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Abstract High-temperature stress induces cellular changes leading to over-production of highly reactive oxygen species
(ROS) which damage macromolecules and cell organelles, eventually resulting in cell death. Antioxidative metabolism in
plants comprising of enzymatic and non-enzymatic antioxidants imparts tolerance by scavenging or detoxification of excess
ROS. We investigated the response of major H,O,-detoxifying system, the AsA—GSH cycle in four genotypes of maize
differing in heat sensitivity. Stress was imposed by staggered sowing so that one set of plants faced high-temperature stress at
their anthesis-silking stage. The concentrations of H,O, increased across the genotypes by high temperature; however, the
increase was lesser in tolerant genotypes: NSJ 189 and NSJ 221. High-temperature stress led to an increase in the level of GSH
and GSSG in all the genotypes, whereas GSH/GSSG decreased in sensitive genotypes: PSRJ 13099 and RJR 270. The
glutathione S-transferase activity increased significantly under heat stress. APX, MDHAR and DHAR activities decreased
under heat stress in the sensitive group. Under high temperature, GR activity remained unchanged in sensitive genotypes,
while it increased significantly in tolerant genotypes. Ascorbate levels increased in tolerant genotypes, while a decline was
observed in sensitive genotypes. Isoforms of APX showed some new bands in tolerant genotypes as well as higher intensity of
the existing ones as compared to sensitive genotypes under stress conditions. Isoforms of GR did not show any genotypic
differences under heat stress. Findings emphasized the importance and complexity of the AsA—GSH system in fine-tuning the
redox metabolism under heat stress in maize. The study also suggested that the antioxidative enzymes of ASA—GSH cycle play
a key role in sustaining the ROS homeostasis in cells, thus minimizing the potential toxic effects of ROS.

Keywords Antioxidative enzymes - Heat stress - Lipid peroxidation - Non-enzymatic antioxidants

Introduction

High temperature is one of the most decrementing envi-
ronmental constraints and is responsible for more than 50%
yield reduction and crop loss in some major crops [1].
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Following the recent trends of global warming and climatic
variability, high-temperature response in crop plants
becomes a major concern in the world [5, 22]. High-tem-
perature stress results from the temperatures high enough
to damage plant cellular homeostasis and plant tissues,
substantially affecting the overall vegetative to reproduc-
tive growth and metabolism [4]. Temperatures producing
heat stress are variable for different plant species and even
for different genotypes. However, temperatures ranging
between 35 and 45 °C are able to produce heat stress for
most of the tropical plants [14]. At cellular level, high
temperature causes oxidative stress [23, 41]. Oxidative
stress is the particular situation in ROS metabolism when
there is a substantial imbalance between ROS generation
and their detoxification. In plants, high-temperature stress

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40003-019-00421-x&amp;domain=pdf
https://doi.org/10.1007/s40003-019-00421-x

180

Agric Res (June 2020) 9(2):179-187

accelerates the production and reactions of ROS [37].
Major ROS produced under high-temperature stress
include singlet oxygen ('0,), superoxide (O5"), hydrogen
peroxide (H,O,) and hydroxyl radical (OH’). The major
effects of increased ROS level include autocatalytic per-
oxidation of biomolecules: lipids, proteins, nucleic acids
and pigments; alterations in membrane characteristics;
selective permeability and integrity [38].

To neutralize the ROS toxicity, a highly efficient and
competent antioxidant defense system, comprising both
enzymatic and non-enzymatic components, is present in all
plants. The enzymatic antioxidant defense system com-
prises several antioxidative enzymes: superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPX),
glutathione S-transferase (GST), glutathione reductase
(GR), ascorbate peroxidase (APX), monodehydroascorbate
reductase (MDHAR) and dehydroascorbate reductase
(DHAR). Non-enzymatic antioxidants include the
metabolites: ascorbate (AsA), carotenoids, glutathione
(GSH), anthocyanins, tocopherol, flavanones, etc. [13, 27].
In consonance with ROS detoxification, the H,O, con-
centrations must be kept under strict regulation because of
its highly toxic and reactive nature. In plants, the main
H,0, detoxification system is the AsA—GSH cycle, which
regulates majorly in chloroplasts [2]. Although the major
site of ASA—GSH cycle operation is chloroplasts, it also
plays a major role in ROS detoxification in mitochondria,
peroxisomes and cytosol [25, 33]. AsA—-GSH cycle, also
known as Halliwell-Asada pathway, is the pathway
responsible for recycling of reduced forms of ascorbate and
glutathione. The change in ratio of reduced to oxidized
form of ascorbate and glutathione is very crucial for the
cell to sense oxidative stress and respond accordingly. The
AsA-GSH cycle involves consecutive oxidation/reduction
of ascorbate, glutathione and NADPH. These oxidation/
reduction reactions are catalyzed by the enzymes APX,
MDHAR, DHAR and GR.

