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Exogenous 6-Benzyladenine
Improves Waterlogging Tolerance in
Maize Seedlings by Mitigating
Oxidative Stress and Upregulating
the Ascorbate-Glutathione Cycle
Ji Wang, Daye Wang, Min Zhu* and Fenghai Li*

College of Agronomy, Specialty Corn Institute, Shenyang Agricultural University, Shenyang, China

The synthetic cytokinin 6-benzyladenine (6-BA) regulates plant growth and prevents

the negative consequences of various forms of abiotic stress, including waterlogging

in crop plants. The present study aimed to investigate the effects of exogenous 6-BA

on the growth, oxidative stress, and ascorbate-glutathione (AsA-GSH) cycle system

in the inbred SY-MY13 (waterlogging-resistant) and SY-XT1 (waterlogging-sensitive)

seedlings of waxy corn in conditions of waterlogging stress. The results demonstrated

that waterlogging stress causes chlorosis and necrosis in waxy corn leaves, inhibiting

growth and leading to the accumulation of reactive oxygen species (ROS), which induces

oxidative stress and, in turn, reduces membrane lipid peroxidation and the disruption of

membrane homeostasis. This is specifically manifested in the increased concentrations

of superoxide anion radicals (O−

2 ), hydrogen peroxide (H2O2), and malondialdehyde

(MDA), in addition to increased relative electrical conductivity (REC%) values. The

SY-MY13 strain exhibited growth superior to that of SY-XT1 when waterlogged due to

its excellent waterlogging resistance. Thus, exogenous 6-BA was found to be effective

in enhancing the growth of plants stressed by waterlogging in terms of the weight

of the shoots and roots, shoot height, and leaf area. In addition to this, exogenous

6-BA also reduced the accumulation of O−

2 , H2O2, and MDA, increased ascorbate

peroxidase (APX), glutathione reductase (GR), dehydroascorbate reductase (DHAR), and

monodehydroascorbate reductase (MDHAR) activity, and enhanced ascorbic acid (AsA),

and reduced glutathione (GSH) concentration through the regulation of the efficiency of

the AsA-GSH cycle system in maize plants. Hence, the application of exogenous 6-BA

can alleviate waterlogging-induced damage and improve waterlogging tolerance in waxy

corn via the activation of the AsA-GSH cycle system and the elimination of ROS.

Keywords: AsA-GSH cycle, oxidative stress, waterlogging stress, waxy corn, 6-benzyladenine

INTRODUCTION

Climate change has compounded global environmental risks, affecting crop growth and
jeopardizing food production and economic growth worldwide (Li et al., 2017; Tiwari
et al., 2017; Maraci et al., 2018). Of the heightened environmental risks, waterlogging has
already been identified as among the most critical abiotic stresses affecting crop productivity
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(Wright et al., 2017; Fukao et al., 2019). Waterlogging stress is
defined as the saturation of the soil around the roots of crops
with water, which creates a low-oxygen (hypoxic) environment
because of the limited diffusion of gas in water (Xu et al., 2016;
Ren et al., 2017).

Waterlogging stress modifies the balance between the
endogenous production and neutralization of reactive oxygen
species (ROS), such as superoxide anion radicals (O−

2 ), hydrogen
peroxide (H2O2), etc., causing the accumulation of ROS that
leads to oxidative stress in plants (Posso et al., 2018; Anee
et al., 2019; Begum et al., 2019; Malhi et al., 2019; Park
and Ju, 2019). Xiao et al. (2020) concluded that the exposure
of peach seedlings to waterlogging induced the accumulation
of intracellular reactive ROS, in turn, causing apoptosis and
impeding their growth and development. Lou et al. (2017)
observed that excess ROS increased lipid peroxidation, leading
to the dysregulation of several physiological mechanisms in
pakchoi. In addition, excess ROS also destroys physiological
membrane activity, causing cell swelling and rupture (Zhang
et al., 2007; Geetika et al., 2016; Sarwar et al., 2019).

Plants minimize the accumulation of ROS via complex and
highly efficient enzymatic and non-enzymatic antioxidants
(Ahmad et al., 2010, 2019; Kohli et al., 2019). Specifically, the
ascorbate-glutathione (AsA-GSH) cycle has been reported to
reduce the negative impact of ROS (Jung et al., 2020; Tan et al.,
2020; Wang M. et al., 2020). The AsA-GSH cycle consists of
the enzymes ascorbate peroxidase (APX), glutathione reductase
(GR), monodehydroascorbate reductase (MDHAR), and
dehydroascorbate reductase (DHAR), and the non-enzymatic
molecules ascorbic acid (AsA), dehydroascorbic acid (DHA),
reduced glutathione (GSH), and oxidized glutathione (GSSG)
(Ahmad et al., 2010, 2019; Kohli et al., 2019). After preferentially
donating an electron to APX, AsA becomes oxidized to
monodehydroascorbate (MDHA) or DHA, while APX reduces
H2O2 to H2O. MDHA is subsequently reduced to AsA by
MDHAR, and DHA is reduced to AsA by GSH-dependent
DHAR (Ahmad et al., 2010, 2019; Kohli et al., 2019). In a
parallel reaction, GSH becomes oxidized by DHAR to generate
GSSG, which is reduced back to GSH by GR (Foyer and Noctor,
2011; Kuo et al., 2020; Yildiztugay et al., 2020). Furthermore,
the AsA-GSH cycle can regulate oxidative damage caused
by environmental stresses, such as chromium stress in kenaf
cultivars (Niu et al., 2018), waterlogging stress in wheat (Wang
X. et al., 2016), drought stress in maize (Guo et al., 2020), and
saline stress in rice (Islam et al., 2017). Thus, plants reduce the
negative consequences of waterlogging stress through the up- or
down-regulation of enzymatic and non-enzymatic antioxidants.
Such studies have contributed to our understanding that the
AsA-GSH cycle regulates the physiological response of plants to

Abbreviations: AsA-GSH, ascorbate-glutathione; ROS, reactive oxygen species;
MDA, malondialdehyde; APX, ascorbate peroxidase; GR, glutathione reductase;
MDHAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase;
AsA, ascorbic acid; DHA, dehydroascorbic acid; GSH, reduced glutathione; GSSG,
oxidized glutathione; PGRs, plant growth regulators; FW, fresh weight; DW, dry
weight; REC%, relative electric conductivity.

stress (Alam et al., 2019; Ahanger et al., 2020; Ahmad et al., 2020;
Jan et al., 2020; Kaya et al., 2020).

Nevertheless, waterlogging stress results in several pernicious
consequences that require sustainable and effective measures.
One such intervention for alleviating waterlogging stress is
supplementation with a plant growth regulator (PGR). PGR are
often used to increase plant productivity, tolerance to stress,
and self-repair qualitatively similar to the physiological and
biological effects of phytohormones (Ali et al., 2015; Neill et al.,
2019). Studies have demonstrated that PGRs can significantly
increase the efficiency of the AsA-GSH cycle by removing the
oxidative damage caused by the accumulation of ROS induced by
environmental stress. Examples include heavy metal stress (Khan
et al., 2019), salt stress (Alam et al., 2019), drought stress (Wang
H. H. et al., 2016), and heat stress (Li Z., et al., 2016). Cell division
is the most fundamental process of any system of biotic growth
and development and core-to-tissue growth in all organisms
(Alim et al., 2012; Meng et al., 2020). Cytokinins are central
regulators of plant growth and development, playing important
regulatory functions in physiological processes, including cell
division, apical dominance, plant growth, photomorphogenesis,
nutrient translocation, and leaf senescence (Paul et al., 2016;
Wang Y. et al., 2016; Jan et al., 2019). In addition, cytokinins
are also implicated in the regulation of plant immune signaling
networks, suggesting that the growth and defense of plants are
intimately connected (Van der Does et al., 2013; Sorensen et al.,
2018). 6-benzyladenine (6-BA) is in a class of synthetic cytokinin
PGRs that can significantly increase levels of endogenous
cytokinins in crop plants, which otherwise decrease significantly
when experiencing environmental stress (Hu et al., 2020;
Prerostova et al., 2020). Thus, supplemental 6-BA allows plants
to overcome the negative effects of various types of abiotic stress.
Treatment with 6-BA has been shown to enhance photochemical
efficiency, increase growth, and reduce Na+ accumulation in
ryegrass in a saline environment; thus effectively preventing the
inhibition of growth in plants experiencing salt stress (Ji et al.,
2019). The exogenous application of 6-BA could significantly
reduce toxicity caused by cadmium (Cd) and uranium (U)
on rapeseed, subsequently reducing malondialdehyde (MDA)
and H2O2 levels and increasing antioxidant levels (Chen et al.,
2020). The addition of 6-BA also suppressed heat-induced leaf
senescence and oxidative damage in ryegrass (Zhang et al., 2019)
and enhanced drought stress tolerance in sweet potato plants (Li
et al., 2020). Spraying wheat plants with 6-BA prior to becoming
waterlogged has also been found to decrease MDA levels in
leaves, reduce plant senescence, and facilitate the production of
dry matter (Wang X. Y. et al., 2020). It has also been reported
that exogenous 6-BA significantly increased the activity of the leaf
defense system in maize and is effective in reducing the adverse
effects of the accumulation of ROS caused by waterlogging on
plant physiological traits (Hu et al., 2020).

Waxy corn, a variety of maize expressing the only
amylopectin, has been extensively planted in China and
many other countries (Ketthaisong et al., 2014). However,
maize (Zea mays L.) is considered sensitive to variations in its
environment, especially during the seedling stage (Xie et al.,
2017; Wang et al., 2018; Babu et al., 2020). In particular, maize
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is highly sensitive to waterlogging stress, which in the early
growth stage, significantly inhibits its growth and development.
Waterlogging during the seedling stage causes the greatest delay
to growth (Ren et al., 2014), causing the leaves to be withered
and yellow, decreasing the maximum green leaf area, reducing
photosynthetic efficiency, and exacerbating oxidative damage
(Tang et al., 2010; Wu et al., 2018; Yao, 2021). In particular, grain
yield decreases most significantly when plants are waterlogged
during the seedling stage compared with other stages (Ren et al.,
2018b). In addition to heavy rainfall caused by extreme weather,
waterlogging due to the lack of drainage in low-lying areas is also
a leading factor (Visser et al., 2003; Barik et al., 2019). Therefore,
improving tolerance to waterlogging is critical for the production
of waxy corn that experiences waterlogging stress. However, to
the best of our knowledge, no study has investigated the role
of 6-BA-induced tolerance to waterlogging stress in waxy corn.
Based on previous studies, which have explored the role of 6-BA
in other plants undergoing different forms of stress (Ji et al.,
2019; Chen et al., 2020; Hu et al., 2020; Li et al., 2020; Wang
X. Y. et al., 2020), we hypothesized that 6-BA scavenges ROS
by the promotion of the AsA-GSH cycle system and alleviates
the adverse effects of oxidative damage from waterlogging
stress in waxy corn seedlings, thereby enhancing tolerance
to waterlogging in waxy corn seedlings. Hence, the effect of
leaf-sprayed 6-BA in two genotypes of waxy corn seedlings
when waterlogged was investigated by comparing morphology,
ROS metabolism, cell stability, and the AsA-GSH cycle to verify
whether 6-BA prevents oxidative damage from waterlogging
stress in waxy corn seedlings. Such an approach may represent a
cost-effective and environmentally friendly method to solve the
problems of waterlogging stress in waxy corn production.

