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Abstract

Background Changes in the temperature induction response are potential tools for the empirical assessment

of plant cell tolerance. This technique is used to identify thermotolerant lines in field crops. In the present investiga-
tion, ten-day-old seedlings of six wheat genotypes released by Dr. PDKV, Akola, Maharashtra, India were exposed

to gradual increases in high temperature and duration (control 25 °C to 30 °C for 1 h, 34 °Cfor 1 h,38°Cfor2 h

and 42 °C for 3 h) to investigate their effects on some physiological and biochemical parameters to provide basic
information for improving heat-tolerant cultivars.

Results Proline levels increased with increasing temperature up to 34 °C for 1 h but then decreased at higher
temperatures (depending on genotype). Notably, proline levels decreased at 38 °C for 2 h in PDKV-Washim, AKAW-
3722, and PDKV Sardar and at 42 °C for 3 h in all the genotypes. The relative leaf water content (RLWC) and chlo-
rophyll ‘b’ content significantly decreased with increasing temperature. Hydrogen peroxide (H,O,) levels increased
with temperature. The enzyme activities of superoxide dismutase (SOD), ascorbate peroxidase (APX), and peroxidase
also increased with temperature. However, these parameters, along with other biochemical indicators, generally
decreased at 42 °C for 3 h.

Conclusion This study revealed positive relationships between increasing temperatures. Hydrogen peroxide levels
and the activities of SOD, APX, and peroxidase enzymes across all the genotypes. The AKAW-4627 genotype pre-
sented better maintenance of physiological and biochemical parameters and lower H,0O, levels, indicating greater
heat tolerance. Compared with PDKV-Washim and AKAW-3722, which are more susceptible to high temperatures,
the WSM-109-04, AKAW-4627 and PDKV Sardar genotypes presented better adaptability to heat stress. These findings
suggest that selecting wheat genotypes with higher proline accumulation and better maintenance of physiological
and biochemical parameters under heat stress, such as AKAW-4627, can help in the development of heat-tolerant
wheat cultivars.

Keywords Wheat, High temperature, Proline, Carotenoids, H,0,, SOD, APX, Peroxidase

Introduction longer durations and very high temperatures (33—-44 °C)
Wheat (Triticum aestivum L.) is a thermosensitive crop.  for shorter periods are very common in tropical and sub-
The optimum temperature for wheat is 15-18 °C [1], tropical environments worldwide [2]. Frequent changes
whereas moderately high temperatures (25-32 °C) for in climate with respect to increasing temperature have

detrimental effects on all stages of wheat growth and

development, which ultimately limit growth, decrease
*Correspondence: grain protein quality and reduce the number of sta-
Satbhai Ravindra ble food crops globally [3-5]. Heat stress at any stage of
?aSEEgE\Z igfg"fff/\if;;gtra’m s grqwth can ‘alter wl}eat grain quality in terms of grain

weight; nutrient, antinutrient, fiber, and protein contents;
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and starch granule composition [6]; thus, studies of the
thermotolerance of wheat genotypes at the physiological,
molecular and biochemical levels remain a major chal-
lenge for identifying heat-tolerant genotypes.

At the cellular level, high temperature increases the
rate of respiration and disturbs cellular function through
the generation of reactive oxygen species (ROS). The pho-
tosynthetic activity of chloroplasts is mostly disturbed [6,
7]. ROS are toxic to biological organisms, and their dam-
age includes autocatalytic peroxidation of the cell mem-
brane through protein degradation, enzyme inactivation,
pigment bleaching and disruption of vital biomolecules
such as DNA and proteins [7].

At the seedling stage, heat stress (42 °C, 24 h) inhibited
root and first leaf development; increased reactive oxygen
species (ROS) and lipid peroxidation (LP) products in
the coleoptile and developing organs were documented
in an earlier study [8]. Plants protect cell and subcellular
systems by activating enzymatic and nonenzymatic anti-
oxidant mechanisms to eliminate ROS such as superox-
ide dismutase (SOD) (EC: 1.15.1.1), ascorbate peroxidase
(APX) (EC: 1. 11.1.11), catalase (CAT) (EC:1.11.1.6) and
metabolites such as ascorbic acid, a-tocopherol, carot-
enoids, proline and glycine betaine. The roles of pro-
line and glycine betaine in decreased accumulation, the
detoxification of ROS and the restoration of photosyn-
thesis under abiotic stress have been well documented
[9-13]. The plant pigment carotenoids also act as anti-
oxidants in light-harvesting processes, and protection of
the photosynthetic machinery from photooxidative dam-
age has been reported previously [14]. The associations
between the apo-plastic superoxide radical level and the
total activities of antioxidative enzymes such as SOD,
APX and CAT were evaluated and documented in wheat
previously under different light intensities [15]. In gen-
eral, responses to high temperatures may involve, among
other factors, alterations in transcriptional control; the
synthesis of osmoprotectants and heat shock proteins
[4], the modification of carbohydrate metabolism [10];
the induction of various signaling processes [16]; and
the development of antioxidative systems to reduce the
harmful effects of oxidative damage [9]. The exposure of
plants to nonlethal, slightly elevated temperatures may
protect against subsequent severe high-temperature
stress; this process is called heat acclimation. The mecha-
nisms of heat acclimation of the photosynthetic machin-
ery have been extensively studied in various crop species,
including wheat [17]. The effectiveness of heat acclima-
tion depends on various factors. For example, it also
shows season dependence, as was recently demonstrated
in winter wheat [18].

