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Abstract
A 2NvS chromosomal segment carrying bread wheat variety, BARI Gom 33 (‘BG33’), showed tolerance to terminal heat 
stress and higher yield over a heat-tolerant non-2NvS BARI Gom 26 (‘BG26’) and a heat-susceptible Pavon 76 (‘Pavon’). 
This study aimed to ascertain the potential of the 2NvS ‘BG33’ in terminal heat-induced oxidative stress tolerance compared 
to non-2NvS ‘BG26’ and heat-susceptible ‘Pavon’ under two heat regimes at the reproductive stages viz. control (optimum 
sowing time) and heat stress (late sowing). We found that both ‘BG26’ and ‘BG33’ showed significantly higher tolerance 
to oxidative stress by limiting the generation of reactive oxygen species (ROS), methylglyoxal under heat stress. During 
terminal heat stress, both ‘BG33’ and ‘BG26’ exhibited greater cellular homeostasis than heat-susceptible ‘Pavon’, which 
was maintained by the increased accumulation of osmolytes, nonenzymatic antioxidants, and enzymes associated with ROS 
scavenging, ascorbate–glutathione cycle, and glyoxalase system. Lesser cellular damage in ‘BG26’ and ‘BG33’ was eventu-
ally imitated in a smaller reduction in grain yield (15 and 12%, respectively) than in ‘Pavon’, which had a 33% reduction 
owing to heat stress. Collectively, our findings revealed that the chromosomal segment 2NvS provides yield advantage to 
‘BG33’ under terminal heat stress by lowering oxidative damage. As 2NvS translocation contains multiple nucleotide-binding 
domain leucine-rich repeat containing, cytochrome P450, and other gene families associated with plant stress tolerance, 
further studies are warranted to dissect the underlying molecular mechanisms associated with higher heat stress tolerance 
of 2NvS carrying ‘BG33’.
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Introduction

Bread wheat (Triticum aestivum L.) ranks second among 
cereals in terms of production both globally and in Bangla-
desh (BBS 2019; FAO 2021). However, numerous environ-
mental stressors are presently limiting wheat yields, with 
heat stress being one of the most significant ones. Accord-
ing to current research, most of the world’s wheat-growing 
regions are experiencing spells of above-optimal tempera-
tures, resulting in a substantial reduction in grain yield (Cof-
fel et al. 2018). Late harvesting of preceding rice crop forces 
late sowing of wheat in the Gangetic plains of India and 
Bangladesh, exposing the crop to terminal heat stress and 
limiting grain yield (Dubey et al. 2020).

The reproductive stages of wheat is the most susceptible 
to various biotic and abiotic stresses that severely impacts on 
global wheat production (Farooq et al. 2011; Asseng et al. 
2015; Islam et al. 2016, 2020). It is proven that heat stress 
during reproductive stages has a significant detrimental 
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influence on crops, including wheat (Jagadish 2020). Tem-
peratures of 23 °C and 21.3 °C were found to be optimum 
for the anthesis and grain filling stages, respectively (Farooq 
et al. 2011; Narendra et al. 2021). Wheat yield is reduced 
by ~ 10% for every 1 °C increase over a mean temperature 
of 23 °C (Gibson and Paulsen 1999; Asseng et al. 2015). It 
is estimated that worldwide wheat production will decrease 
by 6% for every 1 °C increase in current mean tempera-
ture (Asseng et al. 2011; Zhao et al. 2017; Demelash et al. 
2022). This predicted decrease in wheat yield poses a threat 
to future global food security. As a result, a deliberate effort 
should be made to minimize yield loss by selecting or devel-
oping heat-tolerant wheat varieties. Although some geno-
types and cultivars of wheat display yield advantage under 
heat stress conditions, the underlying physiological and 
molecular mechanisms of their tolerance to heat are largely 
unknown.

Heat stress severely affects photosynthesis, affecting plant 
growth and development (Wahid et al. 2007), and stimulates 
the breakdown of the thylakoid membrane, resulting in elec-
trolyte leakage (Djanaguiraman et al. 2018), and disruption 
of all photochemical reactions, especially, in photosystem 
II (Pastenes and Horton 1999). Terminal heat stress dur-
ing the anthesis stage decreased floret fertility and at the 
grain filling stage decrease the grain yield through individual 
grain weight (Prasad and Djanaguiraman 2014), which is 
associated with early leaf senescence, and decreased grain-
filling duration (Asseng et al. 2011; Lobell et al. 2012). Heat 
stress also induces oxidative damage by increasing the gen-
eration of reactive oxygen species (ROS), such as singlet 
oxygen (1O2), superoxide radicals (O2

•−), hydrogen perox-
ide (H2O2), hydroxyl radical (•OH), and lipid peroxidation, 
which leads to enhanced membrane damage (Suzuki et al. 
2012; Narayanan et al. 2016; Djanaguiraman et al. 2018).

Heat-tolerance attributes are linked to overall antioxidant 
activities, which enable plants to maintain cellular homeo-
stasis under heat stress (Mohi-Ud-Din et al. 2021b). Plants 
possess both enzymatic and non-enzymatic antioxidants 
that play important role in scavenging ROS generated under 
stress. The enzymatic antioxidant includes superoxide dis-
mutase (SOD); enzymes of the ascorbate–glutathione cycle 
viz. ascorbate peroxidase (APX), monodehydroascorbate 
reductase (MDHAR), dehydroascorbate reductase (DHAR), 
and glutathione reductase (GR); catalase (CAT), glutathione 
peroxidase (GPX), and glutathione S-transferase (GST) 
(Noctor et al. 2014). Ascorbate (AsA), glutathione (GSH), 
tocopherol, flavanones, carotenoids, anthocyanins, phenolic 
compounds, etc., act as nonenzymatic antioxidants (Gill and 
Tuteja 2010; Hasanuzzaman et al. 2020). The methylglyoxal 
(MG) is a highly reactive substance generated under various 
stresses including high temperature (Hasanuzzaman et al. 
2017). Plants have variable mechanisms to detoxify the MG 
level by glyoxalase system consisting of glyoxalase I (Gly 

I) and glyoxalase II (Gly II) where GSH plays a central role 
(Hasanuzzaman et al. 2017).