Maize (Zea mays L.) is an important cereal crop in India
and across the globe. High temperature during the repro-
ductive phase (anthesis-silking and grain filling time)
imposes severe yield loss of maize and other cereals
[30, 39]. Taking into consideration the severe effects of
extreme temperature, developing heat tolerance in maize
plants is required to sustain the global agricultural pro-
ductivity for the increasing population worldwide. The
high-temperature stress tolerance is a complex phe-
nomenon which involves an array of molecular, biochem-
ical and physiological developments at whole plant as well
as cellular and subcellular levels [36]. The present inves-
tigation was proposed to understand the response of tol-
erant and susceptible genotypes of maize to high-
temperature stress with special emphasis on the role of
activities of antioxidative enzymes of AsA—GSH cycle.
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Materials and Methods
Plant Materials and Stress Treatments

Four maize (Zea mays L.) genotypes NSJ 189 and NSJ 221
(heat tolerant) and PSRJ 13099 and RJR 270 (heat sus-
ceptible) [40] were evaluated for various parameters rela-
ted to antioxidative stress metabolism in response to high-
temperature stress. The experiment was laid out in a ran-
domized complete block design with three replications as
described previously by Yadav et al. [39]. Sowing was
spread over 30-days interval during January and February
2016 so that the reproductive stage of plants sown later was
exposed to higher temperatures. Standard agronomic
practices were followed to nullify their impact on growth.
The maximum and mean day temperatures for the early
sown crop were 37.2 and 33.5 °C, whereas for the late
sown crop these were 43.6 and 38.7, respectively. The crop
sown later faced high-temperature (HT) stress during fer-
tilization and grain filling stage. Observations reported
were recorded in triplicate on youngest fully expanded leaf
of consistent size on three independent plants at their
reproductive stage.

Determination of Lipid Peroxidation and H,0,

Lipid peroxidation in terms of MDA content and H,O,
determination was carried out as per procedure described
previously [40]. Membrane lipid peroxidation, MDA,
which is a by-product of predominantly polyunsaturated
fatty acids (PUFA), was quantified by using thiobarbituric
acid (TBA). H,O, was extracted by homogenizing fresh
leaf samples (0.5 g) with 3 mL of chilled 50 mM potas-
sium phosphate buffer (pH 6.5). The homogenate was
centrifuged at 10,000xg for 15 min. Three mL of extract
was incubated for 10 min with 1 mL of 0.1% TiCl, in 20%
H,SO, at room temperature followed by centrifugation at
10,000x g for 15 min. Optical density of the supernatant
was recorded at 410 nm against respective blank. H,O,
content was calculated by using a molar extinction coeffi-
cient (€ =0.28 uM~' cm™") and expressed as nmol g~ '
FW.

Extraction and Measurement of Ascorbate
and Glutathione

The ascorbate and glutathione were extracted by homoge-
nizing the fresh leaves (1 g) in 5 mL chilled 5% meta-
phosphoric acid amended with 1 mM EDTA. Homogenate
was centrifuged at 12,000xg for 10 min, and the super-
natant was stored at 4 °C. To estimate ascorbate, method of
Huang et al. [17] was followed with minor modifications
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wherein the supernatant was neutralized with K-phosphate
buffer (0.5 M, pH 7.0). The reduced ascorbate was assayed
spectrophotometrically at 265 nm using K-phosphate buf-
fer (100 mM, pH 7.0) with 0.5 unit of ascorbate oxidase.
Quantification was done by using standard curve made with
AsA.