One way to mitigate the adverse effects of high-tem-
perature stress on growth and development is to develop
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thermotolerant varieties [19] and to develop genotypes
that are early in maturity to escape terminal heat stress
[20]. Physiological and some biochemical factors, such as
the degradation of photosynthetic pigments and the accu-
mulation of hydrogen peroxide (H,O,, or malondialde-
hyde (MDA), are potential indicators of plant responses
to heat stress. Previous studies on the adverse effects of
high-temperature stress on wheat have been carried out
at the anthesis and grain-filling stages by using differ-
ent contemporary crop models [21-23]. Changes in the
temperature induction response have been shown to be
potential tool for empirical assessment of cell survival.
By this technique, thermotolerant lines were identified
from crop wheat, which performed better than the origi-
nal population under high temperatures [24—27]. In this
study, we used the induction response technique with five
different high-temperature treatments (25-42 °C) and
durations of exposure to 10-day-old wheat seedlings to
evaluate their effects. To understand the mechanism for
heat tolerance, the present investigation involves screen-
ing promising germplasms released by Dr. PDKV, Akola
(India) for the Vidarbha region of Maharashtra for their
physiological and biochemical parameters (relative leaf
water content, chlorophyll, carotenoids, proline content,
and profile of antioxidative enzymes) under high temper-
ature through an acclimation process by comparison with
Raj-4083, a thermotolerant cultivar used as a national
check, to provide basic information to wheat breeders,
which may help improve wheat improvement targeted to
heat-tolerant cultivars.

Materials and methods

The seven wheat genotypes namely, PDKV Sardar,
AKAW-381, PDKV-Washim, AKAW-3722, WSM-109-4,
AKAW-4627 and Raj-4083 (National Check-Thermotol-
erant), were obtained from AICWRS, Akola. The geno-
types selected for this study were developed at Wheat
Research Station Dr. PDKV, Akola, based on their field
trial. Among these seven genotypes, AKAW-381 (late
heat tolerant) was released for the Vidarbha region of
Mabharashtra, India, and AKAW-3722 was released
for the timely sowing of thermosusceptible genotypes.
AKAW-4627, a nationally released cultivar, and PDKV
Sardar State, a released cultivar, are both suitable for
late sowing and are categorized as thermotolerant cul-
tivars. WSM 109-4 is a prerelease genotype (stay green
& perfuse tillering), and PDKV-Washim is suitable for
rainfed and restricted irrigation (Suppl. file 1 Appendix
Table S4). All genotypes are recommended for the Vid-
arbha region of Maharashtra by Dr PDKV. Akola, India.
The seeds were cleaned and sown in earthen pots con-
taining soil medium containing FYM (5 kg of total mate-
rial) and were equilibrated with water as needed. The
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seedlings were allowed to grow for 10 days under natu-
ral daylight conditions in earthen pots (diameter, 24 cm;
height, 25 cm). A total of twenty-five seedlings were
maintained in each pot. After ten days, these seedlings
were transferred to a BOD incubator with a 15/9 h light
(1500-1x) cycle with 34.5 pmol/s/m2 PPED light intensity
at 2511 °C for 24 h. A set of seedlings was subsequently
exposed to temperature stress via acclimation at 30 °C for
1 h, 34 °C for hr, 38 °C for 2 h and 42 °C for 3 h. Pots
of the same genotype were grown to expose the next
heat temperature through the acclimation process, and
the temperature was increased by one degree after five
minutes to reach each heat treatment. A total of three
pots from each treatment were maintained. The leaves of
three plants of each genotype and treatment from the top
5 to 7 cm were separately harvested at 11 days, weighed
and analyzed for selected physiological and biochemical
parameters. The experiment was carried out at Vasantrao
Naik College of Agricultural Biotechnology, Yavatmal,
India in November 2021.

Physiological traits

The percent RWC was measured as per the method sug-
gested by Weatherly (1950) [28] via leaf samples (0.5 g)
with the following formula: RLWC (%) = (Fresh weight—
Dry weight)/(Turgid weight—Dry weight) X 100. The leaf
chlorophyll content was determined by using 80% ace-
tone per the method described by Arnon (1949) [29]. The
absorbance was then read on a Spectra-20 instrument at
wavelengths of 663 and 645 nm, and the chlorophyll con-
tent was calculated via the equation given by this method
and expressed as mg g~ Fr. Wt. (n=3).

Biochemical traits

Determination of proline, leaf carotenoid, and H,0, contents
The proline content was determined according to the
modified method of Bates et al. (1973) [30]. A leaf sample
(0.5 g) was used for proline estimation by grinding it in
5 ml of 3% (w/v) sulfo-salicylic acid. The absorbance of
the toluene phase was read at 520 nm. The concentration
of L-proline was calculated from the standard curve and
expressed as umoles g~ Fr. Wit.

The total carotenoids were extracted and portioned in
the organic solvent acetone. The carotenoid content was
estimated calorimetrically at 450 nm using [-carotene
as a standard, as suggested by Mahadevan and R. Srid-
har (1986) [31]. A leaf sample (2 g) was ground in dis-
tilled acetone and filtered through Whatman No. 42 filter
paper. The extraction was repeated three times until the
tissue was free from pigments. The filtrate was pooled
and partitioned thrice with equal volumes of peroxide-
free ether via a separating funnel. The excess ether was
evaporated, and the residue was dissolved in 10 ml of
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ethanol. The carotenoids that are bound as esters are
hydrolyzed via aqueous 60% KOH. The mixture was then
boiled for 5 to 10 min. An equal quantity of water was
added, and the mixture was partitioned twice with ether.
The combined layer of ether was evaporated, and the res-
idue was dissolved in 10 ml of ethanol. The absorbance
was read at 450 nm, and the quantity of total carotenoid
content (mg/100 g) in the sample was calculated from
a standard graph prepared against -carotene.