Since the early nineties, the Aegilops ventricose (Zhuk.) 
2NvS translocation segment has been used in the breeding 
of disease-resistant wheat varieties (Cruz et al. 2016; Gao 
et al. 2021). Several important genes have been identified in 
this segment that were associated with the resistance against 
various wheat diseases including root-knot nematode (Wil-
liamson et al. 2013), stripe rust, leaf rust, and stem rust 
(Bariana and McIntosh 1994). This segment has recently 
been found link to the resistance to the wheat blast fungus 
Magnaporthe oryze Triticum (MoT) pathotype, which is the 
causal agent of the devastating and emerging wheat blast 
disease (Cruz et al. 2016; Cruz and Valent 2017; Islam et al. 
2020). Furthermore, new reports suggest that this translo-
cation is contributing to lodging resistance in bread wheat 
(Singh et al. 2019). Recently, Gao et al. (2021) postulated 
that the physiological and yield benefits of 2NvS carrying 
wheat varieties are not only associated with disease resist-
ance. The multiple gene families present in this chromo-
somal segment might be linked to the higher fitness of wheat 
variety under various stressful environments. These findings 
bring us to hypothesize that the 2NvS chromosomal segment 
may possess loci/genes that confer abiotic stress tolerance of 
bread wheat. To test this hypothesis, we assessed the poten-
tial of terminal heat-induced oxidative stress tolerance of 
a 2NvS chromosomal segment carrying bread wheat vari-
ety, BARI Gom 33 (‘BG33’) compared with a heat tolerant 
non-2NvS BARI Gom 26 (‘BG26’) (positive control) and a 
heat-susceptible wheat variety Pavon 76 (‘Pavon’) (nega-
tive control) under two heat regimes at the reproductive 
stages viz. control (optimum sowing time) and heat stress 
(late sowing). Here, we outlined the findings of the terminal 
heat-induced oxidative stress tolerance of ‘BG33’, carry-
ing a 2NvS translocation segment from Aegilops ventricose 
(Zhuk.) compared with a non-2NvS heat-tolerant, ‘BG26’, 
and a heat-susceptible variety, ‘Pavon’, in a field experiment.

Materials and methods

Molecular detection of 2NvS translocation

Genomic DNA was extracted from 10-day-old seedlings 
using the modified cetyltrimethylammonium bromide 
(CTAB) method (Allen et al. 2006) to amplify the 2NvS 
translocation segment. PCR amplification was performed 
with two 2NvS specific primers VENTRIUP-F (5′-AGG 
GGC TAC TGA CCA AGG CT-3′), LN2-R (5′-TGC AGC 
TAC AGC AGT ATG TAC ACA AAA-3′) (Helguera et al. 
2003; Cruz et al. 2016) and Yr17-F (5′-TTA TTA CCT TGA 
TGA GAA ATA CAG-3′), Yr17-R (5′-CTG AAA TTG GGA 
CTA GCG AAA TTA-3′) (Helguera et al. 2003; Alam et al. 
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2021). PCR was conducted in a volume of 10 μL in a Verity 
Thermal Cycler (Applied Biosystems, USA). The reaction 
mixture consisted of a minimum 2 μL (100 ng) of genomic 
DNA, 0.5 μL of each forward and reverse primers (10 μM), 
5 μL PCR master mix 2X (Promega Corporation, USA), and 
ddH2O up to 10 μL. The PCR cycling program for VEN-
TRUIP-F/LN2-R was as follows: denaturing at 94 °C for 
3 min; amplification at 94 °C for 45 s, 65 °C for 30 s, and 
72 °C for 60 s repeated for 30 cycles; and extension at 72 °C 
for 7 min. The amplification program of Yr17-F/Yr17-R was 
as follows: 94 °C for 3 min (enzyme deactivation); 26 cycles 
of 94 °C for 45 s (melting), 57 °C for 45 s (annealing) and 
72 °C for 45 s (extension); and a final extension at 72 °C 
for 8 min. The presence or absence of 262-bp and 383-bp 
2NvS segment of DNA for VENTRUIP-F/LN2-R and Yr17-
F/Yr17-R, respectively, was observed after electrophoresis 
on 1.5% agarose gels stained with ethidium bromide.

Experimental setup, design, and treatments

Three wheat varieties developed by Bangladesh Wheat and 
Maize Research Institute (BAMRI) were used in this study 
namely, BARI Gom 26 (‘BG26’), BARI Gom 33 (‘BG33’), 
and Pavon 76 (‘Pavon’). ‘BG26’ is a widely cultivated yield-
stable wheat variety and recognized as heat-tolerant from 
previous studies (Supplementary Table S1; Hossain and 
Teixeira da Silva 2013; Khatun et al. 2015; Mohi-Ud-Din 
et al. 2021b). The wheat blast resistant variety ‘BG33’ was 
derived from a simple cross between ‘Kachu’ and ‘Solala’. 
‘Kachu’ is a ‘Kauz’-derived high-yielding and zinc fortified 
wheat variety carrying a 2NvS segment for blast resistance 
(Mottaleb et al. 2019). ‘Pavon’ is widely used as heat-sus-
ceptible check variety in different experiments (Khatun et al. 
2015; Mohi-Ud-Din et al. 2021b).