Total glutathione (pool) was assayed according to Yu
et al. 2003 [42] with some small modifications. Five hun-
dred pl of crude extract was added to 480 pl of reagent A
[500 mM K-phosphate buffer (pH 7.0), 15 mM EDTA,
0.3 mM 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB)] and
120 pl of reagent B (1 mM EDTA, 50 mM imidazole
solution and 0.02% BSA) and 120 ul 5% Na,HPOy, 2 U of
glutathione reductase and 80 pl NADPHNa,. The obser-
vations were recorded at 421 nm. GSSG was measured in
the similar manner as total glutathione, excepting that the
crude extract was incubated with 40 pl 2-vinylpyridine for
1 h at 25 °C prior to adding in the assay mixture as above.
Quantification was carried out by using standard curves of
GSSG and GSH.

Determination of Protein Content

Soluble protein concentration was quantified according to
Bradford assay method [6]. Bovine serum albumin (BSA)
was used as a standard.

Enzyme Extraction and Assays

Enzyme extraction was performed by homogenizing 0.5 g
fresh leaf tissue in 0.05 M potassium phosphate buffer, pH
7.0 amended with 0.1 M KCl, 0.001 M ascorbate, 0.005 M
f-mercaptoethanol and 10% glycerol (w/v). The super-
natant was collected after spinning the homogenate at
10,000x g. All the operations were carried out at 4 °C.

For APX activity assay, Nakano and Asada [26] method
was followed. The reaction mixture contained 50 mM
potassium phosphate buffer pH 7.0, 0.1 mM H,0,, 0.5 mM
AsA, 0.1 mM EDTA and enzyme extract in a final volume
of 3 mL. H,O, was added to the above mixture just in the
last to initiate the reaction. A linear decrease in Aoy nm at
every 15 s was recorded for 1 min. APX enzyme units
were calculated by using an extinction coefficient of
28 mM ' em™'.

MDHAR activity was determined according to Hossain
et al. [16]. Assay reaction mixture contained 50 mM Tris—
HCI1 buffer (pH 7.5), 2.5 mM AsA, 0.5 unit of ascorbate
oxidase (AO), 0.2 mM NADPH and enzyme extract in a
final volume of 3 mL. Reaction was initiated by adding
ascorbate oxidase, and a change in A4y was recorded at
every 15s for 1 min. Enzyme units were calculated
according to a molar extinction coefficient (6.2 mM~" -
cm™ ), and activity was expressed as U mg~' protein.

DHAR activity was assayed according to Nakano and
Asada [26]. Assay reaction mixture contained 50 mM
potassium phosphate buffer (pH 7.0), 0.1 mM DHA and
2.5 mM GSH. The reaction was started by adding enzyme
extract to the reaction mixture. DHAR activity was cal-
culated by recording change in A,gs for 1 min, and The
enzyme unit was calculated by using the extinction coef-
ficient of 14 mM ' cm™ .

GR activity was measured according to Hasanuzzaman
et al. [15] with slight modifications. Reaction mixture
contained 50 mM potassium phosphate buffer (pH 7.5),
3.5 mM MgCl,, 150 uM NADPH and 0.5 mM oxidized
glutathione and crude extract. A decrease in Az, because
of the oxidation of NADPH was recorded. A concentration
of NADP' was calculated by using a molar extinction
coefficient (€ = 6.2 mM ™' cm™'). GR unit was defined as
the amount of enzyme that produced 1 pmol min~'
NADP" and expressed as U mg~' protein
(nmol min~'mg ™" protein).

GST activity was determined by using the method of
Hossain et al. [16] with some minor modifications. The
reaction mixture contained 100 mM Tris—HCI buffer (pH
6.5), 1.5 mM GSH, 1 mM CDNB and enzyme extract in a
final volume of 3 mL. CDNB was added to initiate the
reaction, and an increase in As4y was recorded for 1 min.
GST units were calculated by using the extinction coeffi-
cient of 9.6 mM~" cm™".