The concentration of hydrogen peroxide in a wheat
sample was determined as per the method described by
Sinha (1972) [32]. The quantity of H,O, was determined
from a standard curve prepared with 100 uM H,O,.Fresh
leaves (0.2 g) from the control and temperature-treated
wheat plants were ground in 2 ml of distilled 0.8 N per-
chloric acid and centrifuged at 10,000 rpm for 30 min.
The supernatant was collected, and the volume was 2 ml.
The leaf extract (200 pl) was removed from the test tube,
and the volume was adjusted to 1 ml with 0.1 M phos-
phate buffer (pH 7.5). Potassium dichromate-5% (2 ml)
and glacial acetic acid at a ratio of 1:3 v/v were then
added. The mixture was then heated in a boiling water
bath for 10 min and allowed to cool. The absorbance was
then recorded at 570 nm against a reagent blank without
sample extract. The quantity of H,O, was determined
from a standard curve prepared with 100 pM H,O,. The
biochemical estimation of all the parameters was car-
ried out via a double-beam UV-Vis spectrophotometer
(Make-Bio-Era).

Antioxidative enzyme assay

Preparation of the crude enzyme extract

For assays of SOD, APX and peroxidase, leaf samples
(0.5 g) were homogenized with 5 ml of ice-cold 0.1 M
potassium phosphate buffer (pH 7.5) containing 0.5 mM
EDTA in a prechilled motor and pestle. The homogen-
ates were filtered and then centrifuged at 15,000 rpm
for 20 min at 4 °C. The resulting supernatant was used
as a crude extract for enzyme assays. For the estimation
of ascorbate peroxidase, the extraction buffer was further
supplemented with 1 mM ascorbic acid, and the pH was
adjusted to 7.5 (Almeselmani et al. 2009)°.

Enzyme assays

SOD activity was determined by measuring its ability
to inhibit the photochemical reduction of NBT via the
method described by Dhindsa and Matowe (1981) [33].
The absorbances of the irradiated and nonirradiated reac-
tion mixtures were read at 560 nm, and control was used
as a blank. One unit of SOD was defined as the amount of
enzyme required to cause 50% inhibition of NBT reduc-
tion per min at 560 nm.
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Ascorbate peroxidase activity was measured as per the
method described by Nakano and Asada (1981) [34]. The
hydrogen peroxide-dependent oxidation of ascorbic acid
was followed by a decrease in the absorbance measured
at 290 nm for three min at intervals of 30 s. A complete
reaction mixture without ascorbic acid was used as a
blank. The enzyme activity was calculated via the exten-
sion coefficient (e=2.8 mM ™! cm™) and expressed as p
moles of ascorbate oxidized min~' mg™ protein.

The activity of peroxidase was determined by the rate of
decomposition of hydrogen peroxide by peroxidase, with
guaiacol as a hydrogen donor measured by the increase in
absorbance at 470 nm min ' as per the method described
by Castillo et al. (1984) [35]. The increase in absorbance
was recorded at 470 nm for two min at an interval of 30 s.
The enzyme activity was expressed as g moles of tetra-
guaiacol formed min mg™' protein. To estimate the anti-
oxidative enzyme activity of mg~! soluble protein, the
soluble protein from leaf samples subjected to different
temperature stress treatments was estimated according
to the methods of Lowry et al. (1951) [36] with bovine
serum albumen used as the standard protein.

Statistical analysis

To examine the significant difference in genotype, a fac-
torial completely randomized design (FCRD) has been
implemented (Gomez and Gomez, 1984) [37]° The geno-
type and temperature were considered as our study vari-
ables, i.e., treatment A and treatment B each with three
replications. The equation for a completely randomized
factorial design can be expressed as follows:

Yijk = p + ti+ Bj + (zB)ij + eijk

where Yijk represents the k™ observations of the it level
of factor A and the j* level of factor B and where p rep-
resents the overall mean of the response variable. i is
the i level of treatment A; fj is the j™ level of treatment
B; (tB)ij represents the interaction effect between the
i" level of treatment A and the j™ level of treatment B;
and ¢;j is the random error. After ANOVA, Tukey’s HSD
test was applied as a post hoc multiple comparison test.
Multiple comparison tests have been conducted at the 5%
level of significance (Abdi and Williams, 2010) [38].

In this study, cluster analysis, the predominant unsu-
pervised pattern recognition technique, was employed.
The focus was on hierarchical clustering, which operates
under the principle that objects nearby are more closely
related than those farther apart. To measure the loss of
information, the algorithm uses an increase in the crite-
rion of the error sum of squares (ESS). During the analy-
sis, all potential pairings of clusters were examined, and
the two clusters that produced the smallest increase in
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ESS upon merging were combined. The resulting clusters
at various distances were visualized via a dendrogram.

To reduce the dimensionality of the data, principal
component analysis (PCA) was applied. The main goal
of this technique is to retain a significant portion of the
data’s variability while reducing the number of variables
to a small set of uncorrelated components. By analyz-
ing the factor loadings, which indicate the correlations
between the variables and the principal components,
PCA allows for the grouping of individuals based on their
top component scores. The outcomes were visualized via
a biplot, which displays both the scores and loadings of
the principal components (PCs). Spearman correlation
analysis has also been applied to find the associations
between temperature and various parameters.

Results

RLWC, chlorophyll, carotenoid and proline contents

When the wheat plants were exposed to different tem-
perature stresses, the RLWC significantly decreased.
Compared with all other genotypes, including National
Check Raj-4083, the thermotolerant AKAW-4627 and
PDKV Sardars maintained significantly greater RLWC
values. However, PDKV-Washim and AKAW-3722 were
similar (p<0.05) and exhibited greater decreases (Fig-
1 A, Appendix Table S1). The mean treatment RLWC
ranged from 81.91 to 63.82%, i.e., a 22.08% reduction.
Moreover, as the temperature increased, the percent
RLWC decreased. The genotype Raj-4083 (national
check) exhibited a 10% reduction. The mean varietal
RLWC ranged from 81.73 to 67.26%, i.e., an 18% reduc-
tion. Compared with that in the control, the short-term
temperature induction response in the RLWC was 18 to
22% lower (Appendix Table S1). The sublethal tempera-
ture of 38 °C for 2 h and the lethal temperature of 42 °C
for 3 h resulted in a larger reduction in the percent rela-
tive leaf water content.