MATERIALS AND METHODS

Plant Materials and Experimental Design
Pot experiments were conducted at the Research and Education
Center of Agronomy, Shenyang Agricultural University
(Shenyang, China) in 2020 using two waxy corn inbred
lines, namely, SY-MY13 (waterlogging-resistant) and SY-XT1
(waterlogging-sensitive), provided by the Specialty Corn
Institute, Shenyang Agricultural University. Pots that were
12 cm in height and 10 cm in diameter were filled with 1 kg of
conventional tilled brown soil (from a depth of 0–to 20 cm)
with a composition of 32.45 g.kg−1 of organic matter, 121.86
of mg.kg−1 of alkali-hydrolyzable nitrogen, 9.47mg.kg−1

of available phosphorus, and 114.31mg.kg−1 of available
potassium. The experiment was conducted under a rain
shelter covered with polyethylene film to exclude any natural
precipitation in the experiment. Seeds were sown into each pot on
May 12. Three healthy seedlings were retained after germination,
with normal watering until the fourth leaf stage. The experiments
were conducted using an entirely randomized design. The 6-BA
(analytically pure) used in this study was obtained from Ryon
Biological Technology Co., Ltd. (Shanghai, China) and dissolved
in distilled water containing 0.01% of Tween-20 to a final
concentration of 0.5mM. The concentrations of 6-BA were
selected from the results of a previously reported study (Chen

et al., 2013). The 6-BA was evenly sprayed on the leaves of waxy
corn seedlings. There were four treatment groups for each inbred
line, namely, (1) CK: normal watering conditions; (2) CK +

6-BA: 0.5mM of 6-BA plus normal watering conditions; (3) W:
waterlogged; (4) W + 6-BA: 0.5mM of 6-BA plus waterlogging.
Treatments started on June 6. Pots from the same group were
placed into plastic boxes (61 × 42 × 12 cm). Prior to starting
the waterlogging stress treatments, 0.5mM of 6-BA was applied
as a foliar spray on all the leaves of each treatment group until
they were completely moistened. After 24 h, water was added to
the plastic boxes to a depth of 3 cm above the soil surface in the
waterlogged groups. There were 40 pots in each treatment group.
After 7 days, the whole plants and three fully expanded leaves
from the bottom of the plants were collected for analysis and
measurement. All measurements were performed in triplicates
and the mean values were recorded.

Determination of Growth Parameters
Growth parameters were measured in accordance with an earlier
study (Wang et al., 2021). Shoot height and leaf dimensions were
measured using a ruler. Leaf area was calculated in accordance
with the following formula:

Leaf area (cm2) = L×W× 0.75

where L represented leaf length, W was leaf width, and 0.75 was a
factor used for maize seedlings that consider leaf shape (Hussain
et al., 2019).

Each whole plant was subdivided into shoots and roots. Roots
were cleaned with tap water to remove adherent soil and then
dried with absorbent paper. The fresh weight (FW) of the shoots
and roots were individually measured using an analytical balance
(UQINTIX65-1CN, Sartorius, Göttingen, Germany) and were
then loaded into sample bags after 2 h of drying in an oven at
105◦C. After that, the shoots and roots were dried to a constant
weight at 80◦C. The dry weight (DW) of each shoot and root was
then measured using the analytical balance.

Roots were placed in an acrylic tray (400 × 300mm) in
a 1 cm depth of water. The length, volume, diameter, and
surface area of the roots were measured through scanning using
a flatbed scanner (1680, Epson, Nagano, Japan) and analysis
with the WinRHIZO root analysis software (Pro 2007, Regent
Instruments, Québec, Canada).

Quantification of Lipid Peroxidation and
Relative Electrical Conductivity
Malondialdehyde content was measured in accordance with a
method described by Ohkawa et al. (1979). A total of 0.5 g
of fresh leaves were ground and homogenized in 5ml of 5%
trichloroacetic acid (TCA) then centrifuged at 12,000 × g for
10min. The supernatant (2ml) was retained and mixed with
TCA (5%) containing thiobarbituric acid (TBA, 0.5%), placed
in a water bath for 20min at 100◦C, then rapidly cooled and
centrifuged at 12,000 g for 10min. The absorbances of the
supernatant at 450, 532, and 600 nm were recorded using a
microplate reader (1510, Thermo Fisher, USA). Relative electrical
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conductivity (REC%) was determined using a conductivity meter
(DDSJ-380F, Rex, Shanghai, China) and measured in accordance
with a method described by Li A. X. et al. (2015). Briefly, 0.1 g of
fresh leaves were immersed in deionized water, and the electrical
conductivity of the solution was measured after 3 h, termed EC1.
The solution was placed in a water bath for 30min at 100◦C,
then cooled to room temperature, shaken, and its electrical
conductivity measured, termed EC2. REC% was calculated using
the following formula:

REC% = EC1/EC2× 100%

Histochemical Staining and Determination
of O–

2 and H2O2

Histochemical staining for O−

2 and H2O2 was conducted in
accordance with a method described by Xia et al. (2009), with
modifications. The three lowest fully expanded leaves were
washed with distilled water, blotted dry, then placed into a
test tube containing 50ml of 0.5 mg/ml nitrotetrazolium blue
chloride (NBT) and a reaction solution (potassium phosphate
buffer, pH 7.8), respectively, prior to incubation at 25◦C in
the dark for 2 h. Leaves were also placed in 50ml of 1 mg/ml
diaminobenzidine (DAB) reaction solution (Tris-HCl buffer, pH
3.8), which was incubated at 25◦C in the dark for 24 h. The
solutions in the individual tubes were replaced with a bleaching
solution (90% ethanol) and placed in a water bath at 90◦C for
15min until the leaves were fully bleached; after which, they
were photographed.

To measure O−

2 and H2O2, a method described by Xu
et al. (2012) was followed. A total of 0.5 g of fresh leaves were
ground in liquid nitrogen, suspended in 50mM of phosphate-
buffered saline (PBS, pH 7.8), and then centrifuged at 12,000
× g for 15min. The concentration of O−

2 in the supernatant
was measured using a microplate reader (1510, Thermo Fisher
Scientific, Waltham, MA, USA) at a wavelength of 580 nm.
For measurements of H2O2, 0.5 g of fresh leaves were ground
in liquid nitrogen, suspended in 100mM of PBS (pH 7.8)
containing 1% (w/v) polyvinyl pyrrolidone (PVP), and then
centrifuged at 12,000× g for 20min. The concentration of H2O2

in the supernatant was measured using a microplate reader at a
wavelength of 350 nm.

Measurements of ASA-GSH Cycle Enzyme
Activity
A 0.5-g quantity of fresh leaves was ground in liquid
nitrogen, then homogenized in 10ml of an extraction
buffer (pH 7.8) containing 25mM of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 2% PVP, 2mM of
ascorbic acid, and 0.2mM of ethylenediaminetetraacetic acid
(EDTA). The homogenized solution was centrifuged at 12,000 ×
g for 20min at 4◦C. The activity of the AsA-GSH cycle enzymes
in the supernatant was measured. The activities of APX and
DHAR were calculated in accordance with a method published
by Nakano and Asada (1980), GR activity was calculated in
accordance with GarcíaLimones et al. (2002), and MDHAR
activity was calculated in accordance with (Aravind and Prasad,
2005).

Measurements of Concentration of
AsA-GSH Cycle Metabolites
A 0.5-g quantity of fresh leaves was ground in liquid nitrogen and
then homogenized in 10ml 10% (w/v) trichloroacetic acid. The
suspension was centrifuged at 15,000 × g for 15min at 4◦C. The
concentrations of AsA, DHA, GSH, and GSSG were measured
in the supernatant. In particular, AsA and DHA concentrations
were quantified using a dithiothreitol assay (Hodges et al.,
1996) against calibration curves prepared from AsA and DHA
standards. Concentrations of GSH and GSSG were measured
using a 2-vinylpyridine assay (Griffith, 1980) against calibration
curves constructed using GSH and GSSG standards.

Statistical Analysis
Data were analyzed using a one-way ANOVA, after which, a
least significant difference (LSD) test was conducted. Differences
were considered significant for P < 0.05. Analysis was performed
with the SPSS v19.0 software (SPSS Inc., Chicago, IL, USA).
Data were plotted using the Origin 2017 software (OriginLab,
Massachusetts, USA).

RESULTS

Plant Morphology
When grown in normal conditions, plants in the CK and 6-
BA groups displayed no apparent differences, as illustrated
in Figure 1. Waterlogging stress injuries in the waxy corn
seedlings were characterized by chlorosis, wilting, and necrosis.
However, the extent of the symptoms was considerably reduced
in the SY-MY13 plants due to their excellent waterlogging
resistance properties. Plants treated with 6-BA when stressed
with waterlogging, on the other hand, did not exhibit visible
damage in either inbred lines.

Plant Growth and Development
The growth parameters directly reflected the adaptability of
the plants to the growing environment (Chen D. Q. et al.,
2016; Kosar et al., 2021), as presented in Tables 1, 2. Treatment
with 6-BA significantly increased the shoot height of SY-MY13
plants, although there were no significant differences for other
growth parameters between the two inbred lines in well-drained
conditions. Waterlogging significantly reduced the fresh and dry
shoot weight of the SY-XT1 plants but had no significant effect
on the SY-MY13 strain. Leaf area and fresh and dry root weight
were reduced by 17.9, 31.8, and 48.1% in the SY-MY13 strain
and 31.5, 49.9, and 59.4% in the SY-XT1 plants compared with
those of the CK group, respectively. Similarly, root length and
surface area were reduced by 32 and 10.4% in SY-MY13 plants
and 22.8 and 12% in SY-XT1 plants, respectively. In addition, the
root diameter of the two inbred lines increased by 21.7 and 13.4%,
respectively. Treatment with 6-BA also significantly enhanced
the growth and development of both waxy corn inbred lines
exposed to waterlogging stress. The dry weight of shoots, plant
height, leaf area, and root diameter increased by 15.7, 9.8, 15,
and 10.4% in SY-MY13 and 47.4, 9.9, 26.3, and 14.9% in SY-
XT1 plants treated with 6-BA when waterlogged, respectively.
The same treatment also increased the fresh and dry weight of
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FIGURE 1 | Effects of 6-BA on the phenotype of two inbred lines with different treatments. CK, normal watering conditions only; CK + 6-BA, 0.5mM of 6-BA plus

normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of 6-BA plus waterlogging stress conditions.

TABLE 1 | Effects of 6-benzyladenine (6-BA) on the biomass of two waxy corn inbred lines experiencing waterlogging stress.

Genotype Treatment Shoot fresh weight (g) Shoot dry weight (g) Root fresh weight (g) Root dry weight (g)

SY-MY13 CK 3.78 ± 0.208cd 0.522 ± 0.019c 2.64 ± 0.257a 0.239 ± 0.012a

CK+6BA 3.93 ± 0.100bc 0.535 ± 0.008c 2.33 ± 0.290ab 0.242 ± 0.021a

W 3.61 ± 0.253d 0.538 ± 0.006c 1.80 ± 0.164c 0.124 ± 0.023b

W+6BA 3.80 ± 0.227cd 0.638 ± 0.021a 1.16 ± 0.148d 0.139 ± 0.018b

SY-XT1 CK 4.17 ± 0.088ab 0.547 ± 0.013bc 2.24 ± 0.240b 0.229 ± 0.024a

CK+6BA 4.27 ± 0.228a 0.544 ± 0.036bc 2.43 ± 0.050ab 0.237 ± 0.014a

W 2.73 ± 0.100e 0.304 ± 0.01d 1.13 ± 0.062d 0.093 ± 0.007c

W+6BA 3.75 ± 0.114cd 0.578 ± 0.029b 1.49 ± 0.107c 0.148 ± 0.014b

CK, normal watering conditions only; CK + 6-BA, 0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of 6-BA plus waterlogging stress

conditions. Data represent means ± SD of three replicates. For each variable, means with different lowercase letters represent significant differences (P < 0.05).

roots by 31.9 and 59.1%, respectively, in SY-XT1 compared with
waterlogging stress.