In gel Activity Assay of APX and GR

Crude enzyme extracts were used for in gel activity assays.
Samples were applied with Laemmli [20] buffer without
SDS. Electrophoretic separation of APX and GR isoforms
was performed on 4% stacking and 10% resolving non-
denaturing, non-reducing polyacrylamide gels by using
ATTO mini-dual slab electrophoresis system (AE-6531M/
P/MW) at a constant current of 30 mA per gel for 3 h at
4 °C. After electrophoresis, gels were stained according to
the respective protocols for the enzyme.

APX isoforms were identified by following the method
described by Mittler and Zilinskas [24], based on the
inhibition of ascorbate-driven NBT reduction. Two mM
ascorbate was added to the electrode buffer, and the gels
were pre-run for 30 min. After electrophoresis, gels were
equilibrated in 50 mM potassium phosphate buffers (pH
7.0) amended with 2 mM ascorbate for 30 min. The gels
were again incubated for 20 min in 50 mM potassium
phosphate buffer (pH 7.0) amended with 4 mM ascorbate
and 2 mM H,0,. After incubation, gels were washed
briefly in the same buffer for 1 min. After washing, the gels
were submerged in 50 mM potassium phosphate buffer
(pH 7.8) containing 28 mM TEMED and 2.45 mM NBT
with gentle shaking. The reaction was continued for
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Table 2 Mean, standard error and percent change for the characters evaluated in four maize genotypes sown on two different dates

Character First date of sowing (NT) Second date of sowing (HT) % Change (with respect to NT)
PSRJ RJR NSJ NSJ PSRJ RJR 270 NSJ  NSJ 221 PSRJ RIR NSJ NSJ
13099 270 189 221 13099 189 13099 270 189 221
MDA (nmol g~' FW) 29.3 277  28.0 327 70.7 76.7 527 48.0 1409 177.1 88.1 469
H,0, (nmol g~ FW) 61047  7443.7 6381.0 7061.7 11,574.0 12,634.0 8076.7 10,162.7 89.6 69.7 26.6 439
AsA (nmol g~' FW) 3398.0  3226.3 3233.7 3404.7 1804.0  1499.0 3306.7 35003 — 469 —535 23 2.8
GSH (nmol g~' FW) 249.0 2433 2517 2213 563.3 419.7 712.3 649.7 126.2 72.5 183.0 1935
GSSG (nmol g~' FW) 41.0 323 513 487 113.3 843 847 89.7 1764 160.8 649 842
GSH/GSSG ratio 6.1 7.6 4.9 4.5 5.0 5.0 8.4 72 —18.0 —344 703 59.6
APX activity 302.7 281.3 3094 340.0 349.3 309.4 548.0 505.3 154 10.0 77.1 48.6
(nmol min~' mg™" protein)
MDHAR activity 422 377 370 347 21.2 244 409 380 — 498 —351 10.6 9.3
(nmol min~" mg~" protein)
DHAR activity 191.0 202.7 1547 150.7 154.3 149.7  209.0 2057 — 192 —1262 351 365
(nmol min~" mg~" protein)
GR activity 28.8 325 294 190 253 333 547 33.6 — 12.1 24 864 764
(nmol min~" mg™" protein)
GST activity 225.2 225.1 2245 219.0 435.2 331.3  545.1 6052 932 472 1428 1764

(nmol min~" mg™" protein)

‘~’ indicates % decrease

Non-enzymatic Antioxidants

Marked decreases in AsA contents were observed in
genotypes PSRJ 13099 and RJR 270 (46.9% and 53.5%,
respectively) in response to high-temperature stress, as
compared to their respective control (Fig. 1). However,
genotypes NSJ 189 and NSJ 221 had significantly higher
AsA content, as compared to the plants subjected to high
temperature. A drastic increase in GSH content was
observed in response to high-temperature stress, as com-
pared to the control in all the genotypes (Table 2). The
genotypes NSJ 189 and NSJ 221 exposed to high temper-
ature showed 183% and 193.5% increase, respectively, in
GSH content compared to their respective control
(Table 2). However, genotypes NSJ 189 and NSJ 221
maintained the GSSG levels lower than the genotypes
PSRJ 13099 and RJR 270 under high temperature
(Table 2). A significant decrease in the GSH/GSSG ratio
was observed in genotypes PSRJ 13099 and RJR 270 in
response to heat stress which was 18% and 34.4%,
respectively, compared to their control (Table 2). How-
ever, genotypes NSJ 189 and NSJ 221 maintained the ratio
significantly higher by 70.3% and 59.6% in response to
heat stress as compared to their respective control.