The Chl-a content recorded in seven different wheat
genotypes (Fig. 1B, Appendix Table 1) slightly decreased.
A significantly greater chlorophyll ‘@’ content was main-
tained in AKAW-4627 than in PDKV-Sardar, Raj-4083
and prerelease WSM-109-04, whereas PDKV-Wasim,
AKAW-381, and AKAW-3722 were on par with each
other (p<0.05). The mean treatment values significantly
decreased from 2.40 to 1.51 mg g~ Fr. Wt. At 30 °C for
1 h, there was a slight increase in the chlorophyll ‘a’ con-
tent. A greater decline was observed in AKAW-3722
(2.59 to 0.91 mg g Fr. Wt.) and PDKV Washim (2.24
to 0.94 mg g™ Fr. Wt.), whereas a lower decrease was
recorded in AKAW-4627 (2.61 to 1.94 mg g~! Fr. Wt.)
and the national check Raj-4083 (2.38 to 1.89 mg g™*
Fr. Wt.) followed by WSM-109—4 (2.63 to 1.83 mg g *
Fr. Wt.) than in the other wheat genotypes (Appendix
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Table 1 Spearman correlation analysis of physiological and biochemical parameters and wheat genotypes under high-temperature
stress. ™, **'and ***' denote significance at the 5%, 1% and 0.1% levels, respectively

Genotypes  Chlo. A RLWC APX Peroxidase Carotenoids Proline S.Protein  Chlo.B SOD H202
AKAW-381 -0.7759***  -0.8952***  -0.1911 04542 -0.724*% 03161 -0.5066 -0.183 0.176 0.9971%**
WSM-109-4  -0.722** -0.8515%* 0517 -0.191 -0.7332** 0.7192** -0.9405***  -0.1679 04542 0.8512%**
RAJ-4083 -0.5717% -0.9498***  0.8893***  0.8169*** -0.907*** 0.6159* -0.1176 -0.4042 0.8169***  0.8934***
PDKVWasim ~ -0.8873***  -0.945***  -0.4909 -0.3466 -0.4818 -0.0198 -0.8681*** 03656 -0.3466 0.8761***
AKAW-3722 -0.8953***  -09189***  -0.2077 0.3186 -0.384 03151 -0.9043***  0.368 0.3186 0.8015***
AKAW-4627  -0.6033* -0.9249***  09157%**  0.8673*** -0.6531%** 0.9712%**  -0.1715 -0.743*  0.8594***  0.9051***
PDKV Sardar ~ 0.0565 -0.9642***  0.2801 -0.2619 -0.4541 0.3628 -0.2276 -0.6918**  0.8673***  0.8924***
Overall -0.8932% -0.991** 04752 0.7754 -0.9217* 0.5571 -0.814 -0.5825 0.9495* 0.9725**

Table 1). The mean heat stress treatment values sig-
nificantly varied, and the Chl ‘@’ decreased from 2.52
to 1.70 mg g~* Fr. Wt. (p <0.05).

In the case of the chlorophyll ‘b’ content in the con-
trol and heat stress treatments at 30 °C for 1 h, the dif-
ference was not significant, but a slight increase and
slight decline trend were observed (Fig. 1C). A signifi-
cantly greater Chl ‘b’ content was recorded in Raj-4083
(1.98 mg g ! Fr. Wt.) than in AKAW-4627. PDKV-Wasim,
AKAW-3722 and PDKV Sardar were associated with
AKAW-381 and WSM-109-04 in the control, whereas at
42 °C 3 h higher chlorophyll ‘b’ content was observed in
AKAW-4627 (1.93 mg g~* Fr. Wt.), followed by AKAW-
3722 (1.95 mg g~ ' Fr. Wt.) and Raj-4083 (1.89 mg g~* Fr.
Wt.). Overall, AKAW-381 showed a higher decline in
the chlorophyll ‘b’ content. The data in Appendix Table
S1 indicate that the temperature stress treatments signifi-
cantly affected the chlorophyll ‘b’ content of the wheat
genotypes. Raj-4083 (National Check), and AKAW-
4627 are statistically significant, followed by WSM109-
04 (p<0.05), whereas PDKV Washim, AKAW-3722 and
PDKYV Sardar are at par with each other (p <0.05).

The total carotenoid content (mg/100 g) in the wheat
genotypes (Fig. 1D) significantly varied as the tempera-
ture and duration of exposure increased. The concen-
tration of carotenoids increased and then decreased
with increasing temperature and duration of exposure.
A national check revealed significantly more carot-
enoids (p<0.05), and the lowest carotenoid content was
detected in AKAW-3722. AKAW-4627 and WSM109-04
were located on par with each other and presented higher
carotenoid contents than AKAW-381 and PDKV-Sardar.
The mean total carotenoid content decreased when the
plants were subjected to sublethal and lethal temperature
stress treatments (0.537 to 0.374 mg/100 g). The total
carotenoid content increased significantly at 30 °C for 1 h
in WSM-109-4, AKAW-4627 and AKAW-3722 (0.690,
0.780, and 0.512 mg/100 g, respectively) compared with

that in the control. Raj-4083 AKAW-4622 and WSM-
109—4 maintained relatively high levels even under suble-
thal and lethal temperature stress, i.e., at 38 °C for 2 h and
42 °C for 3 h (Appendix Table S1). The overall trend was
a decrease from the control temperature for all the wheat
varieties.