Oxidative Stress and Histochemical
Staining
Histochemical staining techniques have previously been used to
detect H2O2 and O−

2 in plants (Xu et al., 2012). Compared with
CK, the CK + 6-BA group displayed a significantly lower H2O2

content in SY-XT1, but displayed no significant difference in SY-
MY13 plants (Figure 2C). In addition, there was no significant
difference in the changes in O−

2 content in the CK and CK
+ 6-BA groups between the two inbred lines (Figure 2D).
The histochemical staining of the leaves also revealed that
there was less H2O2 and O−

2 accumulation when plants were
waterlogged following pretreatment with 6-BA compared with
waterlogged plants that were untreated (Figures 2A,B). As
shown in Figures 2C,D, the leaves of the two inbred lines
displayed higher levels of H2O2 and O−

2 accumulation when
waterlogged compared with those that were well-drained, with
H2O2 and O−

2 levels in SY-MY13 significantly increasing by 13.6
and 208.1% and in SY-XT1 by 40.9 and 405.1%, respectively,
compared with the CK groups. Pretreatment with 6-BA resulted
in a significant decrease in both H2O2 and O−

2 levels in the
SY-MY13 plants, reducing by 10.2 and 34% and in SY-XT1 by
35.6 and 17.6%, respectively, compared with those that were
waterlogged (Figures 2A–D).

Oxidative Damage to Cellular Membranes
BothMDA concentration and REC% reflect the extent of damage
to cell membranes (Farooq et al., 2020). As displayed in Figure 3,
pretreatment with 6-BA in plants that were watered normally
exhibited a significantly reduced MDA concentration in SY-
MY13 plants, but showed no effect on SY-XT1. It also had
no significant effect on REC% in either of the two inbred
lines. The MDA content and REC% increased in both inbred
lines when the plants were waterlogged compared with the CK
groups, although the increase was greater in SY-XT1 plants
(140 and 307.2%) compared with SY-MY13 (42.1 and 254.1%).
Furthermore, pretreatment with 6-BA resulted in a significant
decrease in MDA levels and REC% compared with those that
were waterlogged. The MDA concentration and REC% of SY-
MY13 only increased by 9.5 and 22.6%, with the same observed
in SY-XT1 by 27.8 and 17.9%, respectively.

Enzymatic and Non-enzymatic Metabolites
of the AsA-GSH Cycle
By using the enzymatic defense system in the AsA-GSH cycle,
plants can scavenge ROS generated by stress conditions (Niu
et al., 2018; Abd-Allah et al., 2019). As identified in the two inbred
lines, spraying 6-BA increased APX activity compared with well-
drained plants, although the difference was only significant for
SY-MY13. In addition, spraying 6-BA slightly elevated GR and
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TABLE 2 | Effects of 6-BA on the growth of two waxy corn inbred lines experiencing waterlogging stress.

Genotype Treatment Shoot height (cm) Leaf area (cm2) Root length (cm) Root surface area (cm2)

SY-MY13 CK 45.0 ± 2.646b 153.2 ± 18.292bc 2,114.7 ± 259.427a 494.7 ± 50.615a

CK+6BA 49.2 ± 0.289a 160.3 ± 11.884bc 2,093.2 ± 128.438a 496.5 ± 7.904a

W 43.3 ± 1.155b 125.6 ± 4.346d 1,438.0 ± 13.169bc 443.1 ± 7.057bcd

W+6BA 48.0 ± 1.732a 147.8 ± 9.464c 1,217.1 ± 97.011cd 417.8 ± 14.544cd

SY-XT1 CK 37.8 ± 0.289cd 181.6 ± 6.255a 1,695.6 ± 193.975b 467.9 ± 21.746ab

CK+6BA 38.8 ± 0.764cd 184.0 ± 4.611a 1,613.5 ± 222.672b 457.2 ± 34.470abc

W 36.3 ± 2.081d 124.5 ± 3.243d 1,309.5 ± 38.747cd 411.8 ± 3.076d

W+6BA 40.3 ± 1.528c 168.9 ± 3.175ab 1,096.2 ± 164.101d 401.0 ± 24.899d

CK, normal watering condition only; CK + 6-BA, 0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of 6-BA plus waterlogging stress

conditions. Data represent means ± SD of three replicates. For each variable, means with different lowercase letters represent significant differences (P < 0.05).

MDHAR activity in the two inbred lines compared with well-
drained plants, although the differences were not significant
(Figure 4). Thus, waterlogging clearly affects enzymes in the
AsA-GSH cycle, negatively. Furthermore, the activity of APX
and GR decreased significantly compared with the CK group
when waterlogged in SY-MY13 by 37.3 and 24.4% and SY-
XT1 plants by 43.4 and 68.6%, respectively (Figures 4A,B).
The activity of DHAR and MDHAR in SY-XT1 plants declined
significantly, by 50 and 43%, while there were no significant
differences in DHAR and MDHAR activity in SY-MY13 plants
(Figures 4C,D). Pretreatment with 6-BA for the two waxy
corn inbred lines exposed to waterlogging stress conditions
also resulted in an increasing trend in the activity of AsA-
GSH cycle enzymes relative to that of non-sprayed plants. The
activity of APX, GR, and MDHAR increased significantly in
SY-MY13 and SY-XT1 plants by 137.5, 57.8, and 60% and
136.4, 373.8, and 116.9%, respectively (Figures 4A,B,D). The
activity of DHAR in SY-XT1 plants also increased significantly by
94.4% (Figure 4C).

The metabolites in the AsA-GSH cycle can both directly
scavenge ROS and act as enzymatic substrates that reduce ROS
(Raja et al., 2020). The concentrations of AsA, GSH, and their
oxidized forms for the different treatments are displayed in
Figures 5A–D. Spraying 6-BA in well-drained plants increased
the GSH content of the two inbred lines and decreased the
GSSG content of SY-XT1. Higher ratios of GSH/GSSG were
accompanied by changes in AsA and GSH pools in SY-MY13
and SY-XT1 plants. Waterlogging increased GSH content in SY-
MY13 plants by 79.6% but affected SY-XT1 to a greater extent,
with AsA and GSH levels decreasing by 25.7 and 69.2% and
those of DHA and GSSG increasing by 79.2 and 23.8%. Thus,
there was a significant decline in the AsA/DHA ratio, by 14.7
and 58.7%. In contrast, the GSH/GSSH ratio in SY-MY13 plants
increased by 74.4%, while it decreased by 75.5% in SY-XT1
plants. Furthermore, 6-BA pretreatment enhanced AsA and GSH
content and reduced DHA and GSSG levels when plants were
waterlogged. The levels of AsA and GSH in SY-MY13 plants
increased by 44.7 and 18.9% and in SY-XT1 by 61.5 and 751.4%,
respectively. The levels of DHA and GSSG in the SY-MY13
strain decreased by 16.1 and 5% and in SY-XT1 by 37.9 and

42.8%, respectively. Treatment with 6-BA significantly increased
AsA/DHA and GSH/GSSH ratios compared with waterlogging
stress treatment, with these ratios in the 6-BA-sprayed groups
increasing significantly when compared with the non-sprayed
groups when waterlogged in SY-MY13 plants, by 72.6 and 25.6%
and in SY-XT1 by 162.6 and 111.4%, respectively.

DISCUSSION

Waterlogging stress adversely affects the growth of many
terrestrial crops, causing chlorosis and necrosis in their leaves,
inhibiting shoot and root growth, and decreasing dry matter
accumulation (Komatsu et al., 2013; Wang et al., 2017; Kaya
et al., 2019; Men et al., 2020). The inhibitory effects of
waterlogging stress on plant growth and development are likely
due to hypoxic conditions in the root zone that hamper root
respiration, resulting in limited nutrient uptake and transport
(Tan et al., 2010; Qi et al., 2016; Wang et al., 2019). In the
present study, waterlogging stress injuries in waxy corn seedlings
were characterized by chlorosis, wilting, and necrosis (Figure 1),
which cause the repression of seedling growth (Tables 1, 2) as
confirmed by Zhu et al. (2016). In addition, waterlogging also
significantly reduced the fresh and dry weight of shoots in SY-
XT1 plants, while there was no significant effect on SY-MY13,
which may be due to the waterlogging-sensitive line more readily
losing biomass when exposed to waterlogged conditions (Striker,
2012). Furthermore, cytokinin content decreased when plants
were placed in stressful conditions, which represents a limiting
factor for the growth of plants (Shams and Yildirim, 2021).
Cytokinins allow the optimal growth and development of plants
by promoting cell division and tissue growth and delaying leaf
senescence (Davies, 2010; Kim et al., 2018). Furthermore, 6-BA
is in a class of synthetic cytokinin PGRs that can significantly
increase levels of endogenous cytokinins in crop plants (Hu
et al., 2020; Prerostova et al., 2020). In the present study, after
spraying with 6-BA, the two waxy corn inbred lines exhibited
reduced injuries in terms of growth and had greater leaf area,
shoot height, and dry weight compared with the non-sprayed
plants when waterlogged. This proves the hypothesis that 6-BA

Frontiers in Plant Science | www.frontiersin.org 6 September 2021 | Volume 12 | Article 680376

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. 6-Benzyladenine Improves Waterlogging Tolerance

FIGURE 2 | Effects of 6-BA on histochemical staining of H2O2 (A) and O−

2 (B), Concentration of H2O2 (C) and O−

2 (D) in two waxy corn inbred lines in waterlogged

conditions. CK, normal watering conditions only; CK + 6-BA, 0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, Addition of 0.5mM of

6-BA plus waterlogging stress conditions. Data represent means ± SD of three replicates. For each variable, means with different lowercase letters were significantly

different (P < 0.05).
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FIGURE 3 | Effects of 6-BA on malondialdehyde (MDA) concentration (A) and relative electric conductivity (REC%) (B) in two waxy corn inbred lines experiencing

waterlogging. CK, normal watering conditions only; CK + 6-BA, 0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of

6-BA plus waterlogging stress conditions. Data represent means ± SD of three replicates. For each variable, means with different lowercase letters were significantly

different (P < 0.05).

acts positively to regulate the response to waterlogging stress
in waxy corn seedlings. Plant biomass has also been shown to
increase, for example, by the application of PGRs capable of
producing growth hormones (Cohen et al., 2009). Therefore, the
exogenous application of 6-BA can mitigate the adverse effects of
waterlogging stress on plant growth.