The experiment was laid out in a split-plot design with 
four replications. The two growing conditions — “control” 
(optimum sowing on November 23) and “heat stress” (late 
sowing on January 03) — were placed in the main plots, 
whereas wheat varieties were placed randomly in the 
sub-plots.

The experiment was conducted in the field laboratory 
of the Department of Crop Botany, Bangabandhu Sheikh 
Mujibur Rahman Agricultural University (24.038°N lati-
tude, 90.397°E longitude), Gazipur, Bangladesh. The experi-
mental soil was silt loam in texture (sand 26%, silt 50%, and 
clay 24%), having the full field capacity at 30.6% volumetric 
soil water content. The daily maximum, minimum, mean 
air temperatures, and rainfall at the reproductive stages of 
control (A) and heat stress (B) conditions are presented in 
Fig. 1. Ten-years’ averaged climatic data for the same dura-
tion of control and heat-stressed reproductive growth stages 
are summarized in Fig. 1C, D. Under the heat stress condi-
tions, wheat varieties received 26.5 °C mean air temperature 

throughout the reproductive stages, which was higher than 
the optimum temperature required for the anthesis (23 °C) 
and grain filling phases (21.3 °C) (Farooq et al. 2011). 
Healthy seeds were sown, and all agronomic practices were 
performed as per the recommendation.

Canopy temperature

Canopy temperature (CT) was recorded using a hand-held 
infrared thermometer (Model-IR-720, Amprobe, USA; dis-
tance-spot ratio of 20:1) between 11.30 a.m. and 12.30 p.m. 
At a distance of 1 m from the spotted canopy, measurements 
were taken at an angle of approximately 30° to the horizontal 
line. Ten readings were taken from different areas of each 
plot and averaged.

Cell membrane stability

Cell membrane stability (CMS) was determined following 
the procedure of Sairam et al. (1997). Briefly, five uniform 
flag leaves were collected from each plot and leaf discs 
(0.7 cm in diameter) were prepared by using a leaf puncher. 
In two sets, 15 leaf discs were put in test tubes containing 
10 mL of deionized water. One set was incubated at 40 °C 
for 30 min, and the other set was kept at 100 °C in a boiling 
water bath for 15 min, and then, their electrical conductivi-
ties, C1 and C2, respectively, were measured with a conduc-
tivity meter. CMS was calculated following the equation:

Biochemical assays

Oxidative stress indicators

The O2
•− generation of leaf sample was determined spec-

trophotometrically at 530 nm following the procedure of 
Elstner and Heupel (1976) modified by Mohi-Ud-Din et al. 
(2021a) and calculated by comparing a standard curve of 
NaNO2. For H2O2 and malondialdehyde (MDA) assay, 0.5 g 
fresh flag leaf tissues were homogenized in 3 mL of 5% (w/v) 
trichloroacetic acid (TCA), centrifuged at 11,500 × g, and 
the supernatants were collected. The concentration of H2O2 
and MDA was then measured spectrophotometrically using 
the methods of Yang et al. (2007) and Heath and Packer 
(1968), and quantified using the extinction coefficients of 
0.28 µM−1 cm−1 and 155 mM−1 cm−1, respectively. Lipoxy-
genase (LOX) (EC: 1.13.11.12) activity was determined 
spectrophotometrically at 234 nm as the method reported 
by Doderer et al. (1992), using linoleic acid as substrate, 
and then calculated by applying an extinction coefficient 
of 25,000 M−1 cm−1. Methylglyoxal (MG) was measured 

CMS(%) =
[

1 −
(

C
1
∕C

2

)]

× 100
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spectrophotometrically at 288 nm by using N-acetyl-ʟ-
cysteine following the method of Wild et al. (2012) and 
calculated using a standard curve of known concentration 
of MG.

Osmolytes and nonenzymatic antioxidants

The amount of free proline (Pro) in flag leaf tissues was 
measured spectrophotometrically using the acid ninhydrin 
assay, as described by Bates et al. (1973), and was esti-
mated as µmol g−1 FW using a standard curve. Glycine 
betaine (GB) was appraised spectrophotometrically using 
the 1,2-dichloroethane technique, as reported by Valadez-
Bustos et al. (2016), and expressed as µmol g−1 FW using 
a standard curve. Ascorbate and glutathione contents were 
determined spectrophotometrically following the methods 
outlined in Hasanuzzaman et al. (2014).

Extraction of soluble protein

Soluble protein from the fresh flag leaves (1:2) (w/v) was 
extracted in 0.5  M potassium–phosphate (K–P) buffer 
(pH 7.0) containing 1  mM ascorbic acid, 1  M KCl, 
β-mercaptoethanol, and glycerol in an ice-cold mortar. The 

homogenate was centrifuged for 15 min at 11,500 × g, and 
the supernatant was collected for enzyme activity assays. 
The protein content of each enzyme solution was determined 
using Bradford’s (1976) fast quantitative technique.

Enzyme activity assays

The enzyme activities were determined using the compre-
hensive techniques outlined by Mohi-Ud-Din et al. (2021b); 
briefly, the activity of SOD (EC: 1.15.1.1) was quantified 
using the Spitz and Oberley’s (1989) inhibition technique. 
Catalase (EC: 1.11.1.6) activity was determined at 240 nm 
after 1 min using the method of Noctor et al. (2016), and the 
extinction coefficient of 39.4 M−1 cm−1 was used to compute 
the activity. The method of Castillo et al. (1984) was used 
to determine the activity of guaiacol peroxidase (POD, EC: 
1.11.1.7) by recording the absorbance at 470 nm after 1 min 
and estimated using an extinction value of 26.6 mM−1 cm−1. 
Glutathione peroxidase (EC: 1.11.1.9) activity was measured 
at 340 nm for 1 min, as described by Elia et al. (2003) and 
the activity was calculated using a 6.62 mM−1 cm−1 extinc-
tion coefficient. The activity of GST (EC: 2.5.1.18) was 
determined spectrophotometrically at 340 nm and using the 

Fig. 1   Daily maximum (Max), minimum (Min), mean air tempera-
tures, and rainfall data recorded at the reproductive growth stages for 
control and heat stress conditions (A and B). Ten-year average cli-
matic data for the same duration was presented in C and D. Source: 

Weather Station, Department of Agricultural Engineering, Bang-
abandhu Sheikh Mujibur Rahman Agricultural University, Gazipur, 
Bangladesh
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extinction coefficient of 9.6 mM−1 cm−1, as described by 
Hossain et al. (2006).