Under acclimation to relatively high temperatures, sig-
nificant variation in proline accumulation was observed
(Fig. 1E, Appendix Table 2). The highest proline content
was recorded in AKAW-4627 and WSM 109-04, fol-
lowed by Raj-4083. AKAW-4627 and PDKV-Sardar are at
par with each other and showed a lower decline (p <0.05).
The mean proline content under the different tempera-
ture stress treatments increased from the control (25 °C)
to 30 °C for 1 h, 34 °C for 1 h and 38 °C for 2 h and then
further decreased at a lethal temperature of 42 °C for 3 h.
(0.454 to 1.265 pmoles g~! Fr. Wt. and 0.853 pmoles g~*
Fr. Wt.). The mean varietal values significantly (p <0.05)
greater in proline content were recorded in AKAW-3722,
followed by WSM109-04 and Raj-4083 (1.186, 1.172
and 1.135 pmoles g~! Fr. Wt., respectively) (Appendix
Table S2). However, their indigenous levels were also
greater in the control than in the other wheat genotypes.
A steady increase was observed in AKAW-4627 (0.287 to
1.218 pmoles g~! Fr. Wt.) and from the control (25 °C) to
the lethal temperature (42°Cfor 3 h). The proline content
first increased but then decreased under relatively high-
temperature stress, especially for PDKV Wasim.

The soluble protein content showed mixed trends from
the control (25 °C) to the lethal temperature (42 °C ©* 3 h)
(Fig. 1F, Appendix Table S2). The data from the national
check revealed that Raj-4083, AKAW-3722, and PDKV-
Sardar were paired with each other, whereas AKAW-381,
WSM-109-04, and AKAW-4627 were paired with each
other, while PDKV-Wasim presented the lowest soluble
protein among all the other wheat genotypes (Fig. 1F).
The mean treatment values decreased at 30 °C for 1 h and
34 °C for 1 h (4.43 to 3.99 mg g~! Fr. Wt.) increased at
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Fig. 1 (A, B, C, D, E) Effects of high-temperature stress on A-Relative leaf water content (%), B- and C-Chlorophyll‘a’and ‘b’ contents, D-total
carotenoid content, and E-proline content. The vertical bar in the figures indicates the levels of the respective parameters from seven wheat
cultivars after exposure to temperature stress from the control to the challenge temperature through acclimation (25°C— 30°C for 1 hr —34°C for 1
hr—38°C for 2 hr—42°C for 3 hr). The bar indicates the SE + the mean (n = 3) at p < 0.05 probability. For details, see the appendix of metadata files

1and?2



Ravindra et al. BMC Plant Biology (2025) 25:17

38 °C 2 h (4.11 mg g ' Fr. Wt.) and further declined in
all wheat genotypes (Appendix Table S2). The tempera-
ture was subsequently increased (4.678 mg g~* Fr. Wt.) at
34 °C for 1 h, after which it decreased to 42 °C for 3 h
(2.93 mg g~ ! Fr. Wt.). The mean varietal values revealed
the highest soluble protein content (4.18 mg g~' Fr. Wit.)
in Raj-4083, followed by WSM-109—-4 (4.08 mg g~ ! Fr.
Wt.), but overall, no significant differences in protein con-
tent were detected among all the varieties at 42 °C for 3 h
in AKAW-3722. The soluble protein content decreased at
30 °C for 1 h in the wheat genotypes Raj-4083, AKAW-
3722, and PDKV Washim, whereas it slightly increased in
AKAW-4627 at 30 °C for 1 h,34°Cfor 1 h,38°Cfor1 h
and 42 °C for 3 h compared with the control. The over-
all range of soluble protein recorded from the control
to 42°Cfor 3 h was from 4.580 to 3.920 mg g~ Fr. Wt. A
significant decline was observed in the wheat genotype
PDKV Washim (5.31 to 3.25 mg g ' Fr. Wt.), and the
levels were higher in WSM109-04 than in the control at
42 °Cfor 3 h.

H,0, and antioxidative enzymes

The H,O, concentration increased with increasing expo-
sure temperature and duration of exposure to wheat gen-
otypes. A significantly lower accumulation was detected
in AKAW-4627 than in Raj-4083, whereas the high-
est accumulation was observed in AKAW-381, PDKV-
Wasim, and AKAW-3722 (Fig. 1G, Appendix Table 2).
The wheat genotype AKAW-4627 (0.16 to 0.57 nMoles
mg ™! Fr. Wt.) followed by Raj-4083 (0.45 to 0.66 nMoles
mg~! Fr. Wt.) presented relatively low levels, whereas
AKAW-381 (0.45 to 2.14 nMoles mg™' Fr. Wt.) and
PDKV-Washim (0.56 to 2.23 nMoles mg ' Fr. Wt.) pre-
sented relatively high levels across all the temperature
stress treatments (Appendix Table S2). H, O, concen-
trations increased in all seven wheat genotypes from the
control (25 °C) to 30 °C for 1 h, 34°C for 1 h,38°Cfor2 h
and 42 °C for 3 h. This trend revealed a positive correla-
tion between theH,O, concentration and the increase in
temperature.

The activity of superoxide dismutase increased with
increasing temperature (Fig. 2H Appendix Table S2). The
activity was significantly greater in PDKV-Sardar, Raj-
4083 and AKAW-3722 (p<0.05), followed by AKAW-
4627, WSM109-04 and AKAW-381, and was lower
in PDKV-Wasim (Fig-H) under all the temperature
stress treatments and durations of exposure (Appendix
Table S2). The activity decreased at 42 °C for 3 h. in all
the genotypes except the national check strains Raj-4083,
PDKV Sardar and AKAW-4627. The mean varietal SOD
activity ranged from 0.74 to 1.09 U/mg protein, whereas
the treatment means ranged from 0.71 to 1.09 U/mg
protein.
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The activity of ascorbate peroxidase in different
wheat genotypes is depicted in Fig-2I and Appendix
Table S3. The mean APX activity ranged from 101.26
to 168.29 pumol of ascorbate oxidized min~ mg™' solu-
ble protein. The activity increased in all the wheat gen-
otypes as the temperature and duration of exposure
increased, whereas at 42°Cfor 3 h, the activity decreased
in almost all the wheat genotypes except Raj-4083. The
highest mean varietal activity was recorded in WSM-
109-4 (169.29 pmol of ascorbate oxidized min~! mg™!
soluble protein), and the lowest was recorded in AKAW-
3722 (129.60 pmol of ascorbate oxidized min™' mg™*
soluble protein), but it was greater than the control val-
ues. The activity was higher in all the genotypes except
Raj-4083, AKAW-4627 and WSM-109-4. The increase
in APX activity at 30 °C for 1 h and 46 °C for 2 h may
be the result of the oxidative stress induced by the high
temperature.