Waterlogging results in low O2 levels in plant tissues that
can, in turn, lead to excess ROS production via the disruption
of the balance of ROS generation and detoxification (Posso
et al., 2018; Anee et al., 2019; Park and Ju, 2019). The first
ROS to be generated is usually O−

2 , with the radicals forming
H2O2 spontaneously by dismutation (Mori and Schroeder,
2004). Excess H2O2 production when plants are waterlogged
affects multiple physiological processes because H2O2 is a strong
uncharged oxidant molecule (Castro-Duque et al., 2020; Cen
et al., 2020). Waterlogging stress inflicts significant damage on
waxy corn seedlings, as suggested by the greater levels of O−

2
and H2O2 in the leaves of both the SY-MY13 and SY-XT1
inbred lines used in the current study (Figures 2C,D), which
also demonstrated the histochemical staining of O−

2 and H2O2

at the tissue level in the leaves of waxy corn (Figures 2A,B).
The ROS injury of the bio membranes also causes lipid
peroxidation and disrupts membrane homeostasis (Shu et al.,
2012; Song et al., 2021). In the study, the waterlogging stress
induction of ROS causing membrane damage was also reflected
by the increased MDA content and REC% (Figure 3). The
application of exogenous 6-BA reduced damage in the seedlings
when waterlogged by significantly reducing the waterlogging-
induced production of H2O2 (Figure 2C), O−

2 (Figure 2D),
MDA (Figure 3A), and REC% (Figure 3B) compared with

those of waterlogging alone. Moreover, histochemical staining
indicated that the levels of O−

2 and H2O2 in tissues were
lower in the leaves (Figures 2A,B). Furthermore, endogenous
cytokinin levels when plants experience environmental stress
can be enhanced by the application of synthetic cytokinins,
which can offset stress-induced premature senescence of plants,
in addition to reducing damage due to ROS and lipid
peroxidation; thus, effectively improving the adaptability of
plants experiencing stress (Gujjar and Supaibulwatana, 2019).
Our studies revealed that pretreatment with 6-BA not only
decreased MDA content but also suppressed ROS accumulation
and electrolyte leakage in waxy corn seedlings when exposed
to waterlogging stress. These findings demonstrated that 6-BA
has excellent potential for use in applications that maintain
the integrity of cellular membranes through the prevention
of lipid peroxidation against waterlogging-induced oxidative
damage, which is a possible principal mechanism by which
waterlogging stress is alleviated in maize plants. Interactions
between cytokinin signaling and ROS production and scavenging
systems have also been demonstrated in arabidopsis (Nishiyama
et al., 2012). Feng et al. (2004) also demonstrated that 6-BA
can significantly reduce oxidative damage in poplar, the rate of
O−

2 generation, and H2O2 and MDA levels becoming effectively
reduced, indicating that reduced oxidative damage due to 6-BA
was associated with the promotion of the scavenging system for
ROS. Ren et al. (2018a) reported that exogenous 6-BA increases
the tolerance of maize seedlings to waterlogging stress by the
protection of physiological processes from oxidative damage
and enhancement of the metabolism of ROS. These findings
suggest that exogenous 6-BA enhances the tolerance of waxy corn
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FIGURE 4 | Effects of 6-BA on ascorbate peroxidase (APX) (A), glutathione reductase (GR) (B), dehydroascorbate reductase (DHAR) (C), and

monodehydroascorbate reductase (MDHAR) (D) activity in two waxy corn inbred lines experiencing waterlogging. CK, normal watering conditions only; CK + 6-BA,

0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of 6-BA plus waterlogging stress conditions. Data represent means

± SD of three replicates. For each variable, means with different lowercase letters were significantly different (P < 0.05).

seedlings to waterlogging by the attenuation of ROS-induced
oxidative damage.

Waterlogging stress-induced hypoxic injury generally results
in oxidative stress by inducing the production of ROS. The
antioxidant system in plants plays a critical role in ROS
scavenging and is positively correlated with waterlogging
tolerance (Da-Silva and Do-Amarante, 2020; Mira et al., 2021).
Ascorbate peroxidase is a pivotal enzyme in the AsA-GSH cycle;
since, it utilizes AsA as a substrate to reduce H2O2 to H2O
(Gordon et al., 2013; Ghosh and Biswas, 2017; Mir et al., 2018).
Glutathione reductase is also involved in the defense against
oxidative stress, in addition to the regeneration of GSH (Kaur
et al., 2018; Guo et al., 2019). Furthermore, both DHAR and
MDHAR are key to maintaining AsA concentration (Zhang et al.,

2015; Juszczak et al., 2016; Raja et al., 2020). In the present
study, the AsA-GSH cycle was activated when SY-MY13 plants
were exposed to waterlogging stress, enabling normal metabolic
activity through exposure to excess ROS. In contrast, the AsA-
GSH cycle of SY-XT1 plants operated at a relatively low level,
and so were more vulnerable to ROS damage. Thus, the current
data indicate that plants with higher efficiencies in the AsA-
GSH cycle can resist waterlogging stress that can be further
increased by 6-BA supplementation in waxy corn plants. In the
present study, increased APX, GR, DHAR, and MDHAR activity
were observed in waxy corn seedlings supplemented with 6-
BA exposed to waterlogging stress (Figure 4). Improvements
in the tolerance of waxy corn to waterlogging are associated
with a reduction in H2O2 content and attributable to the
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FIGURE 5 | Effects of 6-BA on ascorbic acid (ASA) (A), dehydroascorbic acid (DHA) (B), reduced glutathione (GSH) (C), and oxidized glutathione (GSSG)

concentrations (D) and the ratios AsA/DHA (E) and GSH/GSSG (F) in two waxy corn inbred lines in waterlogged conditions. CK, normal watering conditions only; CK

+ 6-BA, 0.5mM of 6-BA plus normal watering conditions; W, waterlogged; W + 6-BA, addition of 0.5mM of 6-BA plus waterlogging stress conditions. Data

represent means ± SD of three replicates. For each variable, means with different lowercase letters were significantly different (P < 0.05).
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FIGURE 6 | Proposed mechanism for 6-BA-induced waterlogging tolerance in waxy corn seedlings through the mitigation of oxidative stress and sustaining

homeostasis of the ascorbate-glutathione (AsA-GSH) cycle. (A) Plant growth in waterlogged conditions and (B) plant growth after the application of 0.5mM of 6-BA in

waterlogged conditions. Red indicates upregulation, and blue indicates downregulation.

enhanced activity of APX. In addition, increased MDHAR
activity suggests that it can act synergistically with APX to
increase the efficiency of the AsA-GSH cycle and maintain the
redox status and antioxidant activity of the AsA pool. These
results are further supported by the observations of Jiang et al.
(2019) and Prerostova et al. (2020), who observed that high levels
of cytokinins positively affect environmental stress tolerance in
arabidopsis due to the cytokinins preventing oxidative stress
by the activation of APX, which removes excess ROS. In a
study by Porcher et al. (2021), cytokinins were also shown to
act, in part, through the induction of the AsA-GSH scavenging
pathways, which decrease internal H2O2 concentrations in
buds that were observed during bud bursting events, thereby
regulating ROS homeostasis in the buds of roses. A study by
Chen and Yang (2013) also found that APX and GR activity
in cucumber fruits treated with 6-BA increased after suffering
chill injuries by reducing increased membrane permeability and
lipid peroxidation, delaying increases in O−

2 and H2O2 levels,
and maintaining higher levels of total antioxidant capacity. The

application of 6-BA led to the increased activity of the AsA-GSH
cycle enzymes when experiencing environmental stress-induced
oxidative damage, as has been previously observed in tomatoes
and eggplants (Chen J. L. et al., 2016; Singh et al., 2018). The
results of the present study reveal that exogenous 6-BA is able to
coordinate relative internal balance and the high activity of APX,
GR, DHAR, and MDHAR, thus allowing adaptation to stress
and enabling the balance between the production and scavenging
of ROS through the modulation of the levels of the AsA-GSH
cycle enzymes. This provides a strong guarantee that AsA and
GSH highly efficient AsA-GSH cycle enzymes that are effective in
removing ROS caused by waterlogging stress, can be regenerated,
thus reducing ROS-induced oxidative damage, subsequently
relieving the deleterious effects caused by waterlogging stress, and
enhancing the waterlogging tolerance of waxy corn seedlings.

Ascorbic acid and GSH are the most abundant hydrophilic
non-enzymatic antioxidants in cells and play a critical role in
reducing oxidative stress induced by waterlogging (Pulido et al.,
2010; Bai et al., 2013). As a substrate, AsA scavenges H2O2 and
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prevents lipid peroxidation (Noctor et al., 2018). In contrast, GSH
is a thiol-based antioxidant that prevents lipid peroxidation and
contributes to AsA regeneration (Foyer and Halliwell, 1976; Racz
et al., 2020). Furthermore, both DHA and GSSG are oxidized
forms of AsA and GSH, respectively. The results of the present
study indicate that waterlogging decreases AsA and GSH levels
but elevates DHA and GSSG in waxy corn seedlings, relative to
untreated plants, showing that waterlogging stress clearly leads to
amodified oxidation-reduction status in cells through interaction
with pools of AsA and GSH (Figure 5). This is due to reductive
molecules (AsA and GSH) being involved in the elimination of
ROS, resulting in the increased consumption of the AsA andGSH
pools. Moreover, decreased DHAR and MDHAR activities under
waterlogging stress also resulted in the lack of supplementation
to AsA and GSH pools (Figures 4C,D), which leading to the
accumulation of a large quantity of oxidized molecules (DHA
and GSSG). Li Z. et al. (2015) considered that the GSH/GSSG
ratio increased with increasing cytokinin concentration, allowing
the maintenance of higher levels of antioxidants, particularly
AsA, and thus enhancing the antioxidant capacity of plants.
Therefore, the interplay between cytokinins and the AsA-GSH
cycle may represent the mechanism by which environmental
tolerance is regulated in plants. The AsA-GSH cycle is an
efficient antioxidant system for the elimination of excessive
ROS production through the maintenance of the AsA/DHA and
GSH/GSSG ratios. The data in the present study demonstrate
that the AsA/DHA and GSH/GSSH ratios of the waterlogging-
sensitive line were both significantly lower than those of CK
plants, suggesting that waterlogging stress breaks the balance
between the reduced and oxidized forms of AsA and GSH
in the AsA-GSH cycle. The concentrations of AsA and GSH
and the AsA/DHA and GSH/GSSG ratios increased when 6-BA
was applied exogenously to seedlings affected by waterlogging
stress (Figures 5A,C,E,F), helping to reduce the ROS responsible
for oxidative damage, which is reflected in the reduced levels
of MDA and REC% (Figure 3). Recent investigations have
demonstrated that GSH levels increase substantially in plants to
which cytokinins were added compared with untreated controls
(Porcher et al., 2021). Similar results have been demonstrated in
studies on exogenous 6-BA applied to Solanum melongena after
suffering oxidative damage (Wu et al., 2015). The present study
illustrated that exogenous 6-BA reinstates the reductive status of
AsA and GSH pools, which enhances the activity of the AsA-
GSH cycle and allows a reduction in the ROS that cause oxidative
damage, and enhances the tolerance of waxy corn seedling to
waterlogging stress.

Figure 6 proposes a simple mechanism by which exogenous
6-BA mitigates waterlogging stress in waxy corn seedlings
by reducing ROS-induced oxidative stress and sustaining the
homeostasis of the AsA-GSH cycle. The application of exogenous
6-BA to waxy corn seedlings when experiencing waterlogging
stress significantly decreased the production of O−

2 , H2O2, MDA,
and REC% values relative to those observed in seedlings subjected
to waterlogging stress alone. As presented above, the proposed

mechanism indicates that the application of 6-BA to waxy
corn seedlings when experiencing waterlogging stress promotes
AsA-GSH cycle activity, thereby contributing to decreased ROS
accumulation in plants, alleviating lipid peroxidation of cell
membranes, and maintaining their stability, which also increases
waterlogging tolerance in waxy corn seedlings.

CONCLUSION

The present data clearly demonstrated that waterlogging stress
causes chlorosis and necrosis in waxy corn leaves, subsequently
inhibiting growth and leading to ROS accumulation, which
induces oxidative stress resulting inmembrane lipid peroxidation
and the disruption of membrane homeostasis. Exogenous 6-
BA ameliorates waterlogging-induced oxidative stress in
waxy corn seedlings by stimulating the components of the
AsA-GSH cycle and maximally improving the adaptation of
waxy corn seedlings to waterlogging stress, thus providing
a cost-effective and environmentally friendly method of
sustainable crop production, especially in areas vulnerable
to waterlogging stress. Therefore, the results reported in this
study provided invaluable insights into the critical role of
6-BA in the regulation of the AsA-GSH cycle system and
a better understanding of waterlogging tolerance in waxy
corn seedlings.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

FL and MZ conceived and designed the study, obtained
financial support, provided the study material, and helped
revise the manuscript. JW performed the experiments, collected
data, analyzed data, interpreted data, and maintenance drafted
the manuscript. DW helped perform the experiments and
participated in the discussion. All authors contributed to the
article and approved the submitted version.

FUNDING

This research was supported by grants from the National Key
R&D Program of China (2017YFD0300700, 2018YFD0300300,
and 2017YFD0101103).

ACKNOWLEDGMENTS

We thank the Specialty Corn Institute (Shenyang
Agricultural University) for providing the experimental
materials. We also thank the editor and reviewers for their
helpful comments.

