress changes different physiologi-
cal, morphological and biochemical processes in wheat. The
present study is to evaluate the timely sown NWPZ wheat
varieties (WB2, DPW621-50, PBW550, DBW17, HD3086,
HD2967, DBW88) along with two check varieties (RAJ4014
and RAJ3765) under heat stress condition at seedling stage.
All studied physiological and biochemical traits (RWC, OP,
CCI, CFL, Membrane leakage, APX, POX, CAT, MDA,
proline) showed significant variations in traits between tol-
erant and susceptable groups among the tested varieties as
indicated by tukey’s test and it also confirmed the proper
induction of heat stress for classifying the varieties.

@ Springer

acol peroxidase (POX), d lipid peroxidase (MDA), e proline content.
*P<0.05; **P<0.01

Heat response in plants is the cumulative outcome of
various morpho-physiological and biochemical variations
triggered at seedling stage. In present study, heat stress hin-
dered the seedling growth corroborating the results reported
in early- stage heat induced reduction in shoot length, root
length, root weight, CCI, CFL, Membrane leakage, RWC
and increase in OP. Growth depends upon the maintenance
of turgor pressure inside the cell. During HS, plant is not able
to maintain its water potential and thus growth is hindered
by affecting various morphological traits. Shoot length, root
weight and root length were found to be correlated with heat
tolerance and are documented in different studies (Hasa-
nuzzaman et al. 2013; Xin et al 2019; Poudel and Poudel
2020). Thus, the decrease in wheat seedling biomass could
be associated with the reduction in shoot length, root length
and root weight caused by thermal stress. Many researchers
reported that germination time as well as seedling growth
gradually decrease under short duration heat stress which
shows involvement of multiple factors at the time of ger-
mination and at seedling stage (Sharma et al. 2021; Kumar
et al. 2020; Gupta et al. 2013). Our results were consistent
with earlier studies in maize and rice (Jagadish et al. 2021).

RWC of plants decreases under heat stress conditions
(Hasanuzzaman et al. 2013; Sharma et al. 2015; Sattar et al.
2020) and it is closely related with heat tolerance. Previ-
ous studies have also suggested that the ability of plants to
maintain higher RWC is one of the mechanisms of heat tol-
erance (Hasanuzzaman et al. 2013; Igbal et al. 2017; Pandey
et al. 2019). The decrease in RWC could be attributed to the
decrease in the biomass and growth of the roots under heat
stress, which eventually restricts the supply of water and
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Table 3 Variation in biochemical traits and proline concentration under control and heat stress conditions in wheat genotypes

Proline (umol/gm FW)

Lipid

Guaiacol

Ascorbate Peroxidase (U/mg

protein/min)

Catalase (U/mg protein/min)

Genotypes

Peroxidase (U/mg protein/min) Peroxidation (U/min/gm FW)

Control Stress Control Stress Control Stress Control Stress

Stress

Control

19.45+0.63*

15.75+0.42?
16.84+0.21°

8.46+0.30

2.53+0.43" 7.15+0.40° 8.01+041% 3.00+0.34* 3.29+0.39* 5.48 +£0.22% 7.11+£0.07*

2.34+0.22°

WB2

18.57 +0.26%

579+0.13°  7.14+0.13° 6.93+£0.24% 8.77+0.57®  3.52+0.39°  4.23+047*°  7.68+0.34°

PBWS550
DBW17

16.37 +0.48% 18.77 +0.69*

7.65+0.23%

6.86+0.17"

6.19+0.48"

6.05+0.28*

7.35+0.19°

5.18+£0.24*

7.56+0.25

7.62 +0.44P4

6.32+0.822b¢

4.8940.14°

431+0.35°

10.14+0.51% 16.65+0.42°¢  18.85+0.28
18.70+0.28¢

7.36+0.40

8.87+0.41°

+ 9.44+0.52¢
5.13+0.09<

9.39+0.24¢

7.46+0.20°

DPW621-50
HD3086
HD2967
DBWSS

15.46 +0.56%¢

+ 5.71+0.20° 3.95+0.24°  4.65+0.20°  5.40+0.46° +
4.88+0.55% 8.39+0.24%

4.61+0.37°

4.31+0.42°

16.77+0.59°¢  20.00+0.26%

943+0.60¢  6.67+0.20° +
7.83+0.18%

7.76 £0.07¢

6.34+0.74¢

7.19+0.25¢

6.34+0.16¢

18.01 +0.19%f

16.45+0.38%4

10.37+0.30¢  6.16+0.33¢f 7.84+0.56¢ 7.48+0.12¢  9.441043%  6.69+0.34¢

6.76£0.27¢

8.12+0.24°

20.15+0.28°
18.07+0.61°

0.62

15.90+0.21 <
16.46+0.37¢

548+023%  364+046°  4.01+025¢  6.13+0.34¢ 8.27 +0.46°
0.77

4.91+0.26

6.41+£0.24°

RAJ4014

5.48+0.27

0.57

4.74+0.27°

0.53

7.63+0.29°
0.64

5.88+0.20°
0.44

7.44+0.65°
0.79

5.83+0.66°

0.81

9.45+0.39°
0.49

7.63+0.19
0.45

RAJ3765

LSD@5%

U/mg protein/min, unit/milligram protein/minutes; U/min/gm FW, unit/minutes/gram fresh weight; umol/gm FW, micromole/grams fresh weight