The activities of GR (EC: 1.6.4.2), APX (EC: 1.11.1.11), 
MDHAR (EC: 1.6.5.4), and DHAR (EC: 1.8.5.1) were deter-
mined at 340, 290, 340, and 265 nm, respectively, as reported 
by Noctor et al. (2016). The absorbances were measured 
after 1 min, and extinction coefficients of 6.2 mM–1 cm–1, 
2.8 mM−1 cm−1, 6.2 mM–1 cm–1, and 14 mM–1 cm–1 were 
used to calculate GR, APX, MDHAR, and DHAR, respec-
tively. The activities of Gly I (EC: 4.4.1.5) and Gly II (EC: 
3.1.2.6) were determined at 240 and 412 nm as per the 
methods of Hossain and Fujita (2009) and Principato et al. 
(1987) using extinction coefficients of 3.37 mM−1 cm−1 and 
13.6 mM−1 cm−1, respectively.

Grain yield

At the physiological maturity, plants of four linear meters 
from the middle of the plot were cut at the ground level. 
From the harvested samples, spikes were separated and 
collected in a cloth bag and dried in sun. The spikes were 
threshed and cleaned manually, and the weight of grain was 
taken and adjusted to 12% moisture, and grain yield was 
expressed in t ha−1.

Statistical analysis

Statistical analyses were performed using R-4.1.0 for win 
(http://​CRAN.R-​proje​ct.​org/) (accessed on September 15, 
2021). Physio-chemical and yield data were subjected to 
3-factor (variety × growing condition × growth stage) and 
2-factor (variety × growing condition) analysis of variance 
(ANOVA), respectively, in the general linear model using 
the package lme4 (Bates et al. 2015) and Tukey’s HSD test 
was used to compare mean differences using the library 
agricolae (de Mendiburu and Yaseen 2020). Differences at 
p ≤ 0.05 were deemed significant.

Results

Molecular screening of 2NvS and non‑2NvS wheat 
varieties

The molecular detection revealed that ‘BG33’ was positive 
for 2NvS specific primers and, therefore, confirmed the pres-
ence of a 2NvS translocation segment in the variety (Fig. 2A, 
B). However, the negative reaction of the primers with heat-
tolerant ‘BG26’ and heat-susceptible ‘Pavon’ indicated that 
these varieties did not carry a 2NvS segment.

Effect of variety, growing condition, and growth 
stage on the studied parameters

The main effect of variety (V), growing condition (C), and 
growth stage (S) in the general linear model (GLM) was 
highly significant for all studied parameters (Supplementary 
Table S2). Except for Gly II, the V × C was also signifi-
cant for all traits, whereas V × S was significant for most of 
the studied traits excluding CMS, Pro, GPX, DHAR, and 
MDHAR. Apart from GR, C × S was significant for all stud-
ied parameters; however, V × C × S was significant only for 
O2

•−, MDA, LOX, AsA, CAT, POD, GST, GR, and DHAR 
(Supplementary Table S2). Grain yield (GY) were estimated 
at the final harvest and subjected to two-factor analysis of 
variance and found that the main effects (V and C) for GY 
were highly significant, while interactions (V × C) were not 
significant in the GLM (Supplementary Table S2).

Canopy temperature, membrane stability, 
and oxidative stress indicators

With the progression of reproductive growth, the CT was 
increased significantly under heat stress conditions in all 
wheat varieties compared to control (Fig. 3A). Regarding 
growth stages, the CT increased by 26, 29, and 31% at anthe-
sis, 7 DAA, and 15 DAA, respectively under heat stress. In 
terms of the varietal response to heat stress, ‘Pavon’ showed 
the highest increase (31%) in the CT in comparison with 

Fig. 2   PCR amplification of 
genomic DNA of wheat varie-
ties with 2NvS specific primers 
VENTRUIP-F/LN2-R (A) and 
Yr17-F/Yr17-R (B)
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27 and 28% increases in ‘BG26’ and ‘BG33’, respectively 
(Fig. 3A).

Cell membrane stability was decreased under heat stress 
at all reproductive growth stages in the wheat varieties, 
but the magnitude was significant and higher in the variety 
‘Pavon’ (Fig. 3B). Compared to control, CMS was decreased 
by 13, 16, and 24% at anthesis, 7 DAA, and 15 DAA, respec-
tively, under heat stress. The highest 35% decrease in CMS 
due to heat stress was recorded in ‘Pavon’, while 9 and 10% 
for ‘BG26’ and ‘BG33’, respectively (Fig. 3B).

Under heat stress conditions, the generation of O2
•− in 

all wheat varieties increased as reproductive growth pro-
gressed, with a greater extent of increase in ‘Pavon’ 

(Fig. 3C). Compared to the control, heat stress caused 
79, 141, and 185% increases in O2

•− at anthesis, 7 DAA, 
and 15 DAA, respectively, across 3 varieties. Regarding 
the varietal response to heat stress, ‘BG26’ and ‘BG33’ 
showed a relatively lesser increase in O2

•− (88 vs. 82%) 
compared to the robust 235% increase in ‘Pavon’.