The peroxidase activity data are depicted in Fig. 2(])
and Appendix Table S3. Higher activity was observed
in AKAW-4627, Raj-4083 and AKAW-3722, followed
by WSM109-04 and AKAW-381, and lower activity was
observed in PDKV-Sardar, and PDKV-Washim at p <0.05
(Fig. 2 J). The mean varietal peroxidase activity ranged
from 0.74 to 0.1.02 pmoles of guaiacol consumed per mil-
ligram of protein. The peroxidase activity increased sig-
nificantly from 30 °C for 1 h to 42 °C for 3 h in the wheat
genotype AKAW-4627 and the national check Raj-4083,
whereas it decreased in PDKV Sardar, WSM-109-4, and
PDKV Washim at 34 °C for 1 h to 42 °C for 3 h. AKAW-
4627 and Raj-4083 significantly increased the activity, i.e.,
0.60 to 1.89 and 0.79 to 1.48 pmoles, respectively of tetra
guaiacol consumed mg™ protein (Appendix Table S3)
compared with all the other genotypes at the 5% and 1%
levels.

To analyze a dataset consisting of 10 physiological and
biochemical parameters across five temperatures, each
with three replications, a dimensionality reduction tech-
nique called principal component analysis (PCA) was
utilized. The objective was to cluster the variables based
on the principal components (PCs). The outcomes of this
analysis can be observed in Fig. 3. The results revealed
that the first three PCs accounted for more than 80% of
the total variability. By examining the higher loadings
among these selected PCs, the significant variables were
identified. Specifically, in PC1, Chl-a and RLWC pre-
sented relatively high loadings, whereas in PC2, carot-
enoid and proline presented relatively high loadings. In
PC3, APX and soluble protein presented relatively high
loadings. These findings indicate that these parameters
are important for characterizing genotypes.

Hierarchical cluster analysis revealed three distinct
homogenous groups of genotypes based on different
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dismutase (SOD) (H). Ascorbate peroxidase (I) and guaiacol peroxidase (J). The vertical bar in the figures indicates the levels of the respective
parameters from seven wheat cultivars after exposure to temperature stress from the control to the challenge temperature through acclimation
(25°C— 30°C for 1 hr —34°C for 1 hr—38°C for 2 hr—42°C for 3 hr). The bar indicates the SE + the mean (n = 3) at p < 0.05 probability. For details,

see the appendix of metadata files 1 and 2

physiological and biochemical properties. The heatmap
with the dendrogram is presented in Fig. 4. AKAW-
4627 formed a separate group; WSM-109-4 and Raj-
4083 formed the second group, and the other genotypes
formed the third group. Each group was treated as

homogeneous for the study of physical and biological
characteristics.

Table 1 clearly shows that, concerning chlorophyll ‘a; all
the genotypes except PDKV Sardar presented a signifi-
cant negative correlation with temperature. In the case of
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RLWGC, all the genotypes presented high and significant
correlations, with PDKV Sardar having the highest value.
For APX and proline, only WSM-109-4, RAJ-4083, and
AKAW-4627 had significant positive correlations with
temperature, and AKAW-4627 demonstrated the high-
est correlations among them. Peroxidase activity was sig-
nificantly positively correlated with temperature only for
RAJ-4083 and AKAW-4627. AKAW-381, WSM-109-4,
RAJ-4083, and AKAW-4627 display significant correla-
tions with temperature in the case of carotenoids. For
soluble protein, WSM-109-4, RAJ-4083, and AKAW-
4627 had significant negative correlations. In the case of
chlorophyll ‘b, AKAW-4627 and PDKYV Sardar presented
significant positive correlations, whereas for SOD, RAJ-
4083, AKAW-4627 and PDKV Sardar presented signifi-
cant correlations. Finally, for hydrogen peroxide H,O,,
all the genotypes presented significant correlations, with
AKAW-381 showing the highest correlation. Figure 5
illustrates the correlations among these traits. Overall,
for all the genotypes, Chl-a, RLWC, and carotenoids were
significantly negatively correlated, whereas H,0, and
SOD were significantly positively correlated. The strong-
est positive and negative correlations were observed
between H,0, and RLWC, respectively.

.AKAW_“‘« ’

|RaF40s3

PDEV Sardar

AKAW-3722

PDEV Wasim

SOD
H202

Proline
§.Protein
Chlo-B

Discussion

Abiotic stress, such as high-temperature stress, is differ-
entially regulated in wheat at the physiological, biochem-
ical and molecular levels (Triticum aestivum L.). Every
1 °C increase in temperature at any stage of crop growth
above a mean temperature of 23 °C adversely affects the
wheat yield by ~10%. [3, 39, 40]. In the present investi-
gation, the impacts of gradually increasing high-temper-
ature stress treatment through the acclimation process
on the physiological and biochemical parameters of six
wheat genotypes released by Dr. PDKV, Akola, India,
are compared with those of thermotolerant Raj-4083
(National Check). Previously, such studies were not con-
ducted on wheat cultivars released by Dr. PDKV, Akola,
which needs to provide information insight to wheat
breeders.