Activities of Aantioxidative Enzymes

As given in Table 2, the APX activity of the maize leaves
increased under high-temperature stress. The genotypes

exposed to high temperature resulted in 10-77% increase
in APX activity compared to their respective control.
However, greater enhancement of APX activity was
observed in genotypes NSJ 189 and NSJ 221, and com-
pared to their respective control, the APX activities of
genotypes NSJ 189, NSJ 221, PSRJ 13099 and RJR 270
were 77.1%, 48.6%, 15.4% and 10% higher, respectively.

Compared to the respective controls, the mean activities
of MDHAR were 35.1% and 49.8% lower in the genotypes
RJR 270 and PSRJ 13099, respectively, exposed to high
temperature (Table 2). The DHAR activity also decreased
in the same pattern and was 19.2 and 26.2% lower in PSRJ
13099 and RJR 270, respectively, at high temperature.
More importantly, both the MDHAR and DHAR activities
were recorded higher in genotypes NSJ 189 and NSJ 221
with very small changes in the activities when compared
with their respective controls (Table 2).

The activity of GR remained almost unchanged in
genotypes PSRJ 13099 and RJR 270, while it increased
significantly in genotypes NSJ 189 and NSJ 221 under
high-temperature stress (Table 2). Genotypes NSJ 189 and
NSJ 221 showed 86.4% and 76.4% enhancement, respec-
tively, in the GR activities at high temperature.

Among all of the enzymes studied, GST activity of
maize leaves showed the highest up-regulation in response
to high-temperature stress. Under high temperature, the
mean activity increased by 114% compared to the plants
grown under normal temperature conditions (Table 2).
More importantly, the activity of genotypes NSJ 189 and
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Fig. 1 Electrophoretic mobility
profiling of ascorbate
peroxidase (APX) isozymes in
maize genotypes at reproductive NT HT NT
stage under normal (NT) and
high-temperature (HT) stress
conditions

NSJ 221 (176.4% and 142.8%) was increased more as
compared to genotypes PSRJ 13099 and RJR 270 (93.2%
and 47.2%).

In gel Activity Assay of APX and GR

APX, the most important H,O,-degrading antioxidative
enzyme in plants followed by CAT and POX, was found
more heat stable in NSJ 189 and NSJ 221 than PSRJ 13099
and RJR 270. Diversity trends were observed in APX
isozymes profile in the studied genotypes. Under normal
temperature conditions, genotypes NSJ 189 and NSJ 221
showed some unique APX isozymes (APX III, IV and V).
At higher temperature, seven isozymes of APX showed
activity in both the genotypes (Fig. 1). Some APX iso-
zymes (low molecular weight isoforms III, IV and V)
which are unique in NSJ 189 and NSJ 221 showed an
increase in activity under high-temperature conditions.
High molecular weight APX isozymes (I and II) showed
higher activity in all the genotypes under high temperature.
APX isozymes VI and VII were of almost similar intensity
in both growing conditions and across genotypes.

The native PAGE and in gel activity staining for GR
revealed the presence of two isoforms in all the genotypes.
Almost similar banding pattern and activity intensity
appeared among all the samples irrespective of the vari-
ability observed in genotypes and growth conditions.
Exposure to high temperature enhanced the intensity of
both the isoforms to a very minimal extent (Fig. 2).
However, no new GR isoform was observed under high-
temperature stress.
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Discussion

When plants face unfavorable conditions like high tem-
peratures, the ROS production increased including 'O,,
05, H,O, and OH' [23, 41], resulting in an imbalance in
the redox equilibrium due to imbalance in the production
and quenching of ROS. ROS may cause oxidative damage
to chloroplasts and other subcellular structures [3, 34] by
damaging membrane lipids. Lipid peroxidation (measured
as MDA) via its generation of chemically reactive products
contributes to the loss of cellular functions through the
inactivation of membrane enzymes and even of cytoplas-
mic proteins [35]. Higher MDA levels decreased mem-
brane fluidity, increased membrane permeability and
damaged membrane embedded proteins, enzymes and ion
channels [12]. Higher H,O, levels resulted in peroxidation
of membrane lipids [28], thus altering membrane structure
and its functions. In the present study, both the MDA and
H,O, levels significantly increased by heat treatment.
Genotypes having lower levels of H,O, also showed the
least increase in MDA content on exposure to high tem-
perature. Similar trends have been observed between H,O,
and MDA content earlier [19, 40].