*Data is represented as means of replications along with their standard deviations

Values within a group in a column bearing different letters are significantly different as determined by Tukey’s test

nutrients to the shoot of the plants. RWC is directly linked
with water stress of cells and can be associated with yield
and stress tolerance.

Cell membrane is sensitive to different abiotic stresses
including heat stress. With increasing heat stress, electrolyte
leakage increases and lipid peroxidation starts. The mem-
brane leakage of most of the genotypes was significantly
affected by thermal stress, which may reveal the heat sen-
sitivity of genotypes. Poudel and Poudel (2020) reported
that stable cell membrane system which remains functional
during heat stress apparently controls the adaptation to
high temperatures. Our results were in conformance with
the findings of Khan et al. (2013), who reported increase in
membrane leakage under heat stress. Increase in membrane
leakage reflects the level of lipid peroxidation caused due
to active oxygen species. Lower membrane leakage of the
genotypes RAJ3765, PBW550 and DBW88 might be due to
their heat tolerant nature due to stronger membrane integrity
as compared to sensitive HD3086 and RAJ4014.

Exposure to heat stress results in reduction in chlorophyll
synthesis and increase in its loss. The chlorophyll pigments
are crucial for harvesting light. In chloroplast, thylakoid is
known as the most heat labile cell structure that harbors the
chlorophyll (Qaseem et al. 2020; Mamrutha et al. 2020b) and
any damage to thylakoid from heat will result in chlorophyll
loss. Several studies indicated the presence of genetic vari-
ability for chlorophyll retention under heat stress as the rate
of decrease in chlorophyll content varied across wheat geno-
types under heat stress (Kumari et al. 2013). Many studies
have also reported that heat tolerant wheat genotypes show
lower reduction in chlorophyll content under heat stress
condition (Pandey et al. 2015; Sharma et al. 2015; Kumar
et al. 2018). In present study, variation in percent reduction
of chlorophyll indicates that the genotypes RAJ3765 and
DBW 17 were able to retain more chlorophyll under heat
stress which will also contribute to stay green trait of variety
in later stages.

Chlorophyll fluorescence reveals the efficacy of photosys-
tem II (PSII) and subsequently the photosynthetic efficiency.
In the previous studies, genotypes having higher CFL were
also found to have higher yield which indicates that CFL
can be used to screen for heat tolerant genotypes (Kumar
et al. 2012; Hasanuzzaman et al. 2013; Pandey et al. 2015).
Total 1274 contrasting wheat varieties of diverse origin
were screened on the basis of maximum quantum efficiency
of PS-II (F,/F,) and physiological traits (Sharma et al.
2018, 2019). In the present study, PBW550, DBWS88 and
RAJ3765 found having high PS-II efficacy while DPW621-
50, DBW17 and WB2 were least efficient under the heat
stress conditions. Kumar et al. (2020) also observed that
RAJ3765 has more efficient PS-1I as compared to RAJ4014
under heat stress. Osmotic potential is a decisive trait of
plant physiology, by which they respond to thermal stress.
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Table 4 Heat tolerance matrix of wheat genotypes based on different morphological, physiological and biochemical traits

Membrane
Leakage %0

MS
T

Tolerance
Proline score of the
Content | genotype baszed

Osmotic | Catalase
Potential | (CAT)

Ascorbate | Guaiacol Lipid
(AFX) (POX)

MS
DPW621-50
HD3036 Ms
HD2967 MT MS

AMS 17

DBW3SS

RAJ3T65

Denotation Tolerance score

Full form

Moderately Sensitive MS 1
Moderately Tolerant MT 2
Tolerant T 3

Osmotic potential helps plants to maintain turgor pres-
sure and cell volume in stress conditions, to maintain their
metabolic functions, as well as assisting in the recovery of
metabolic activities after relief from heat stress. Osmotic
potential significantly increased in all genotypes with stress
exposure. Osmotic potential was expressed more in drought
susceptible genotypes that maintained lower shoot water
potential as compared to tolerant genotypes maintaining
higher shoot water potential under stress conditions. Heat-
susceptible genotypes WB2, DPW621-50 and HD2967 that
maintained lower shoot water potential had higher OP val-
ues, as compared to tolerant genotypes maintaining higher
shoot water potential under stress conditions.