The decline in relative leaf water potential under high-
temperature stress is closely related to a reduction in
water absorption capacity and to a disruption in the
stomatal control of plant transpiration. [41, 42]. In this
study, the relative leaf water content was relatively con-
served/maintained significantly higher in the thermotol-
erant wheat genotype AKAW-4627, and PDKV Sardar
(Fig-1 A, Appendix Table 1) might be able to tolerate
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high temperatures by maintaining a lower osmotic poten-
tial than the other genotypes. A decrease in the RLWC
and a reduction in membrane stability are common phe-
nomena in hot environments and are associated with
leaf water deficit and increased membrane damage [9].
Raj-4083 AKAW-381, WSM-109—-4 and AKAW-381 pre-
sented similar trends and were similar (p <0.05) to each
other but exhibited intensive decreases in the PDKV-
Washim (early heat tolerant) and AKAW3722 (timely
sowing) genotypes, which showed susceptible to high
temperatures. Similar observations were recorded pre-
viously in wheat when seedlings were exposed to heat
stress sublethal to lethal temperature stress at 42 °C
and 45 °C [21, 42]. Our results of the Chl ‘a’ and b’ con-
tents (Fig. 1 B & C) revealed that the level was main-
tained at a threshold temperature of 34 °C for 1 h and
then decreased in all the wheat genotypes. However, the
magnitude of decline was greater for AKAW-381, PDKV
Washim, and AKAW-3722. Interestingly, the levels were
maintained higher level in thermotolerant AKAW-4627,
PDKYV Sardar, and prerelease WSM-109-4 (Stay green),
and the national check Raj-4083 showed greater stability,
which might be due to the accumulation of carotenoids

(Fig-1D, Appendix Table 1) to stabilize chloroplasts [7].
The results of our study confirm earlier reports that a
greater reduction in chlorophyll ‘b’ content than chloro-
phyll ‘@’ content occurs under heat stress in wheat [19,
37]. In AKAW-3722 (timely sown) and early heat toler-
ant PDKV-Washim, the photosynthetic activity is more
affected and might be due to damage to or disturbances
in the activity of PSII or its sensitivity [43, 44], whereas
acclimation at high temperature has a weaker effect on
the donor side of PSII intolerant other wheat genotypes
[40, 45].

In many abiotic stresses, including temperature stress,
either low or high proline accumulation in cells plays
a role as an osmoprotectant [46—48]. An increase in tem-
perature induced proline accumulation in all the geno-
types until a temperature threshold of 34 °C was reached
at 1 h (which was dependent on genotype), but above
this threshold, the proline content decreased. However,
the level decreased at 38 °C for 2 h in PDKV-Washim,
AKAW-3722 and PDKV Sardar and at 42 °C for 3 h in
all seven wheat genotypes. In the present study, proline
increased at 30 °C for 1 h and 34 °C for 1 h, whereas it
decreased at 38 °C for 2 h and 42 °C for 3 h (Fig-1(E)
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Appendix Table S2), which was probably due to increased
ROS production via the Pro/P5C cycle, as suggested
previously [49], or their utilization for the activation of
antioxidative enzymes to avoid membrane damage, as
reported in wheat [27, 50, 51]. The proline (Fig. 1E) and
protein contents (Fig. 1F) increased in wheat seedlings
at temperatures ranging from 15 to 25 °C but decreased
again above 30 °C due to the decreased activities of P5CS,
ornithine aminotransferase and proline dehydrogenase,
as reported previously [13, 52, 53]. Similar observations
were recorded earlier in the case of an increase in proline
content and then a decrease in proline content in both
wheat [52] and Arabidopsis [53].

Carotenoids act as light harvesters, quenchers, scav-
engers, and dissipators of excess energy under adverse
conditions. Carotenoids stabilize membranes by reacting
with lipid peroxidation products and scavenging ROS,
especially singlet oxygen [54, 55]. In our study, higher
levels of carotenoid pigments under high tempera-
ture might help induce the antioxidative cascade in the
wheat genotypes AKAW-4627, AKAW-381, WSM-109-4
(0.588) and the national check Raj-4083 (0.671) than in
the other wheat genotypes (Fig. 1(D) Appendix Table S1).
This suggests their use for stability at relatively high tem-
peratures, as reported previously [54, 56]. Improvements
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in photochemical efficiency due to the use of carotenoids
have been documented in UV-B-exposed desert plants
[57], heat stress-exposed maize [14] and sugarcane [26].
An increase in the concentration of hydrogen perox-
ide (H,0,) in cells is considered toxic to plant cells [9],
whereas H,O, plays a role as a signaling molecule to vari-
ous stimuli in plant cells [58]. In the present investigation,
the increase in H,O, concentration observed in all seven
wheat genotypes (Fig. 2(G), Appendix Table S2) may be
involved in cellular signal transduction pathways to acti-
vate the defense mechanism [12]. The relatively high con-
centrations of the stay green character wheat genotypes
WSM-109-04 and AKAW-3722 (timely sowing) were
susceptible, whereas the relatively low accumulation in
the national check variety Raj-4083 and AKAW-4627,
followed by PDKV-Sardar, might be due to their strong
antioxidative capacity and ability to maintain relatively
high RLWC and chlorophyll a and b contents (Appendix
Table S 1) and other studied biochemical parameters. A
positive correlation between the increase in H,O, levels
and SOD levels and temperature was observed in all the
wheat genotypes (Table 1). Our observations revealed
that wheat responded to different heat temperature
stress treatments, i.e., 22, 30, 35 and 40 °C, for 2 h peri-
ods [50, 52]. Previously, the induction of the intracellular
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accumulation of H,0O, and ascorbate antioxidants was
reported in Arabidopsis under 37 °C heat stress [58].

Plants are endowed with H,O,-metabolizing enzymes
such as ascorbate peroxidase (APX), catalase (CAT),
peroxidase, and glutathione reductase for catalyzing a
dismutation reaction localized in chloroplasts and mito-
chondrial cells [59, 60]. APX has a relatively high affin-
ity for H,0O, which reduces it to H,O in chloroplasts,
the cytosol, mitochondria and peroxisomes, and in the
apo-plastic space, where it utilizes ascorbate as a spe-
cific electron donor [12, 61, 62]. A positive correlation
was observed in our study, with increases in superoxide
dismutase and APX activity and peroxidase activity with
H,0, and a gradual increase in high temperature (Fig-2
H, I & J; Appendix Tables S2 and S3), which revealed the
participation of APX in the detoxification of ROS in all
seven genotypes with different characteristics (Appendix
S4) and that APX may play a defensive role under short
term increases in temperature, as reported in wheat pre-
viously [7, 63].

