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Abstract

Chromium (Cr) contamination of agricultural soils is a major threat to human and plant health worldwide and causes reduc-
tions in plant growth and crop yields. 24-epibrassinolide (EBL) and nitric oxide (NO) have been shown to ameliorate the
reductions in growth caused by the stresses induced by heavy metals; however, the interactions between EBL and NO on the
alleviation of Cr-induced phytotoxicity have been poorly studied. Hence, this study was undertaken to examine any benefi-
cial effects of EBL (0.01 uM) and NO (100 uM), applied alone or in combination, on the mitigation of stress induced by Cr
(100 uM) in soybean seedlings. Although EBL and NO applied alone reduced the toxic effects of Cr, the combined treatment
had the greatest effect. Mitigation of Cr intoxication occurred via reduced Cr uptake and translocation and by ameliorating
reductions in water contents, light-harvesting pigments, and other photosynthetic parameters. In addition, the two hormones
increased the activity of enzymatic and non-enzymatic defense mechanisms increasing the scavenging of reactive oxygen
species, thereby reducing membrane damage and electrolyte leakage. Furthermore, the hormones reduced the accumulation
of the toxic compound, methylglyoxal, by amplifying activities of glyoxalase I and glyoxalase II. Thus, applications of NO
and EBL can significantly mitigate Cr-phytotoxicity when cultivating soybean plants in Cr-contaminated soils. However,
further more-in depth studies including field investigations parallel with calculations of cost to profit ratios and yield losses
are requested to validate the effectiveness of NO and/or EBL for remediation agents in Cr-contaminated soils with using
key biomarkers (i.e., oxidative stress, antioxidant defense, and osmoprotectants) involved in the uptake, accumulation, and
attenuation of Cr toxicity tested in our study.
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Hussain et al. 2022; Prakash et al. 2022). In addition, Cr
stimulates the accumulation of a toxic compound, methyl-
glyoxal (MG), which also accumulates due to other envi-
ronmental stresses (Jin et al. 2015; Kharbech et al. 2020a,
b). The increased generation and accumulation of ROS and
MG cause lipid peroxidation and membrane damage and the
production of cytotoxic products such as malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE). In addition,
both MG and ROS perturb membrane-bound enzymes like
H*-ATPase causing electrolyte leakage and disturbing the
osmotic balance and the production of soluble sugars and
proteins (Wang et al. 2019; Zhang et al. 2017). To overcome
the negative effects of Cr, plants activate various defense
mechanisms, including elimination of Cr by binding it to
cell walls, by cytosolic chelation, and by vacuolar compart-
mentalization (Singh et al. 2013; Kharbech et al. 2017).
Under a Cr-stressed environment, plants also increase their
enzymatic and non-enzymatic defensive activities including
superoxide dismutase (SOD), ascorbate peroxidase (APX),
catalase (CAT), glutathione reductase (GR), glutathione
(GSH) (Kharbech et al. 2017, 2020a) as well as signaling
cascades associated with defense gene expression (Adhikari
et al. 2018). Furthermore, plants also have a MG detoxi-
fication mechanism composed of glyoxalase I (Glyl) and
glyoxalase II (GlyII) (Hossain et al. 2012). GSH is used by
GlyI to convert MG into a thioester; following which, GlyII
further hydrolyzes the thioester to regenerate GSH (Hos-
sain et al. 2012; Kharbech et al. 2020a). These antioxidant
defense mechanisms have the potential for the development
of Cr-tolerance; however, the processes behind these anti-
oxidant defense systems in relation to Cr stress need to be
further explored.

Nitric oxide (NO) can minimize the negative conse-
quences of various environmental stresses such those caused
by salinity (Ahmad et al. 2016), iron deficiency (Shan-
mugam et al. 2015), drought (Cechin et al. 2015), and Cr
(Basit et al. 2022a, e; Singh et al. 2022). Currently, the role
of signaling molecules such as NO to ameliorate the nega-
tive impacts of HM stress by suppressing both ROS and MG
accumulation and regulating antioxidant activities is under
investigation. NO acts as a multifunctional signaling mol-
ecule inside plants that activates the defensive mechanism
and other metabolic pathways under various environmental
stressed conditions (Shivaraj et al. 2020). Additionally, NO
can modulate the production of GSH which reduces MG
over-production and accumulation (Mostofa et al. 2018).

Brassinosteroids (BRs) are a group of naturally occurring
phytohormones involved in plant development and numer-
ous physiological processes (Basit et al. 2021b; Yokota and
Mori 2018). They are involved in the activation of transcrip-
tional responses that are responsible for cell division (Hu
et al. 2000) as well as cell and hypocotyl elongation (Szek-
eres et al. 1996); thus, they enhance the plant growth. BRs

alleviate HM toxicity in plants by encouraging growth, the
accumulation of osmolytes, the uptake of mineral nutrients,
and through antioxidative and glyoxalase defense systems
(Jan et al. 2018) and have been shown to mitigate the effects
of chromium (Basit et al. 2021a), cadmium (Santos et al.
2018), aluminum (Basit et al. 2022d), zinc (Ramakrishna
and Rao 2015), and lead (Kohli et al. 2018). However, the
effect of combined applications of NO and 24-epibrassi-
nolide (EBL) to counteract Cr toxicity in soybeans at the
physio-biochemical and metabolic levels has been little
studied.