Different abiotic stresses affect plant process and results
in loss of cellular homeostasis along with formation of ROS
that cause oxidative damage to membranes, lipids, proteins
and nucleic acids. In normal conditions, the oxidative dam-
age to cellular components is less due to effective process-
ing of ROS by a rapid antioxidant system which comprised
of several enzymes and redox metabolites. However, under
environmental stress, production of ROS exceeds the anti-
oxidative capacity resulting in cellular damage. Heat stress
tolerance in crop plants is found to be linked with increase in
antioxidant enzyme activity. Different stresses cause differ-
ent response on enzymatic activities. The activities of CAT,
POX and APX increased under heat stress in genotypes like
DBW88 and PBW550. The generation of destructive ROS
such as singlet oxygen (O7), hydroxyl radical (OH™) and
Hydrogen peroxide (H,0,) is the cause of increased enzyme
activities (Caverzan et al. 2016; Kumar et al. 2018). Produc-
tion of ROS often induces the production of abcissic acid
that acts as signal molecule under stressed conditions and
regulates the gene expression that control the production

@ Springer

of enzymatic antioxidants such as CAT. The activities of
CAT, POX and APX were enhanced in variable magnitude
under heat stress conditions (Kumar et al. 2013; Puthur
2016), these findings are concurrent with our study. Vari-
able increase in the activities of these antioxidants in wheat
genotypes indicates their differential ability to adapt to heat
stress conditions (Sattar et al. 2020). APX activity under
heat stress was more discernible in the leaves of heat tolerant
genotypes than in sensitive ones. Many researchers have also
reported upregulation of APX and POX activities in leaves
of heat tolerant genotypes under heat stress. Heat tolerance
of varieties were found to be directly linked with percent
increase in the activities of CAT, APX and POX in varieties
DBW88 and PBW550.

Lipid peroxidation in cell membranes is found to be one
of the most challenging and detrimental effects of heat stress
in the membranes of all the cells and the degree of lipid per-
oxidation measured in terms of MDA content is one of the
determining factors in revealing the severity of stress expe-
rienced by any plant (Khan et al. 2017; Kumari et al. 2020).
Kaur et al. (2018) reported increase in MDA content with
increase in the degree of heat stress in wheat. Turkan et al.
(2005) observed lower MDA content in the leaves of heat
tolerant genotypes as compared to heat sensitive genotypes.
The accumulation of MDA content was higher in DPW621-
50 as compared to PBW550, DBW88 and RAJ3765 geno-
types. Sairam and Srivastava (2001) reported lower lipid
peroxidation levels in heat tolerant genotypes than heat
sensitive genotypes which is in conformity with the present
findings.

Proline serves as a membrane protectant and due to
its zwitter ion character it accumulates in higher concen-
tration in cell cytoplasm under stress condition without
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interfering with the cellular structure or metabolism. Kaur
et al. (2018) suggested that proline accumulation is a wide
spread plant response to environmental stresses includ-
ing heat. The present findings are also in agreement with
Khan et al. (2015) who reported that heat stress conditions
increased proline contents in wheat crop. In present study,
heat tolerant genotypes DBWS88 and RAJ3765 exhibited
less increase in proline as compared to heat sensitive geno-
types which is in accordance with Janda et al. (2019) who
found higher amount of proline in heat sensitive geno-
types. The overall physio-biochemical studies of NWPZ
wheat varieties helped in categorizing the genotypes as
tolerant and susceptible under heat stress conditions. The
study also supports trait-based selection of genotypes for
further studies and also unveils timely sown varieties for
their best utilization in the context of climate change in
wheat bowl of India.

Conclusions

In this study, a novel tolerance matrix was prepared based
on the stress response of the varieties for each trait and a
final tolerance score were calculated for each genotype.
On the basis of relative variations in tolerance scores,
DBWS88, RAJ3765 and PBWS550 were identified as heat
tolerant, RAJ4014, HD3086 and WB2 as heat susceptible
and DPW621-50, DBW17 and HD2967 as moderately sen-
sitive to heat stress. The study also reconfirmed the use of
studied physiological and biochemical traits for potential
screening of heat tolerant genotypes which can be further
used for trait-based breeding programs and also for iden-
tifying novel genes for transgenic and genome editing in
wheat. This study assists in wise selection of wheat varie-
ties for different anticipated heat stress areas of NWPZ by
considering weather forecast, so that a varietal mosaic can
be created for minimizing yield loss under climate change
to meet the growing wheat demand.
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