Frontiers in Plant Science | www.frontiersin.org 12 September 2021 | Volume 12 | Article 680376

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. 6-Benzyladenine Improves Waterlogging Tolerance

REFERENCES

Abd-Allah, E. F., Hashem, A., Alam, P., and Ahmad, P. (2019). Silicon
alleviates nickel-induced oxidative stress by regulating antioxidant defense and
glyoxalase systems in mustard plants. J. Plant Growth Regul. 38, 1260–1273.
doi: 10.1007/s00344-019-09931-y

Ahanger, M. A., Aziz, U., Alsahli, A. A., Alyemeni, M. N., and Ahmad, P.
(2020). Influence of exogenous salicylic acid and nitric oxide on growth,
photosynthesis, and ascorbate-glutathione cycle in salt stressed vigna angularis.
Biomolecules 10:42. doi: 10.3390/biom10010042

Ahmad, P., Alyemeni, M. N., AlHuqail, A. A., Alqahtani, M. A., Wijaya, L., Ashraf,
M., et al. (2020). Zinc oxide nanoparticles application alleviates arsenic (As)
toxicity in soybean plants by restricting the uptake of as and modulating key
biochemical attributes, antioxidant enzymes, ascorbate-glutathione cycle and
glyoxalase system. Plants 9:825. doi: 10.3390/plants9070825

Ahmad, P., Jaleel, C. A., Salem, M. A., Nabi, G., and Sharma, S. (2010). Roles of
enzymatic and nonenzymatic antioxidants in plants during abiotic stress. Crit.
Rev. Biotechnol. 30, 161–175. doi: 10.3109/07388550903524243

Ahmad, P., Tripathi, D. K., Deshmukh, R., Singh, V. P., and Corpas, F. J. (2019).
Revisiting the role of ROS and RNS in plants under changing environment.
Environ. Exp. Bot. 161, 1–398. doi: 10.1016/j.envexpbot.2019.02.017

Alam, P., Albalawi, T. H., Altalayan, F. H., Bakht, M. A., Ahanger, M. A., Raja,
V., et al. (2019). 24-epibrassinolide (EBR) confers tolerance against NaCl stress
in soybean plants by up regulating antioxidant system, ascorbate-glutathione
cycle, and glyoxalase system. Biomolecules 9:640. doi: 10.3390/biom9110640

Ali, B., Gill, R. A., Yang, S., Gill, M. B., Farooq, M. A., Liu, D., et al. (2015).
Regulation of cadmium induced proteomic and metabolic changes by 5-
aminolevulinic acid in leaves of Brassica napus L. PLoS ONE 10:e0123328.
doi: 10.1371/journal.pone.0123328

Alim, K., Hamant, O., and Boudaoud, A. (2012). Regulatory role of cell
division rules on tissue growth heterogeneity. Front. Plant Sci. 3:174.
doi: 10.3389/fpls.2012.00174

Anee, T. I., Nahar, K., Rahman, A., Al-Mahmud, J., Bhuiyan, T. F., Ul-Alam, M.,
et al. (2019). Oxidative damage and antioxidant defense in sesamum indicum
after different waterlogging durations. Plants 8:18. doi: 10.3390/plants8070196

Aravind, P., and Prasad, M. N. V. (2005). Modulation of cadmium induced
oxidative stress in ceratophyllum demersum by zinc involves ascorbate-
glutathione cycle and glutathione metabolism. Plant Physiol. Biochem. 43,
107–116. doi: 10.1016/j.plaphy.2005.01.002

Babu, S., Singh, R., Avasthe, R. K., Yadav, G. S., Das, A., Singh, V. K., et al.
(2020). Impact of land configuration and organic nutrient management on
productivity, quality and soil properties under baby corn in eastern himalayas.
Sci. Rep. 10:16129. doi: 10.1038/s41598-020-73072-6

Bai, T., Ma, P., Li, C., Yin, R., and Ma, F. (2013). Role of ascorbic acid in
enhancing hypoxia tolerance in roots of sensitive and tolerant apple rootstocks.
Sci. Horticult. 164, 372–379. doi: 10.1016/j.scienta.2013.10.003

Barik, J., Panda, D., Mohanty, S. K., and Lenka, S. K. (2019). Leaf photosynthesis
and antioxidant response in selected traditional rice landraces of Jeypore
tract of Odisha, India to submergence. Physiol. Mol. Biol. Plant 25, 847–863.
doi: 10.1007/s12298-019-00671-7

Begum, N., Ahanger, M. A., Su, Y. Y., Lei, Y. F., Mustafa, N. S. A., Ahmad, P.,
et al. (2019). Improved drought tolerance by AMF inoculation in maize (Zea
mays) involves physiological and biochemical implications. Plants Basel 18:579.
doi: 10.3390/plants8120579

Castro-Duque, N. E., Chavez-Arias, C. C., and Restrepo-Diaz, H. (2020). Foliar
glycine betaine or hydrogen peroxide sprays ameliorate waterlogging stress in
cape gooseberry. Plants 9:644. doi: 10.3390/plants9050644

Cen, H. F., Wang, T. T., Liu, H. Y., Tian, D. Y., and Zhang, Y.W. (2020). Melatonin
application improves salt tolerance of alfalfa (Medicago sativa L.) by enhancing
antioxidant capacity. Plants 9:220. doi: 10.3390/plants9020220

Chen, B. X., and Yang, H. Q. (2013). 6-Benzylaminopurine alleviates chilling injury
of postharvest cucumber fruit through modulating antioxidant system and
energy status. J. Sci. Food. Agr. 93, 1915–1921. doi: 10.1002/jsfa.5990

Chen, D. Q., Wang, S. W., Cao, B. B., Cao, D., Leng, G. H., Li, H. B., et al. (2016).
Genotypic variation in growth and physiological response to drought stress and
re-watering reveals the critical role of recovery in drought adaptation in maize
seedlings. Front. Plant. Sci. 6:15. doi: 10.3389/fpls.2015.01241

Chen, J. L., Wu, X. X., Yao, X. F., Zhu, Z. W., Xu, S., and Zha, D. S.
(2016). Exogenous 6-benzylaminopurine confers tolerance to low temperature
by amelioration of oxidative damage in eggplant (Solanum melongena L.)
seedlings. Braz. J. Bot. 39, 409–416. doi: 10.1007/s40415-015-0241-z

Chen, L., Long, C.,Wang, D., and Yang, J. Y. (2020). Phytoremediation of cadmium
(Cd) and uranium (U) contaminated soils by Brassica juncea L. enhanced with
exogenous application of plant growth regulators. Chemosphere 242:125112.
doi: 10.1016/j.chemosphere.2019.125112

Chen, X. L., Li, G., Peng, L., Gao, H. Y., and Zhao, B. (2013). Effects of exogenous
hormone 6-Benzyladenine (6-BA) on photosystem II performance of Maize
during process of leaf senescence under different nitrogen fertilization levels.
Acta Agron. Sini. 39, 1111–1118. doi: 10.3724/SP.J.1006.2013.01111

Cohen, A. C., Travaglia, C. N., Bottini, R., and Piccoli, P. N. (2009).
Participation of abscisic acid and gibberellins produced by endophytic
azospirillum in the alleviation of drought effects in maize. Botany 87, 455–462.
doi: 10.1139/b09-023

Da-Silva, C. J., and Do-Amarante, L. (2020). Short term nitrate supply decreases
fermentation and oxidative stress caused by waterlogging in soybean plants.
Environ. Exp. Bot. 176:104078. doi: 10.1016/j.envexpbot.2020.104078

Davies, P. J. (2010). Plant Hormones: Biosynthesis, Signal Transduction,

Action. Dordrecht: Springer Science & Business Media.
doi: 10.1007/978-1-4020-2686-7

Farooq, A., Bukhari, S. A., Akram, N. A., Ashraf, M., Wijaya, L., Alyemeni,
M. N., et al. (2020). Exogenously applied ascorbic acid-mediated changes in
osmoprotection and oxidative defense system enhanced water stress tolerance
in different cultivars of safflower (Carthamus tinctorious L.). Plants Basel 9:104.
doi: 10.3390/plants9010104

Feng, Y., Ma, Y., and Feng, Z. (2004). Effects of 6-BA and AsA on photosynthesis
photoinhibition of attached poplar leaves under osmotic stress of root. J. Appl.
Ecol. 15, 2233–2236.

Foyer, C. H., and Halliwell, B. (1976). The presence of glutathione and glutathione
reductase in chloroplasts: a proposed role in ascorbic acid metabolism. Planta
133, 21–25. doi: 10.1007/BF00386001

Foyer, C. H., and Noctor, G. (2011). Ascorbate and glutathione: The heart of the
redox hub. Plant Physiol. 155, 2–18. doi: 10.1104/pp.110.167569

Fukao, T., Barrera-Figueroa, B. E., Juntawong, P., and Pena-Castro, J. M.
(2019). Submergence and waterlogging stress in plants: a review highlighting
research opportunities and understudied aspects. Front. Plant Sci. 10:340.
doi: 10.3389/fpls.2019.00340

GarcíaLimones, C., Hervás, A., NavasCortés, J. A., JiménezDíaz, R. M., and Tena,
M. (2002). Induction of an antioxidant enzyme system and other oxidative
stress markers associated with compatible and incompatible interactions
between chickpea (Cicer arietinum L.) and fusarium oxysporum f. sp. ciceris.
Physiol. Mol. Plant Pathol. 61, 325–337. doi: 10.1006/pmpp.2003.0445

Geetika, S., Ahmad, M. M., Fathi, A., Parvaiz, A., and Salih, G. (2016). Jasmonic
acid modulates the physio-biochemical attributes, antioxidant enzyme activity,
and gene expression in glycine max under nickel toxicity. Front. Plant. Sci.
7:591. doi: 10.3389/fpls.2016.00591

Ghosh, S., and Biswas, A. K. (2017). Selenium modulates growth and thiol
metabolism in wheat (Triticum aestivum L.) during arsenic stress. Am. J. Plant

Sci. 8, 363–389. doi: 10.4236/ajps.2017.83026
Gordon, M. J., Carmody, M., Albrecht, V., and Pogson, B. (2013). Systemic

and local responses to repeated HL stress induced retrograde signaling in
arabidopsis. Front. Plant Sci. 3:303. doi: 10.3389/fpls.2012.00303

Griffith, O. W. (1980). Determination of glutathione and glutathione disulfide
using glutathione reductase and 2-vinylpyridine. Anal. Biochem. 106, 207–212.
doi: 10.1016/0003-2697(80)90139-6

Gujjar, R. S., and Supaibulwatana, K. (2019). The Mode of cytokinin
functions assisting plant adaptations to osmotic stresses. Plants Basel 8:542.
doi: 10.3390/plants8120542

Guo, Y. X., Li, Y. M., Zhan,W. E., Wood, T. K., andWang, X. X. (2019). Resistance
to oxidative stress by inner membrane protein ElaB is regulated by OxyR and
RpoS.Microb. Biotechnol. 12, 392–404. doi: 10.1111/1751-7915.13369

Guo, Y. Y., Li, H. J., Zhao, C. F., Xue, J. Q., and Zhang, R. H. (2020). Exogenous
melatonin improves drought tolerance in maize seedlings by regulating
photosynthesis and the ascorbate-glutathione cycle. Russ. J. Plant Physiol. 67,
809–821. doi: 10.1134/S1021443720050064