Hydrogen peroxide content increased sharply at all the 
reproductive growth stages in all wheat varieties, though 
the degree of increase was higher in ‘Pavon’ (Fig. 3D). Heat 
stress increased H2O2 content by 52, 59, and 92%, at anthe-
sis, 7 DAA, and 15 DAA, respectively, when compared to 
the control. In response to heat stress, 54 and 46% increase 

Fig. 3   A Canopy temperature 
(CT), B cell membrane stability 
(CMS), C superoxide radicle 
(O2

•−), D hydrogen peroxide 
(H2O2), E malondialdehyde 
(MDA), and F lipoxygenase 
(LOX) activity at the reproduc-
tive stages of wheat varieties 
grown under control and heat 
stress conditions. Vertical bars 
represent ± SE values. Asterisks 
over the bar indicate the mean 
value is significantly different 
from the corresponding mean 
value of control at p ≤ 0.05 by 
Tukey’s HSD test. FW fresh 
weight, DAA days after anthesis

Fig. 4   Accumulation patterns of 
osmolytes and non-enzymatic 
antioxidants at the reproduc-
tive stages of wheat varieties 
grown under control and heat 
stress conditions: A proline, B 
glycine betaine (GB), C reduced 
glutathione (GSH), and D 
ascorbate (AsA) content. Verti-
cal bars represent ± SE values. 
Asterisks over the bar indicate 
the mean value is significantly 
different from the correspond-
ing mean value of control at 
p ≤ 0.05 by Tukey’s HSD test. 
FW fresh weight, DAA days 
after anthesis
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in H2O2 content was recorded in ‘BG26’ and ‘BG33’, while 
‘Pavon’ showed a 103% increase (Fig. 3D).

Due to heat stress, the MDA content and LOX activity 
were remarkably increased in wheat varieties at all repro-
ductive growth stages (Fig. 3E, F). Irrespective of grow-
ing conditions and growth stages, MDA content and LOX 
activity were the lowest ‘BG33’ and the highest in ‘Pavon’. 
Regarding growth stages, MDA content increased by 39, 
46, and 61% and the LOX activity by 88, 117, and 174% 
at anthesis, 7 DAA, and 15 DAA, respectively, under heat 
stress. In terms of varietal response to heat stress, ‘BG26’, 
‘BG33’, and ‘Pavon’ showed 39, 34, and 74% increases in 
MDA content and 75, 82, and 221% increases in LOX activ-
ity, respectively (Fig. 3E, F).

Accumulation of osmolytes and non‑enzymatic 
antioxidants

In response to heat stress, Pro and GB contents increased 
significantly in ‘BG26’ and ‘BG33’ at the time of anthesis; 
however, at 7 and 15 DAA, the osmolytes increased signifi-
cantly in all three wheat varieties (Fig. 4A, B). Regarding 
growth stage response to heat stress, Pro content increased 
by 60, 86, and 94% at anthesis, 7 DAA, and 15 DAA, respec-
tively, while GB increased by 84, 111, and 116%. ‘BG26’, 
‘BG33’, and ‘Pavon’ exhibited 87, 100, and 54% increases 
in proline content and 109, 121, and 81% increases in GB 
content, respectively, in response to heat stress (Fig. 4A, B).

At the time of anthesis, GSH content increased substan-
tially in ‘BG26’ and ‘BG33’ in response to heat stress; how-
ever, the increase was significant in all three wheat varieties 
at 7 and 15 DAA (Fig. 4C). GSH content elevated by 57, 
63, and 67% at anthesis, 7 DAA, and 15 DAA, respectively, 
when heat stress was induced. In response to heat stress, the 
GSH content of ‘BG26’, ‘BG33’, and ‘Pavon’ increased by 
87, 78, and 22%, respectively (Fig. 4C). Contrarily, at all the 
growth stages, AsA content decreased significantly only in 
‘Pavon’ in response to heat stress; however, the decrease was 
significant for ‘BG26’, at 7 and 15 DAA (Fig. 4D). At anthe-
sis, 7 DAA, and 15 DAA, AsA content decreased by 27, 33, 
and 35%, respectively, in response to heat stress. The AsA 
content of ‘BG26’, ‘BG33’, and ‘Pavon’ decreased by 17, 12, 
and 67%, respectively, in response to heat stress (Fig. 4D).

Activities of antioxidant enzymes

In response to heat stress, SOD activity increased substan-
tially in all wheat varieties at the reproductive stages, with a 
greater extent in ‘BG26’ and ‘BG33’ than ‘Pavon’ (Fig. 5A). 
Regarding growth stage response to heat stress, SOD activ-
ity increased by 53, 74, and 92% at anthesis, 7 DAA, and 15 
DAA, respectively. Regarding the varietal response to heat 
stress, ‘BG26’, ‘BG33’, and ‘Pavon’ exhibited 78, 94, and 
47% increases in the SOD activity, respectively (Fig. 5A).

Due to heat stress, ‘BG26’ and ‘BG33’ showed the 
increasing trend in the CAT and POD activities over the 
reproductive growth; however, except anthesis, both CAT 
and POD activities decreased at the later reproductive 

Fig. 5   Specific activity of A 
superoxide dismutase (SOD), 
B catalase (CAT), C guai-
acol peroxidases (POD), D 
glutathione peroxidase (GPX), 
and E glutathione S-transferase 
(GST) enzymes at the reproduc-
tive stages of wheat varieties 
grown under control and heat 
stress conditions. Vertical bars 
represent ± SE values. Asterisks 
over the bar indicate the mean 
value is significantly different 
from the corresponding mean 
value of control at p ≤ 0.05 by 
Tukey’s HSD test. DAA days 
after anthesis
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growth stages of ‘Pavon’ (Fig. 5B, C). Under heat stress con-
ditions, CAT activity increased by 16, 16, and 7% at anthe-
sis, 7 DAA, and 15 DAA, respectively, while POD activity 
increased by 9, 15, and 3%, respectively. In terms of varietal 
response to heat stress, ‘BG26’ and ‘BG33’ exhibited 24 and 
22% increases in CAT activity and 20 and 19% increases in 
POD activity, respectively; however, the activities of both 
enzymes decreased by 7 and 12% in ‘Pavon’ (Fig. 5B, C).