Peroxidase activity is used as an indicator of free radi-
cal damage to cell membranes under stress conditions
[64]. In our study, the gradual increase in temperature
from the control (25 °C) to 30, 34, and 38 °C and finally
to 42 °C for 3 h resulted in increased peroxidase activ-
ity, except for the PDKV Sardar, WSM-109-4, and PDKV
Washim wheat genotypes (Fig-J). Conversely, the solu-
ble protein content decreased in response to heat stress.
Our results for physiological and biochemical parameters
agree with the results of Sattar et al. (2020) [65], who
reported that individual and combined imposition of
drought and heat stresses significantly (p >0.05) altered
water relationships, osmolyte contents, soluble proteins
and sugars along with an activated antioxidant defensive
system in terms of superoxide dismutase (SOD), peroxi-
dase (POD) and ascorbate peroxidase (APX) in wheat.
In this study, the soluble protein content was highest
in Raj-4083, followed by WSM-109-04, whose soluble
protein content was on par with that of the other wheat
genotypes. The levels of protein changed as the tempera-
ture and time changed but did not significantly change,
possibly because of the synthesis of new proteins during
the acclimation process to combat the situation.

Heat stress and protein denaturation cause a marked
and irreversible reduction in protein solubility. Cyto-
plasmic proteins are more sensitive to increasing tem-
perature, and the total protein content decreases under
both heat acclimation and sudden heat stress [66]. Sig-
nificant variation in biochemical parameters such as
protein content, antioxidant activity, proline content and
total reducing sugar content in leaves, stems, and spikes
under normal (26+2 °C) and terminal HS (36+2 °C)
conditions has been documented earlier in wheat, with
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the induction of unique proteins related to the photo-
synthesis apparatus and the upregulation of genes asso-
ciated with the photosynthesis and starch biosynthesis
pathways [10, 27, 67]. Similar results for protein content
were documented in another study in wheat during heat
stress (HS) for 1 h and 24 h at 40 °C in darkness or light,
as well as after recovery from heat stress [67, 68]. In hard
fescue, heat stress was applied at 38/33 °C (day/night),
and the optimal temperature was 21/18 °C [69].

Compared with those in the national check Raj-4083,
higher levels of carotenoids were detected in the WSM-
109—4(stay green) and thermotolerant AKAW-4627sam-
ples, whereas lower levels were detected in AKAW-3722,
which was released for timely sowing. The hydrogen per-
oxide content and relative leaf water content were found
to have the strongest positive and negative correlations.
As the hydrogen peroxide (H,0,) level increased steadily,
the relative leaf water content (RLWC) and chlorophyll
b’ content both decreased. High temperature exposure
increased and decreased the carotenoid content, and the
increased activity of antioxidants likely ameliorated the
adverse effects of high temperature for a short duration
in WSM-109-4, AKAW-4627 and PDKV-Sardar.

The overall correlations among the studied biochemi-
cal parameters, temperature treatments and genotypes
(Table 1, Fig. 5) revealed that Chl-a, RLWC, and carot-
enoids were significantly negatively correlated, whereas
H,0, and SOD were significantly positively correlated.
The strongest positive and negative correlations were
observed between H,0, and RLWC, respectively. Simi-
lar observations were recorded in wheat under combined
heat and drought stress [70, 71].

Conclusion and future need

The data from this investigation provide several key
insights into the response of wheat genotypes to
high-temperature stress: proline levels increased with
increasing temperature and exposure time, indicating
its role as a stress marker. However, at extreme temper-
atures (38 °C for 2 h and 42 °C for 3 h), proline levels
decreased across all the genotypes, suggesting a possi-
ble limit to its effectiveness as a protective agent under
severe stress conditions. Both the RLWC and chloro-
phyll 'b’ content decreased with increasing hydrogen
peroxide (H,O,) content, highlighting the negative
impact of oxidative stress on these parameters. H,O,
levels increased with temperature, and a positive cor-
relation was observed between H,0O, and superoxide
dismutase (SOD) levels across genotypes. These find-
ings indicate that increased ROS levels are associated
with increased SOD activity. The activities of all four
ROS scavenging enzymes increased with temperature,
particularly from 34 °C for 1 h to 42 °C for 3 h. These
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findings suggest an adaptive response to manage oxida-
tive stress. Genotypes such as prerelease WSM-109-04,
AKAW-4627 and PDKV Sardar followed by AKAW-381
showed better adaptability to higher temperature stress
than did the national check Raj-4083. These geno-
types maintained better physiological and biochemical
parameters, indicating a greater level of heat tolerance.
There was a notable increase in the antioxidative pro-
file, including that of superoxide dismutase (SOD),
ascorbate peroxidase (APX), peroxidase and carot-
enoids, under high temperatures. This enhanced anti-
oxidative response likely contributes to the observed
heat tolerance. With the exceptions of PDKV Sardar,
WSM-109-4, and PDKV Washim, which presented
strong peroxidase activity, the other genotypes pre-
sented various responses. This variability underscores
the need for further studies to confirm and better
understand heat tolerance mechanisms across differ-
ent genotypes. The diverse responses observed in ther-
motolerant genotypes warrant additional studies under
controlled environmental conditions or the use of dif-
ferent contemporary crop models to elucidate the exact
mechanisms of heat tolerance. These observations are
valuable for improving wheat programs, particularly in
the development and selection of heat-tolerant geno-
types for better resilience to high-temperature stress.
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