Ascorbate and reduced glutathione are the key non-en-
zymatic antioxidants [13]. Ascorbate is an effective ROS
scavenger and cellular reductant in plants. Ascorbate can
react with a range of ROS such as H,O,, O; and 102,
which makes it a potent antioxidant. Additionally, GSH
plays a very vital role in alleviating heat-induced oxidative
stress. GSH plays a key role in ROS neutralization by
recycling other potential water-soluble antioxidant
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Fig. 2 Electrophoretic mobility
profiling of glutathione
reductase (GR) isozymes in
maize genotypes at reproductive [ |
stage under normal (NT) and
high-temperature (HT) stress
conditions

metabolites via the ascorbate—glutathione cycle [13]. Our
results from the present investigation demonstrated that
AsA content significantly decreased by high-temperature
stress (Table 1). This reduction in ascorbate pool was
accompanied by the decrease in DHAR and MDHAR as
well as increase in APX activity. On exposure to high
temperature, glutathione accumulated in the leaves
(Table 2). Kocsy et al. [18] and Yadav et al. [40] observed
an increase in GSH and increase in GSH biosynthesis in
plants under heat stress. Higher GSH content could be due
to increased GR activity. Both AsA and GSH contents were
observed to be significantly higher in genotypes NSJ 221
and NSJ 189 (Table 2). The formation of GSSG in heat-
treated seedlings might be due to the reaction of GSH with
oxy-radicals generated by oxidative stress or due to
enhancement of GST activity that decomposes H,O, and
organic hydroperoxide. An increase in GSSG content under
high temperature has been reported by Rivero et al. [32].

Ascorbate—glutathione cycle is the main metabolic
pathway to detoxify the ROS and recycling of non-enzy-
matic antioxidants. The ascorbate—glutathione cycle con-
tains four enzymes: APX, MDHAR, DHAR and GR which
are systematically and coordinately involved in the H,O,
detoxification. Other than H,0O, detoxification, these
enzymes also actively involved in the regeneration of non-
enzymatic antioxidants like AsA and GSH. Results
demonstrated that APX and GR activities significantly
increased with high temperature in all the genotypes. The
activities of MDHAR decreased markedly due to heat
stress while a differential response was observed in respect
of DHAR activities. These results were in partial

GRI

agreement with Rivero et al. [32] but opposite to findings
made by Ma et al. [21] and Dai et al. [8]. A slight increase
in APX and GR activities was not enough to protect the
plants from ROS-induced oxidative damages in susceptible
genotypes. As MDHAR and DHAR both are equally vital
in regulating the AsA level and its redox state [10, 11],
decreases in the activities of these enzymes were followed
by the decrease in AsA content. However, in genotypes
NSJ 221 and NSJ 189 exposure to heat treatment signifi-
cantly increased the activities of most of the enzymes
resulting in increased AsA content (Table 2).

GSTs catalyze the conjugation reactions between elec-
trophilic xenobiotic substrates and the GSH [9, 16]. In the
present study, GST activity in maize seedlings profoundly
increased in response to high temperature (Table 2). More
importantly, heat-stressed seedlings of genotypes NSJ 189
and NSJ 221 showed increased GST activity. The enhanced
GST activity might have reduced the levels of H,O, and
MDA content in maize seedlings under high-temperature
stress (Table 2). Similar enhancements in the activity of
GST have also been observed earlier [7, 15]. Polidoros and
Scandolios [29] reported induction in GST1 gene expres-
sion in response to higher H,O, levels.

AsA-GSH cycle is more efficiently operating in tolerant
genotypes, thus imparting enhanced tolerance. The differ-
ential response of these genotypes to heat stress as a con-
sequence of variation in the levels of non-enzymatic
antioxidants and activities of enzymes suggests that
manipulation of AsA—GSH pathway may lead to enhanced
heat tolerance to maize.
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