Heat stress instigated a remarkable increase in the activ-
ity of GPX and GST in wheat varieties at the reproductive 
growth stages, with the greater extent of increase of GPX in 
‘BG33’ and GST in ‘BG26’ (Fig. 5D, E). Under heat stress, 
GPX activity increased by 36, 73, and 43%, respectively, 
while GST activity increased by 30, 37, and 33% at anthesis, 
7 DAA, and 15 DAA. In response to heat stress, the GPX 
activity of ‘BG26’, ‘BG33’, and ‘Pavon’ increased by 61, 
67, and 25%, respectively, while the GST activity increased 
by 36, 49, and 15% compared to the control (Fig. 5D, E).

Ascorbate peroxidase activity increased markedly 
under heat stress at the reproductive growth stages in all 
wheat varieties, though the degree of increase was higher 
in ‘BG26’ (Fig. 6A). Regarding growth stages, heat stress 
increased APX activity by 47, 51, and 57%, at anthesis, 7 
DAA, and 15 DAA, respectively, when compared to the con-
trol. As for varieties, 69 and 63% increase in APX activity 
was recorded in ‘BG26’ and ‘BG33’ under heat stress, while 
‘Pavon’ showed only 24% increase (Fig. 6A).

In response to heat stress, ‘BG26’ and ‘BG33’ showed an 
increasing trend in GR activity over reproductive growth. 
However, except for anthesis, GR activity decreased at 
the later reproductive growth stages of ‘Pavon’ (Fig. 6B). 
Under heat stress conditions, GR activity increased by 64, 
61, and 66% at anthesis, 7 DAA, and 15 DAA, respectively. 
In terms of varietal response to heat stress, ‘BG26’ and 
‘BG33’ exhibited 95 and 108% increases in GR activity, 

respectively; however, the activity of the enzyme decreased 
by 11% in ‘Pavon’ (Fig. 6B).

Due to heat stress, the MDHAR and DHAR activities 
were decreased in wheat varieties at all reproductive growth 
stages (Fig. 6C, D). Regarding growth stages, MDHAR 
activity decreased by 31, 37, and 39% and the DHAR activ-
ity by 18, 24, and 30% at anthesis, 7 DAA, and 15 DAA, 
respectively, under heat stress. When grown in the heat stress 
condition, ‘BG26’, ‘BG33’, and ‘Pavon’ showed 21, 30, and 
54% decreases in MDHAR activity, respectively, whereas 
DHAR activity decreased by 11, 14, and 47%. (Fig. 6C, D).

Glyoxalase system

Under heat stress conditions, the MG content increased sub-
stantially in all wheat varieties as the reproductive growth 
progressed, with a greater extent of increase in ‘Pavon’ 
(Fig. 7A). Compared to the control, heat stress instigated 
66, 67, and 76% increases in MG content at anthesis, 7 DAA, 
and 15 DAA, respectively across 3 varieties. As for varieties, 
‘BG26’ and ‘BG33’ showed a lesser increase in MG content 
(64 and 54%, respectively) compared to the 91% increase in 
‘Pavon’ (Fig. 7A).

Heat stress upregulated the activity of Gly I and Gly II 
in wheat varieties at the reproductive growth stages, with a 
comparatively lesser increase in ‘Pavon’ (Fig. 7B, C). Under 
heat stress, Gly I activity increased by 21, 36, and 34%, 
respectively, whereas Gly II activity increased by 17, 20, 
and 25% at anthesis, 7 DAA, and 15 DAA. Regarding the 
varietal response to heat stress, the Gly I activity of ‘BG26’, 
‘BG33’, and ‘Pavon’ increased by 35, 45, and 10%, respec-
tively, while the Gly II activity increased by 21, 29, and 13% 
compared to the control (Fig. 7B, C).

Fig. 6   Specific activity of A 
ascorbate peroxidase (APX), 
B glutathione reductase (GR), 
C dehydroascorbate reduc-
tase (DHAR), and D mono-
dehydroascorbate reductase 
(MDHAR) enzymes at the 
reproductive stages of wheat 
varieties grown under control 
and heat stress conditions. Ver-
tical bars represent ± SE values. 
Asterisks over the bar indicate 
the mean value is significantly 
different from the correspond-
ing mean value of control at 
p ≤ 0.05 by Tukey’s HSD test. 
DAA days after anthesis
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Effect of heat stress on grain yield

Under heat stress conditions, GY of the wheat varieties 
decreased remarkably but the decrease was significant only 
in ‘Pavon’ (Fig. 8). Irrespective of the growing conditions, 
2NvS ‘BG33’ maintained a higher GY than that of ‘BG26’ 
and ‘Pavon’. Due to heat stress, the GY of ‘BG26’, ‘BG33’, 
and ‘Pavon’ decreased by 15, 12, and 33%, respectively 
(Fig. 8).

Discussion

Heat stress-induced damages are the result of multifaceted 
and interrelating plant physiological processes. Above 
crop- and phenological stage-specific threshold tempera-
ture can lead to plant tissue damage and stalled physiologi-
cal processes. Relatively lower CT, was correlated with the 
final yield and other physiological processes under stress 
(Gautam et al. 2015). Our findings suggested that ‘BG33’ 
showed a comparatively lower increase in CT than heat-
susceptible variety ‘Pavon’ under terminal heat stress which 
in turn reflected on the grain yield of the varieties. Both 
‘BG26’ and ‘BG33’ also possess comparatively stable and 
functional CMS under heat stress and are regarded to be 
potential options for selecting or improving wheat varieties 
for heat tolerance (ElBasyoni et al. 2017).