Frontiers in Plant Science | www.frontiersin.org 13 September 2021 | Volume 12 | Article 680376

https://doi.org/10.1007/s00344-019-09931-y
https://doi.org/10.3390/biom10010042
https://doi.org/10.3390/plants9070825
https://doi.org/10.3109/07388550903524243
https://doi.org/10.1016/j.envexpbot.2019.02.017
https://doi.org/10.3390/biom9110640
https://doi.org/10.1371/journal.pone.0123328
https://doi.org/10.3389/fpls.2012.00174
https://doi.org/10.3390/plants8070196
https://doi.org/10.1016/j.plaphy.2005.01.002
https://doi.org/10.1038/s41598-020-73072-6
https://doi.org/10.1016/j.scienta.2013.10.003
https://doi.org/10.1007/s12298-019-00671-7
https://doi.org/10.3390/plants8120579
https://doi.org/10.3390/plants9050644
https://doi.org/10.3390/plants9020220
https://doi.org/10.1002/jsfa.5990
https://doi.org/10.3389/fpls.2015.01241
https://doi.org/10.1007/s40415-015-0241-z
https://doi.org/10.1016/j.chemosphere.2019.125112
https://doi.org/10.3724/SP.J.1006.2013.01111
https://doi.org/10.1139/b09-023
https://doi.org/10.1016/j.envexpbot.2020.104078
https://doi.org/10.1007/978-1-4020-2686-7
https://doi.org/10.3390/plants9010104
https://doi.org/10.1007/BF00386001
https://doi.org/10.1104/pp.110.167569
https://doi.org/10.3389/fpls.2019.00340
https://doi.org/10.1006/pmpp.2003.0445
https://doi.org/10.3389/fpls.2016.00591
https://doi.org/10.4236/ajps.2017.83026
https://doi.org/10.3389/fpls.2012.00303
https://doi.org/10.1016/0003-2697(80)90139-6
https://doi.org/10.3390/plants8120542
https://doi.org/10.1111/1751-7915.13369
https://doi.org/10.1134/S1021443720050064
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. 6-Benzyladenine Improves Waterlogging Tolerance

Hodges, D. M., Andrews, C. J., Johnson, D. A., and Hamilton, R.
I. (1996). Antioxidant compound responses to chilling stress in
differentially sensitive inbred maize lines. Physiol. Plant 98, 685–692.
doi: 10.1034/j.1399-3054.1996.980402.x

Hu, J., Ren, B. Z., Dong, S. T., Liu, P., Zhao, B., and Zhang, J. W. (2020).
Comparative proteomic analysis reveals that exogenous 6-benzyladenine (6-
BA) improves the defense system activity of waterlogged summer maize. BMC

Plant Biol. 20:44. doi: 10.1186/s12870-020-2261-5
Hussain, H. A., Men, S. N., Hussain, S., Chen, Y. L., Ali, S., Zhang, S., et al.

(2019). Interactive effects of drought and heat stresses on morphophysiological
attributes, yield, nutrient uptake and oxidative status in maize hybrids. Sci. Rep.
9:3890. doi: 10.1038/s41598-019-40362-7

Islam, F., Farooq, M. A., Gill, R. A., Wang, J., Yang, C., Ali, B., et al. (2017).
2,4-D attenuates salinity induced toxicity by mediating anatomical changes,
antioxidant capacity and cation transporters in the roots of rice cultivars. Sci.
Rep. 7:10433. doi: 10.1038/s41598-017-09708-x

Jan, S., Abbas, N., Ashraf, M., and Ahmad, P. (2019). Roles of potential plant
hormones and transcription factors in controlling leaf senescence and drought
tolerance. Protoplasma 256, 313–329. doi: 10.1007/s00709-018-1310-5

Jan, S., Ali, N., Kaya, C., Ashraf, M., Alyemeni, M. N., and Ahmad, P. (2020).
24-epibrassinolide alleviates the injurious effects of Cr (VI) toxicity in tomato
plants: Insights into growth, physio-biochemical attributes, antioxidant activity
and regulation of ascorbate-glutathione and glyoxalase cycles. J. Plant Growth
Regul. 39, 1587–1604. doi: 10.1007/s00344-020-10169-2

Ji, Z. J., Camberato, J. J., Zhang, C. K., and Jiang, Y. W. (2019). Effects of 6-
Benzyladenine, gamma-Aminobutyric acid, and Nitric oxide on plant growth,
photochemical efficiency, and Ion accumulation of perennial ryegrass cultivars
to salinity stress. Hortscience 54, 1418–1422. doi: 10.21273/hortsci14067-19

Jiang, L., Liu, C. X., Cao, H. M., Chen, Z. P., Yang, J., Cao, S. Q., et al. (2019).
The role of cytokinin in selenium stress response in arabidopsis. Plant Sci. 281,
122–132. doi: 10.1016/j.plantsci.2019.01.028

Jung, H. I., Lee, B. R., Chae, M. J., Lee, E. J., Lee, T. G., Jung, G. B., et al.
(2020). Ascorbate-mediated modulation of cadmium stress responses: reactive
oxygen species and redox status in brassica napus. Front. Plant Sci. 11:586547.
doi: 10.3389/fpls.2020.586547

Juszczak, I., Cvetkovic, J., Zuther, E., Hincha, D. K., and Baier, M. (2016). Natural
variation of cold deacclimation correlates with variation of cold acclimation of
the plastid antioxidant system in arabidopsis thaliana accessions. Front. Plant
Sci. 7:305. doi: 10.3389/fpls.2016.00305

Kaur, H., Sirhindi, G., Bhardwaj, R., Alyemeni, M. N., Siddique, K. H. M., and
Ahmad, P. (2018). 28-homobrassinolide regulates antioxidant enzyme activities
and gene expression in response to salt and temperature induced oxidative
stress in brassica juncea. Sci. Rep. 8:8735. doi: 10.1038/s41598-018-27032-w

Kaya, C., Ashraf, M., Alyemeni,M. N., Corpas, F. J., and Ahmad, P. (2020). Salicylic
acid-induced nitric oxide enhances arsenic toxicity tolerance in maize plants by
upregulating the ascorbate-glutathione cycle and glyoxalase system. J. Hazard.
Mater. 399:123020. doi: 10.1016/j.jhazmat.2020.123020

Kaya, C., Ashraf, M., Wijaya, L., and Ahmad, P. (2019). The putative role of
endogenous nitric oxide in brassinosteroid-induced antioxidant defence system
in pepper (Capsicum annuum L.) plants under water stress. Plant. Physiol.
Bioch. 143, 119–128. doi: 10.1016/j.plaphy.2019.08.024

Ketthaisong, D., Suriharn, B., Tangwongchai, R., and Lertrat, K. (2014). Combining
ability analysis in complete diallel cross of waxy corn (Zea mays var.
ceratina) for starch pasting viscosity characteristics. Sci. Hortic. 175, 229–235.
doi: 10.1016/j.scienta.2014.06.019

Khan, M. Y., Prakash, V., Yadav, V., Chauhan, D. K., Prasad, S. M., Ramawat,
N., et al. (2019). Regulation of cadmium toxicity in roots of tomato
by indole acetic acid with special emphasis on reactive oxygen species
production and their scavenging. Plant Physiol. Biochem. 142, 193–201.
doi: 10.1016/j.plaphy.2019.05.006

Kim, J., Park, S. J., Lee, I. H., Chu, H., Penfold, C. A., Kim, J. H., et al. (2018).
Comparative transcriptome analysis in arabidopsis ein2/ore3 and ahk3/ore12
mutants during dark-induced leaf senescence. J. Exp. Bot. 69, 3023–3036.
doi: 10.1093/jxb/ery137

Kohli, S. K., Khanna, K., Bhardwaj, R., Abd-Allah, E. F., Ahmad, P., and
Corpas, F. J. (2019). Assessment of subcellular ROS and NO metabolism
in higher plants: multifunctional signaling molecules. Antioxidants 8:641.
doi: 10.3390/antiox8120641

Komatsu, S., Makino, T., and Yasue, H. (2013). Proteomic and biochemical
analyses of the cotyledon and root of flooding stressed soybean plants. PLoS
ONE 8:e65301. doi: 10.1371/journal.pone.0065301

Kosar, F., Akram, N. A., Ashraf, M., Ahmad, A., Alyemeni, M. N., and Ahmad,
P. (2021). Impact of exogenously applied trehalose on leaf biochemistry,
achene yield and oil composition of sunflower under drought stress. Physiol.
Plantarum. 172, 317–333. doi: 10.1111/ppl.13155

Kuo, E. Y., Cai, M. S., and Lee, T. M. (2020). Ascorbate peroxidase 4 plays a role in
the tolerance of chlamydomonas reinhardtii to photo oxidative stress. Sci. Rep.
10:13287. doi: 10.1038/s41598-020-70247-z

Li, A. X., Han, Y. Y., Wang, X., Chen, Y. H., Zhao, M. R., Zhou, S. M., et al.
(2015). Root specific expression of wheat expansin gene TaEXPB23 enhances
root growth and water stress tolerance in tobacco. Environ. Exp. Bot. 110,
73–84. doi: 10.1016/j.envexpbot.2014.10.002

Li, H., Wang, J. Q., and Liu, Q. (2020). Photosynthesis product allocation and yield
in sweet potato with spraying exogenous hormones under drought stress. J.
Plant. Physiol. 253:153265. doi: 10.1016/j.jplph.2020.153265

Li, X., Zhang, L., Ahammed, G. J., Li, Z. X., Wei, J. P., Shen, C., et al.
(2017). Stimulation in primary and secondary metabolism by elevated carbon
dioxide alters green tea quality in Camellia sinensis L. Sci. Rep. 7:7937.
doi: 10.1038/s41598-017-08465-1

Li, Z., Yu, J. J., Peng, Y., and Huang, B. R. (2016). Metabolic pathways regulated by
gamma-aminobutyric acid (GABA) contributing to heat tolerance in creeping
bentgrass (agrostis stolonifera). Sci. Rep. 6:30338. doi: 10.1038/srep30338

Li, Z., Zhang, Y., Zhang, X. Q., Peng, Y., Merewitz, E., Ma, X., et al. (2015).
The alterations of endogenous polyamines and phytohormones induced
by exogenous application of spermidine regulate antioxidant metabolism,
metallothionein and relevant genes conferring drought tolerance in white
clover. Environ. Exp. Bot. 124, 22–38. doi: 10.1016/j.envexpbot.2015.12.004

Lou, L. L., Kang, J. Q., Pang, H. X., Li, Q. Y., Du, X. P., Wu, W., et al. (2017).
Sulfur protects pakchoi (Brassica chinensis L.) seedlings against cadmium
stress by regulating ascorbate-glutathione metabolism. Int. J. Mol. Sci. 18:1628.
doi: 10.3390/ijms18081628

Malhi, Z. I., Rizwan, M., Mansha, A., Ali, Q., and Ahmad, P. (2019).
Citric acid enhances plant growth, photosynthesis, and phytoextraction
of lead by alleviating the oxidative stress in castor beans. Plants 8:525.
doi: 10.3390/plants8110525

Maraci, Ö., Özkan, H., and Bilgin, R. (2018). Phylogeny and genetic structure in
the genus Secale. PloS ONE 13:e0200825. doi: 10.1371/journal.pone.0200825

Men, S., Chen, H., Chen, S., Zheng, S., Shen, X., Wang, C., et al. (2020). Effects of
supplemental nitrogen application on physiological characteristics, dry matter
and nitrogen accumulation of winter rapeseed (Brassica napus L.) under
waterlogging stress. Sci. Rep. 10:10201. doi: 10.1038/s41598-020-67260-7

Meng, J., Peng, M. D., Yang, J., Zhao, Y. R., Hu, J. S., Zhu, Y. T., et al.
(2020). Genome-wide analysis of the cyclin gene family and their expression
profile in medicago truncatula. Int. J. Mol. Sci. 21:9430. doi: 10.3390/ijms212
49430

Mir, M. A., Sirhindi, G., Alyemeni, M. N., Alam, P., and Ahmad, P. (2018).
Jasmonic acid improves growth performance of soybean under nickel toxicity
by regulating nickel uptake, redox balance, and oxidative stress metabolism. J.
Plant. Growth Regul. 37, 1195–1209. doi: 10.1007/s00344-018-9814-y

Mira, M. M., Huang, S., Hill, R. D., and Stasolla, C. (2021). Tolerance
to excess moisture in soybean is enhanced by over expression of the
glycine max Phytoglobin (GmPgb1). Plant Physiol. Biochem. 159, 322–334.
doi: 10.1016/j.plaphy.2020.12.033