Heat stress intensifies the generation of reactive oxygen 
species (ROS) (Mishra et al. 2011). MDA content and LOX 
activity are used to assess membrane lipid peroxidation and 
oxidative stress, as well as the effects of these molecules 
on proliferating membrane fluidity, leakiness, and damage 
to membrane proteins, enzymes, and ion channels (Alché 
2019). In comparison with heat-tolerant ‘BG26’ and 2NvS 
‘BG33’, heat-susceptible ‘Pavon’ showed a substantial 
increase in the levels of O2

•−, H2O2, and MDA and the LOX 
activity under heat stress, indicating greater susceptibility of 
the variety to terminal heat-induced oxidative stress. Lower 

Fig. 7   A Methylglyoxal (MG) content; specific activity of B glyoxa-
lase I (Gly I) and C glyoxalase II (Gly II) enzymes at the reproduc-
tive stages of wheat varieties grown under control and heat stress 
conditions. Vertical bars represent ± SE values. Asterisks over the bar 
indicate the mean value is significantly different from the correspond-
ing mean value of control at p ≤ 0.05 by Tukey’s HSD test. FW fresh 
weight, DAA days after anthesis

Fig. 8   Grain yield of the wheat 
varieties under control and 
heat stress. The horizontal line 
and black circle within the box 
represent the median and mean, 
respectively. Different letters 
indicate significant difference at 
p ≤ 0.05 by Tukey’s HSD test
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increases in these oxidative stress markers in heat-tolerant 
‘BG26’ and 2NvS ‘BG33’ in response to heat stress suggest 
the improved heat tolerance of the varieties due to less inhi-
bition or increased activation of antioxidant defense mecha-
nisms compared to heat-susceptible ‘Pavon’.

As important osmolyte, accumulation of Pro is shown 
to alleviate osmotic stress (Majláth et al. 2012), protect 
some enzymes and protein complexes from heat-induced 
destabilization (Wang et al. 2010), and indirectly act as an 
antioxidant. Proline also increases the levels of AsA and 
GSH by activating the synthesis of these molecules (Iqbal 
et al. 2021). In the current research, in comparison to the 
heat-susceptible ‘Pavon’, the heat-tolerant ‘BG26’ and 2NvS 
‘BG33’ had a higher accumulation of Pro, GB, GSH, and 
AsA, indicating less disruption of pathways synthesizing 
these antioxidants under heat stress. As a result, these varie-
ties showed the fewer amount of ROS accumulation under 
heat stress.

Superoxide dismutase offers primary protection against 
O2

•− in plant cells, which is then converted to H2O2 and 
then to H2O by CAT and peroxidases (POD, APX, and 
GPX), thus preventing cell damage (Gill and Tuteja 2010). 
In this study, SOD, CAT, and POD activity increased sig-
nificantly in the heat-tolerant ‘BG26’ and 2NvS ‘BG33’, 
while CAT and POD activity decreased in the heat-suscep-
tible ‘Pavon’ (Fig. 6A, B, C), perhaps owing to inactiva-
tion by the higher accumulation of H2O2 in the suscepti-
ble variety induced by heat stress. In tolerant varieties, 
the higher increase in SOD, CAT, and POD activity may 
effectively detoxify O2

•− and H2O2 generated by heat 
stress, and vice versa in susceptible variety (Mohi-Ud-
Din et al. 2021b). Increasing activity of SOD, CAT, and 
POD in heat-tolerant and -susceptible wheat varieties, but 
decreasing activity in CAT and POD in the heat-suscepti-
ble variety under terminal heat stress was also reported by 
Almeselmani et al. (2009). Glutathione peroxidases reduce 
H2O2 and lipid hydroperoxides (ROOHs) with GSH (Noc-
tor et al. 2002), whereas GST catalyze the conjugation of 
electrophilic xenobiotic substrates with GSH (Dixon et al. 
2010), and thus, protecting the plant cell membrane from 
oxidative damage. In comparison to ‘Pavon’, the results 
showed that ‘BG26’ and ‘BG33’ had a larger increase in 
GPX and GST activity in response to heat stress at all 
reproductive growth stages, indicating that the varieties 
had a greater ability to scavenge H2O2, ROOHs, and xeno-
biotics. In our study, enhanced GSH content in ‘BG26’ and 
‘BG33’ provided enough substrate for these enzymes and 
took part in the protection again oxidative stress. Moreo-
ver, ‘BG26’ and 2NvS segment carrying ‘BG33’ counter-
acted ROS generation by maintaining a relatively higher 
increase in SOD, CAT, POD, GPX, and GST compared to 
a lower increase in SOD, GPX, and GST and a significant 

decrease in CAT and POD in heat-susceptible ‘Pavon’ 
under heat stress.

The AsA-GSH cycle is the primary metabolic pathway for 
the scavenging and/or detoxification of ROS and, therefore 
protecting plants from oxidative stress (Tiwari and Yadav 
2019; Hasanuzzaman et al. 2019). Our findings revealed 
a substantial rise in GSH and a drop in AsA levels in all 
wheat varieties subjected to heat stress. However, ‘BG26’ 
and ‘BG33’ showed relatively higher accumulation of GSH 
and lower decrease in AsA contents compared to ‘Pavon’. 
The enhanced use of AsA to counteract the larger quantity of 
ROS generated during heat stress was shown by the greater 
drop in AsA concentration in heat-sensitive ‘Pavon’. Under 
heat stress, a greater rate of GSH synthesis was expedited by 
a significant rise in GR activity, resulting in a larger increase 
in GSH content in ‘BG26’ and ‘BG33’ than in ‘Pavon’.