Mori, I. C., and Schroeder, J. I. (2004). Reactive oxygen species activation of
plant Ca2+ channels. A signaling mechanism in polar growth, hormone
transduction, stress signaling, and hypothetically mechanotransduction. Plant
Physiol. 135, 702–708. doi: 10.1104/pp.104.042069

Nakano, Y., and Asada, K. (1980). Hydrogen peroxide is scavenged by ascorbate
specific peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880.
doi: 10.1093/oxfordjournals.pcp.a076232

Neill, E. M., Byrd, M. C. R., Billman, T., Brandizzi, F., and Stapleton, A. E.
(2019). Plant growth regulators interact with elevated temperature to alter heat
stress signaling via the unfolded protein response in maize. Sci. Rep. 9:10392.
doi: 10.1038/s41598-019-46839-9

Nishiyama, R., Le, D. T., Watanabe, Y., Matsui, A., Tanaka, M., Seki, M., et al.
(2012). Transcriptome analyses of a salt-tolerant cytokinin-deficient mutant

Frontiers in Plant Science | www.frontiersin.org 14 September 2021 | Volume 12 | Article 680376

https://doi.org/10.1034/j.1399-3054.1996.980402.x
https://doi.org/10.1186/s12870-020-2261-5
https://doi.org/10.1038/s41598-019-40362-7
https://doi.org/10.1038/s41598-017-09708-x
https://doi.org/10.1007/s00709-018-1310-5
https://doi.org/10.1007/s00344-020-10169-2
https://doi.org/10.21273/hortsci14067-19
https://doi.org/10.1016/j.plantsci.2019.01.028
https://doi.org/10.3389/fpls.2020.586547
https://doi.org/10.3389/fpls.2016.00305
https://doi.org/10.1038/s41598-018-27032-w
https://doi.org/10.1016/j.jhazmat.2020.123020
https://doi.org/10.1016/j.plaphy.2019.08.024
https://doi.org/10.1016/j.scienta.2014.06.019
https://doi.org/10.1016/j.plaphy.2019.05.006
https://doi.org/10.1093/jxb/ery137
https://doi.org/10.3390/antiox8120641
https://doi.org/10.1371/journal.pone.0065301
https://doi.org/10.1111/ppl.13155
https://doi.org/10.1038/s41598-020-70247-z
https://doi.org/10.1016/j.envexpbot.2014.10.002
https://doi.org/10.1016/j.jplph.2020.153265
https://doi.org/10.1038/s41598-017-08465-1
https://doi.org/10.1038/srep30338
https://doi.org/10.1016/j.envexpbot.2015.12.004
https://doi.org/10.3390/ijms18081628
https://doi.org/10.3390/plants8110525
https://doi.org/10.1371/journal.pone.0200825
https://doi.org/10.1038/s41598-020-67260-7
https://doi.org/10.3390/ijms21249430
https://doi.org/10.1007/s00344-018-9814-y
https://doi.org/10.1016/j.plaphy.2020.12.033
https://doi.org/10.1104/pp.104.042069
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1038/s41598-019-46839-9
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. 6-Benzyladenine Improves Waterlogging Tolerance

reveal differential regulation of salt stress response by cytokinin deficiency.
PLoS ONE 7:e32124. doi: 10.1371/journal.pone.0032124

Niu, L. M., Cao, R., Kang, J. Q., Zhang, X., and Lv, J. Y. (2018). Ascorbate-
glutathione cycle and ultrastructural analyses of two kenaf cultivars (Hibiscus
cannabinus L.) under chromium stress. Int. J. Environ. Res. Public Health

15:1467. doi: 10.3390/ijerph15071467
Noctor, G., Reichheld, J. P., and Foyer, C. H. (2018). ROS related redox

regulation and signaling in plants. Semin. Cell Dev. Biol. 80, 3–12.
doi: 10.1016/j.semcdb.2017.07.013

Ohkawa, H., Ohishi, N., and Yagi, K. (1979). Assay for lipid peroxides in
animal tissues by thiobarbituric acid reaction. Anal. Biochem. 95, 351–358.
doi: 10.1016/0003-2697(79)90738-3

Park, J. S., and Ju, L. E. (2019). Waterlogging induced oxidative stress and the
mortality of the Antarctic plant, deschampsia antarctica. JEE 43, 289–296.
doi: 10.1186/s41610-019-0127-2

Paul, S., Wildhagen, H., Janz, D., Teichmann, T., Haensch, R., and Polle, A. (2016).
Tissue- and Cell-Specific cytokinin activity in populus x canescens monitored
by ARR5::GUS reporter lines in summer and winter. Front. Plant Sci. 7:652.
doi: 10.3389/fpls.2016.00652

Porcher, A., Guerin, V., Leduc, N., Lebrec, A., Lothier, J., and Vian, A.
(2021). Ascorbate-glutathione pathways mediated by cytokinin regulate H2O2

levels in light-controlled rose bud burst. Plant. Physiol. 186, 910–928.
doi: 10.1093/plphys/kiab123

Posso, D. A., Borella, J., Reissig, G. N., and Bacarin, M. A. (2018).
Root flooding induced changes in the dynamic dissipation of the
photosynthetic energy of common bean plants. Acta Physiol. Plant 40:212.
doi: 10.1007/s11738-018-2790-9

Prerostova, S., Dobrev, P. I., Kramna, B., Gaudinova, A., Knirsch, V., Spichal,
L., et al. (2020). Heat acclimation and inhibition of cytokinin degradation
positively affect heat stress tolerance of arabidopsis. Front. Plant Sci. 11:87.
doi: 10.3389/fpls.2020.00087

Pulido, P., Spinola, M. C., Kirchsteiger, K., Guinea, M., Belen Pascual, M., Sahrawy,
M., et al. (2010). Functional analysis of the pathways for 2-Cys peroxiredoxin
reduction in Arabidopsis thaliana chloroplasts. J. Exp. Bot. 61, 4043–4054.
doi: 10.1093/jxb/erq218

Qi, Y. X., Liu, M. J., Bo, Z., Ming, W., Yi, Z. Y., Ping, Z. X., et al. (2016).
Submergence causes similar carbohydrate starvation but faster post stress
recovery than darkness in alternanthera philoxeroides plants. PLoS ONE

11:e0165193. doi: 10.1371/journal.pone.0165193
Racz, A., Czegeny, G., Csepregi, K., and Hideg, E. (2020). Ultraviolet-B acclimation

is supported by functionally heterogeneous phenolic peroxidases. Sci. Rep.
10:16303. doi: 10.1038/s41598-020-73548-5

Raja, V., Qadir, S. U., Alyemeni, M. N., and Ahmad, P. (2020). Impact
of drought and heat stress individually and in combination on physio-
biochemical parameters, antioxidant responses, and gene expression in
Solanum lycopersicum. 3 Biotech. 10, 1–18. doi: 10.1007/s13205-020-02206-4

Ren, B., Zhang, J., Dong, S., Liu, P., and Zhao, B. (2018a). Exogenous 6-
benzyladenine improves antioxidative system and carbon metabolism of
summer maize waterlogged in the field. J. Agron. Crop Sci. 204, 175–184.
doi: 10.1111/jac.12253

Ren, B., Zhang, J., Dong, S., Liu, P., and Zhao, B. (2018b). Responses of carbon
metabolism and antioxidant system of summer maize to waterlogging at
different stages. J. Agron. Crop. Sci. 204: 505–514. doi: 10.1111/jac.12275

Ren, B. Z., Zhang, J. W., Li, X., Fan, X., Dong, S. T., Liu, P., et al. (2014). Effects of
waterlogging on the yield and growth of summer maize under field conditions.
Can. J. Plant. Sci. 94:23–31. doi: 10.4141/cjps2013-175

Ren, C. G., Kong, C. C., Yan, K., Zhang, H., Luo, Y. M., and Xie, Z.
H. (2017). Elucidation of the molecular responses to waterlogging in
sesbania cannabina roots by transcriptome profiling. Sci. Rep. 7:9256.
doi: 10.1038/s41598-017-07740-5

Sarwar, M., Saleem, M. F., Ullah, N., Ali, S., Rizwan, M., Shahid, M. R.,
et al. (2019). Role of mineral nutrition in alleviation of heat stress in
cotton plants grown in glasshouse and field conditions. Sci. Rep. 9:13022.
doi: 10.1038/s41598-019-49404-6

Shams, M., and Yildirim, E. (2021). Variations in response of CaPAO and
CaATG8c genes, hormone, photosynthesis and antioxidative system in
pepper genotypes under salinity stress. SCI. Hortic. Amsterdam 282:110041.
doi: 10.1016/j.scienta.2021.110041

Shu, S., Guo, S. R., Sun, J., and Yuan, L. Y. (2012). Effects of salt stress on the
structure and function of the photosynthetic apparatus in Cucumis sativus
and its protection by exogenous putrescine. Physiol. Plant 146, 285–296.
doi: 10.1111/j.1399-3054.2012.01623.x

Singh, S., Singh, A., Srivastava, P. K., and Prasad, S. M. (2018). Cadmium
toxicity and its amelioration by kinetin in tomato seedlings vis-a-
vis ascorbate-glutathione cycle. J. Photochem. Photobiol. B 178, 76–84.
doi: 10.1016/j.jphotobiol.2017.10.025

Song, T., Sun, N., Dong, L., and Cai, H. (2021). Enhanced alkali tolerance
of rhizobia inoculated alfalfa correlates with altered proteins and metabolic
processes as well as decreased oxidative damage. Plant Physiol. Biochem. 159,
301–311. doi: 10.1016/j.plaphy.2020.12.021

Sorensen, J. L., Benfield, A. H., Wollenberg, R. D., Westphal, K., Wimmer, R.,
Nielsen, M. R., et al. (2018). The cereal pathogen fusarium pseudograminearum
produces a new class of active cytokinins during infection. Mol. Plant. Pathol.

19, 1140–1154. doi: 10.1111/mpp.12593
Striker, G. G. (2012). Time is on our side: the importance of considering a recovery

period when assessing flooding tolerance in plants. Ecol. Res. 27, 983–987.
doi: 10.1007/s11284-012-0978-9

Tan, S., Zhu, M., and Zhang, Q. (2010). Physiological responses of bermudagrass
(Cynodon dactylon) to submergence. Acta Physiol. Plant 32, 133–140.
doi: 10.1007/s11738-009-0388-y

Tan, X. L., Zhao, Y. T., Shan, W., Kuang, J. F., Lu, W. J., Su, X. G.,
et al. (2020). Melatonin delays leaf senescence of postharvest chinese
flowering cabbage through ROS homeostasis. Food Res. Int. 138:109790.
doi: 10.1016/j.foodres.2020.109790

Tang, B., Xu, S. Z., Zou, X. L., Zheng, Y. L., and Qiu, F. Z. (2010). Changes
of antioxidative enzymes and lipid peroxidation in leaves and roots of
waterlogging-tolerant and waterlogging-sensitive maize genotypes at seedling
stage. Agric. Sci. China 9, 651–661. doi: 10.1016/s1671-2927(09)60140-1

Tiwari, S., Lata, C., Singh Chauhan, P., Prasad, V., and Prasad, M. (2017). A
functional genomic perspective on drought signalling and its crosstalk with
phytohormone mediated signalling pathways in plants. Curr. Genom. 18,
469–482. doi: 10.2174/1389202918666170605083319

Van der Does, D., Leon-Reyes, A., Koornneef, A., Van Verk, M. C.,
Rodenburg, N., Pauwels, L., et al. (2013). Salicylic acid suppresses
jasmonic acid signaling downstream of SCFCOI1-JAZ by targeting GCC

promoter motifs via transcription factor ORA59. Plant Cell. 25, 744–761.
doi: 10.1105/tpc.112.108548