Ascorbate peroxidase is the vital enzyme in the 
AsA–GSH cycle, and it plays a crucial role in plant defense 
against oxidative stress by catalyzing the conversion of H2O2 
to water in the chloroplasts (Pandey et al. 2017). Heat-tol-
erant ‘BG26’ and ‘BG33’ showed a significant and higher 
relative increase in APX activity under heat stress conditions 
over the control at all reproductive growth stages compared 
to heat-susceptible ‘Pavon’, which is in agreement with Alm-
eselmani et al. (2009) and Tiwari and Yadav (2019). In our 
study, the activities of DHAR and MDHAR were shown to 
be substantially reduced at all wheat varieties at the repro-
ductive stages as a result of heat stress. Since DHAR and 
MDHAR both have a role in recycling AsA and its redox 
state under oxidative stress (Li et al. 2018), reductions in 
their activities were accompanied by a drop in AsA con-
tent in the current investigation and these reductions were 
more pronounced in the heat-sensitive variety ‘Pavon’. Col-
lectively, our findings revealed that the AsA–GSH cycle is 
more efficient in the heat-tolerant variety ‘BG26’ and 2NvS 
translocation carrying ‘BG33’ than in the heat-susceptible 
variety ‘Pavon’. The differences in these varietal responses 
to heat stress are a result of the variations in the activities 
of enzymatic and non-enzymatic antioxidants associated 
with the AsA–GSH cycle. The augmented activity of the 
AsA–GSH cycle in ‘BG33’ might be due to the presence of 
oxidative stress-tolerant locus in the 2NvS segment.

Methylglyoxal damages cellular functions and can even 
destroy DNA (Hasanuzzaman et al. 2017). In comparison 
to ‘BG26’ and ‘BG33’, a higher relative increase in MG 
levels in ‘Pavon’ at all reproductive growth stages showed 
the degree of inactivation of the essential defense system 
and irreversible metabolic dysfunction under heat stress. 
Relatively, lower accumulation of MG and higher activi-
ties of Gly I and Gly II in the tolerant wheat varieties was 
reported earlier under heat-stress conditions (Mohi-Ud-Din 
et al. 2021b). Similarly, in the heat-tolerant ‘BG26’ and 2NvS 
‘BG33’, a larger relative increase of Gly I and II imparts 
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effective MG detoxification; additionally, these enzymes aid 
in the maintenance of GSH homeostasis and eventual ROS 
detoxification.

As a heat-tolerant variety, ‘BG26’ was able to maintain 
relatively lower generation of O2

•−, H2O2, MDA, LOX 
and MG content, higher Pro, GB, GSH and AsA contents, 
and lessened oxidative stress with augmented antioxidant 
capacity and a lower reduction in grain yield under heat 
stress. Nonetheless, ‘BG33’, a variety that carries a 2NvS 
chromosomal segment, also exhibited a similar ability to 
tolerate terminal heat-induced oxidative stress. Our findings 
endorsed the postulation of Gao et al. (2021) that the 2NvS 
is actually conferring yield advantage, even in the absence 
of pathogen pressure. In our study, the higher heat toler-
ance of the ‘BG33’ variety containing cytochrome P450 
(CYP) gene families in the 2NvS chromosomal segment 
might be linked with upregulation of these genes under heat 
stress (Fig. 9). The upregulation CYP genes for antioxidant 
enzymes is likely to maintain the levels of AsA and GSH. 
As a result, 2NvS chromosomal segment in ‘BG33’ miti-
gates the ROS-induced oxidative stress and confers heat tol-
erance. The CYP73A (trans-cinnamate 4-monooxygenase), 
CYP75A (flavonoid 3′,5′-hydroxylase), and CYP75B (fla-
vonoid 3′-monooxygenase) genes have been significantly 
upregulated under heat and cold stress in Lolium perenne 
and Festuca arundinacea (Tao et al. 2017). A further study 
is needed to confirm the involvement of CYP gene fami-
lies and/or other genes present in the 2NvS chromosomal 
segment of ‘BG33’ in terminal heat tolerance shown in 

this report. The molecular mechanism of heat tolerance of 
‘BG26’ is also an interesting subject for further molecular 
study.

Conclusion

Comprehensive analysis of ROS, osmolytes, activities of 
antioxidant enzymes, the effectiveness of AsA–GSH cycle, 
and glyoxalase system reveal that both 2NvS translocation 
segment carrying ‘BG33’ and non-2NvS carrying heat-tol-
erant variety ‘BG26’ exhibited greater tolerance to terminal 
heat-induced oxidative stress compared to heat-susceptible 
‘Pavon’. Both wheat varieties have potent antioxidant sys-
tems that serve in imparting tolerance throughout repro-
ductive growth stages and, hence, compensate for yield 
losses due to heat stress. The substantial tolerance against 
heat-induced oxidative stress exhibited by ‘BG33’ might be 
linked with the presence of CYP and/or other genes present 
in the 2NvS chromosomal segment in ‘BG33’. Our findings 
serve as a foundation for further molecular research for dis-
secting the involvement of gene(s) in the 2NvS chromosomal 
segment of ‘BG33’ associated with heat stress tolerance in 
wheat.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00709-​022-​01759-w.

Fig. 9   Simplified scheme showing diverse roles of cytochrome P450 
(CYP) genes present in the 2NvS chromosomal segment. CYP73A, 
CYP75A, and CYP75B genes are upregulated under heat stress and 

involved in heat-induced oxidative stress tolerance. ROS reactive oxy-
gen species
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