Visser, E., Voesenek, L., Vartapetian, B. B., and Jackson, M. B. (2003). Flooding and
plant growth - preface. Ann. Bot. 91, 107–109. doi: 10.1093/aob/mcg014

Wang, H. H., Yang, L. D., Li, Y., Hou, J. J., Huang, J. J., and Liang,
W. H. (2016). Involvement of ABA and H2O2 dependent cytosolic
glucose-6-phosphate dehydrogenase in maintaining redox homeostasis in
soybean roots under drought stress. Plant Physiol. Biochem. 107, 126–136.
doi: 10.1016/j.plaphy.2016.05.040

Wang, J., Lv, X. L., Wang, H. W., Zhong, X. M., Shi, Z. S., Zhu, M., et al.
(2019). Morpho-anatomical and physiological characteristics responses of a
paried near-isogenic lines of waxy corn to waterlogging. Emir. J. Food Agr. 31,
951–957. doi: 10.9755/ejfa.2019.v31.i12.2045

Wang, J., Shi, S. H., Wang, D. Y., Sun, Y., Zhu, M., and Li, F. H. (2021).
Exogenous salicylic acid ameliorates waterlogging stress damages and improves
photosynthetic efficiency and antioxidative defense system in waxy corn.
Photosynthetica 59, 84–94. doi: 10.32615/ps.2021.005

Wang, M., Ding, F., and Zhang, S. (2020). Mutation of SlSBPASE aggravates
chilling induced oxidative stress by impairing glutathione biosynthesis and
suppressing ascorbate-glutathione recycling in tomato plants. Front. Plant Sci.
11:565701. doi: 10.3389/fpls.2020.565701

Wang, X., Huang, M., Zhou, Q., Cai, J., Dai, T. B., Cao, W. X., et al. (2016).
Physiological and proteomic mechanisms of waterlogging priming improves
tolerance to waterlogging stress in wheat (Triticum aestivum L.). Environ. Exp.
Bot. 132, 175–182. doi: 10.1016/j.envexpbot.2016.09.003

Wang, X. K., Wang, N., Xing, Y. Y., and Ben, E. C. M. (2018). Synergetic effects
of plastic mulching and nitrogen application rates on grain yield, nitrogen
uptake and translocation of maize planted in the loess plateau of china. Sci.
Rep. 8:14319. doi: 10.1038/s41598-018-32749-9

Wang, X. S., Deng, Z., Zhang, W. Z., Meng, Z. J., Chang, X., and Lv,
M. C. (2017). Effect of waterlogging duration at different growth stages

Frontiers in Plant Science | www.frontiersin.org 15 September 2021 | Volume 12 | Article 680376

https://doi.org/10.1371/journal.pone.0032124
https://doi.org/10.3390/ijerph15071467
https://doi.org/10.1016/j.semcdb.2017.07.013
https://doi.org/10.1016/0003-2697(79)90738-3
https://doi.org/10.1186/s41610-019-0127-2
https://doi.org/10.3389/fpls.2016.00652
https://doi.org/10.1093/plphys/kiab123
https://doi.org/10.1007/s11738-018-2790-9
https://doi.org/10.3389/fpls.2020.00087
https://doi.org/10.1093/jxb/erq218
https://doi.org/10.1371/journal.pone.0165193
https://doi.org/10.1038/s41598-020-73548-5
https://doi.org/10.1007/s13205-020-02206-4
https://doi.org/10.1111/jac.12253
https://doi.org/10.1111/jac.12275
https://doi.org/10.4141/cjps2013-175
https://doi.org/10.1038/s41598-017-07740-5
https://doi.org/10.1038/s41598-019-49404-6
https://doi.org/10.1016/j.scienta.2021.110041
https://doi.org/10.1111/j.1399-3054.2012.01623.x
https://doi.org/10.1016/j.jphotobiol.2017.10.025
https://doi.org/10.1016/j.plaphy.2020.12.021
https://doi.org/10.1111/mpp.12593
https://doi.org/10.1007/s11284-012-0978-9
https://doi.org/10.1007/s11738-009-0388-y
https://doi.org/10.1016/j.foodres.2020.109790
https://doi.org/10.1016/s1671-2927(09)60140-1
https://doi.org/10.2174/1389202918666170605083319
https://doi.org/10.1105/tpc.112.108548
https://doi.org/10.1093/aob/mcg014
https://doi.org/10.1016/j.plaphy.2016.05.040
https://doi.org/10.9755/ejfa.2019.v31.i12.2045
https://doi.org/10.32615/ps.2021.005
https://doi.org/10.3389/fpls.2020.565701
https://doi.org/10.1016/j.envexpbot.2016.09.003
https://doi.org/10.1038/s41598-018-32749-9
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Wang et al. 6-Benzyladenine Improves Waterlogging Tolerance

on the growth, yield and quality of cotton. PLoS ONE 12:e0169029.
doi: 10.1371/journal.pone.0169029

Wang, X. Y., Liu, D. M., Wei, M. M., and Man, J. G. (2020). Spraying 6-BA could
alleviate the harmful impacts of waterlogging on dry matter accumulation and
grain yield of wheat. PeerJ 8:e8193. doi: 10.7717/peerj.8193

Wang, Y., Letham, D. S., John, P. C. L., and Zhang, R. (2016). Synthesis of a
cytokinin linked by a spacer to dexamethasone and biotin: conjugates to detect
cytokinin-binding proteins.Molecules 21:576. doi: 10.3390/molecules21050576

Wright, A. J., de-Kroon, H., Visser, E. J. W., Buchmann, T., Ebeling, A.,
Eisenhauer, N., et al. (2017). Plants are less negatively affected by flooding
when growing in species rich plant communities. New Phytol. 213, 645–656.
doi: 10.1111/nph.14185

Wu, W. M., Wang, S. J., Chen, H. J., Song, Y. H., Zhang, L., Peng, C., et al.
(2018). Optimal nitrogen regimes compensate for the impacts of seedlings
subjected to waterlogging stress in summer maize. PLoS ONE 13:e0206210.
doi: 10.1371/journal.pone.0206210

Wu, X. X., He, J., Ding, H. D., Zhu, Z. W., Chen, J. L., Xu, S., et al. (2015).
Modulation of zinc induced oxidative damage in solanum melongena by 6-
benzylaminopurine involves ascorbate-glutathione cycle metabolism. Environ.
Exp. Bot. 116, 1–11. doi: 10.1016/j.envexpbot.2015.03.004

Xia, X. J., Wang, Y. J., Zhou, Y. H., Tao, Y., Mao, W. H., Shi, K., et al.
(2009). Reactive oxygen species are involved in brassinosteroid induced stress
tolerance in cucumber. Plant Physiol. 150, 801–814. doi: 10.1104/pp.109.
138230

Xiao, Y. S., Wu, X. L., Sun, M. X., and Peng, F. T. (2020). Hydrogen sulfide
alleviates waterlogging-induced damage in peach seedlings via enhancing
antioxidative system and inhibiting ethylene synthesis. Front. Plant Sci. 11:696.
doi: 10.3389/fpls.2020.00696

Xie, T. L., Gu, W. R., Meng, Y., Li, J., Li, L. J., Wang, Y. C., et al. (2017).
Exogenous DCPTA ameliorates simulated drought conditions by improving
the growth and photosynthetic capacity of maize seedlings. Sci. Rep. 7:12684.
doi: 10.1038/s41598-017-12977-1

Xu, J., Zhu, Y. Y., Ge, Q., Li, Y. L., Sun, J. H., Zhang, Y., et al. (2012).
Comparative physiological responses of solanum nigrum and solanum torvum
to cadmium stress. New Phytol. 196, 125–138. doi: 10.1111/j.1469-8137.2012.
04236.x

Xu, X. W., Ji, J., Ma, X. T., Xu, Q., Qi, X. H., and Chen, X. H. (2016). Comparative
proteomic analysis provides insight into the key proteins involved in cucumber
(Cucumis sativus L.) adventitious root emergence under waterlogging stress.
Front. Plant Sci. 7:1515. doi: 10.3389/fpls.2016.01515

Yao, Q. L. (2021). Crucial waterlogging-responsive genes and pathways
revealed by comparative physiology and transcriptome in tropical and

temperate maize (Zea mays L.) inbred lines. J. Plant Biol. 64, 313–325.
doi: 10.1007/s12374-021-09298-2

Yildiztugay, E., Ozfidan-Konakci, C., Kucukoduk, M., and Turkan, I.
(2020). Flavonoid naringenin alleviates short term osmotic and salinity
stresses through regulating photosynthetic machinery and chloroplastic
antioxidant metabolism in phaseolus vulgaris. Front. Plant Sci. 11:628.
doi: 10.3389/fpls.2020.00682

Zhang, F. Q., Wang, Y. S., Lou, Z. P., and Dong, J. D. (2007). Effect of
heavy metal stress on antioxidative enzymes and lipid peroxidation in leaves
and roots of two mangrove plant seedlings (kandelia candel and bruguiera

gymnorrhiza). Chemosphere 67, 44–50. doi: 10.1016/j.chemosphere.2006.
10.007

Zhang, J., Xing, J., Lu, Q. Y., Yu, G. H., Xu, B., and Huang, B. (2019).
Transcriptional regulation of chlorophyll-catabolic genes associated with
exogenous chemical effects and genotypic variations in heat-induced
leaf senescence for perennial ryegrass. Environ. Exp. Bot. 167:103858.
doi: 10.1016/j.envexpbot.2019.103858

Zhang, Y., Li, Z., Peng, Y.,Wang, X., Peng, D., Li, Y., et al. (2015). Clones of FeSOD,
MDHAR, DHAR genes fromwhite clover and gene expression analysis of ROS-
scavenging enzymes during abiotic stress and hormone treatments. Molecules

20, 20939–20954. doi: 10.3390/molecules201119741
Zhu, M., Li, F. H., and Shi, Z. S. (2016). Morphological and photosynthetic

response of waxy corn inbred line to waterlogging. Photosynthetica 54, 636–640.
doi: 10.1007/s11099-016-0203-0

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021Wang,Wang, Zhu and Li. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 16 September 2021 | Volume 12 | Article 680376

https://doi.org/10.1371/journal.pone.0169029
https://doi.org/10.7717/peerj.8193
https://doi.org/10.3390/molecules21050576
https://doi.org/10.1111/nph.14185
https://doi.org/10.1371/journal.pone.0206210
https://doi.org/10.1016/j.envexpbot.2015.03.004
https://doi.org/10.1104/pp.109.138230
https://doi.org/10.3389/fpls.2020.00696
https://doi.org/10.1038/s41598-017-12977-1
https://doi.org/10.1111/j.1469-8137.2012.04236.x
https://doi.org/10.3389/fpls.2016.01515
https://doi.org/10.1007/s12374-021-09298-2
https://doi.org/10.3389/fpls.2020.00682
https://doi.org/10.1016/j.chemosphere.2006.10.007
https://doi.org/10.1016/j.envexpbot.2019.103858
https://doi.org/10.3390/molecules201119741
https://doi.org/10.1007/s11099-016-0203-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

	Exogenous 6-Benzyladenine Improves Waterlogging Tolerance in Maize Seedlings by Mitigating Oxidative Stress and Upregulating the Ascorbate-Glutathione Cycle
	Introduction
	Materials and Methods
	Plant Materials and Experimental Design
	Determination of Growth Parameters
	Quantification of Lipid Peroxidation and Relative Electrical Conductivity
	Histochemical Staining and Determination of O2– and H2O2
	Measurements of ASA-GSH Cycle Enzyme Activity
	Measurements of Concentration of AsA-GSH Cycle Metabolites
	Statistical Analysis

	Results
	Plant Morphology
	Plant Growth and Development 
	Oxidative Stress and Histochemical Staining
	Oxidative Damage to Cellular Membranes 
	Enzymatic and Non-enzymatic Metabolites of the AsA-GSH Cycle

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