Soybean (Glycine max L. (Merr.)) is an important cash
crop worldwide that provides oils and proteins that are
essential for human and animal nutrition (Ning et al. 2019).
Yields of this crop can be markedly reduced due to differ-
ent HM stresses including Cr (Basit et al. 2022¢). EBL has
been shown to mitigate losses in biomass and growth in
pepper plants subjected to water stress, a phenomenon that
was reversed by the combined use of a NO scavenger (Kaya
et al. 2019). Given this interaction between NO and EBL,
this study aimed to understand the crosstalk and interplays
between these compounds in the alleviation of Cr toxicity
in soybean plants.

Materials and methods
Plant materials

The soybean cultivar used in this study was Huaidou-19
(HD-19), which was purchased from the Zhejiang Non-
gke Seeds CO., Ltd. Hangzhou, Zhejiang Province, China.
24-Epibrassinolide (EBL) and sodium nitroprusside (as
nitric oxide (NO) donor) were purchased from Shanghai,
Yuanye Biotechnology Co., Ltd., China.

Plant growth conditions and hydroponic culture

The sterilization of seeds was produced by dipping them
into 5% (w/v) sodium hypochlorite solution for 20 min;
after which, they were washed with double-distilled water
(ddH,0). The seeds were then germinated in a growth cham-
ber at 25 °C with an 8/16 h light/dark cycle (Zheng et al.
2006). Seeds producing a radicle after 4 days of germination
were selected and transferred to 2-L black plastic containers
filled with Hoagland nutrient solution. The nutrient solu-
tion was made of the following ingredients: 0.5-uM potas-
sium nitrate (KNO;); 0.5-uM calcium nitrate (Ca(NO),);
0.5-uM magnesium sulfate MgSO,; 2.5-uM monopotas-
sium phosphate (KH,PO,); 2.5-uM ammonium chloride
(NH,CI); 100-uM ferric EDTA (Fe-K-EDTA); 30-uM boric
acid (H;BOj3); 5-uM manganese monosulfate (MnSO,);
1-uM copper sulfate (CuSO,); 1-uM zinc sulfate (ZnSO,);
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and 1-uM ammonium heptamolybdate ((NH,)Mo0,0,,)
per 1000-mL ddH,O. The pH of the nutrient solution was
adjusted to 5.7 +0.1 daily with hydrochloric acid (HCl) or
sodium hydroxide (NaOH) and maintained throughout the
experiment.

Treatments, sampling, and growth analysis

The experiment was carried out with complete random
block with 4 replicates per treatment. After another 10 days’
growth in the Hoagland nutrient solution, seedlings of uni-
form growth were selected and divided into two groups:
one group was treated with Cr for 7 days (Cr treatment, the
final concentration of Cr in nutrient solution was 100 uM),
and another group was without Cr. Meanwhile, four treat-
ments containing EBL (0.01 uM), NO (100 uM), EBL + NO
(0.01 uM 4100 uM), and double-distilled water (ddH,O)
were, respectively, added to the nutrient solution for each
group. Therefore, there were totally 8 treatments, which
were H,0, EBL, NO, EBL + NO, H,0+Cr, EBL +Cr,
NO +Cr, and EBL + NO+ Cr. Sampling was carried out at
the 7th day under Cr stress treatment, and then all seed-
lings were taken out and washed with ddH,O to remove the
Cr deposits. The seedlings’ heights and fresh weights were
assessed. To determine the dry masses, seedling shoots, and
roots were separately oven dried at 80 °C for 24 h.

Determination of photosynthetic pigments, gas
exchange parameters, and relative water contents

Fresh leaf samples (0.2 g) were placed in 3 mL of 95%
(v/v) ethanol, the mixture homogenized then centrifuged at
5000 x g for 10 min for pigment extraction. Afterward, 9 mL
of ethanol was added into 1-mL aliquots in test tubes and left
for overnight. Chlorophyll contents were assessed at 645-,
663-, and 470-nm UV-VIS spectrophotometer (Ultrospecific
3000 Biochrom Ltd. Cambridge, England) (Lichtenthaler
1987). The measurement of total chlorophyll was done by
using the formula:

Total chlorophyll content (a + b) =

ey

[20.2 (OD645 — 8.02 (OD663) x V/1000 X W)]

Carotenoids (Car) = (1000479 — 2.05 Ch la — 104 Ch [b)/245 ()

The quantities of total chlorophyll content were presented
as mg g~ of plant extract.

Gas exchange parameters (net photosynthetic (Pn),
CO, concentration (Ci), stomatal conductance (gn), and
photochemical efficacy of PS II (Fv/Fm)) were estimated
with a LiCor-6400 portable photosynthesis system (Li-
Cor Inc., Lincoln, NE, USA) by the methodology of Zhou
and Leul (1999).
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The relative water contents (RWC) of leaves were estimated
according to the method of Mostofa and Fujita (2013) using
the formula:

RWC(%) = 100 x (FW — DW)/(TW — DW) 3)

RWC were determined on the bases of fresh weight (FW),
dry weight (DW), and turgid weight (TW).

Determination of Cr accumulation
and micronutrients level

Aliquots (0.2 g) of ground roots and shoots were used for the
estimation of Cr contents. The samples were heated on hot
plate at 500 °C for 24 h, and then digested in HNO;-HCIO,
(3:1, v/v) for 48 h at room temperature. Afterward, the digested
samples were diluted with 15 mL of ddH,O. The final filtrate
was used to quantify the Cr content measurements using an
atomic absorption spectrometer (Aziz et al. 2015). Transloca-
tion factors (TFs) were calculated using the formula

TF = [(Shoot Cr/Root Cr) x 100] 4)

Determination of total soluble sugar, protein,
proline, and relative water contents

To determine total soluble sugars (TSS), fresh leaf samples
(0.5 g) were ground using mortars and pestles along with
extraction buffer [phosphate buffer (50 mM, pH 7), glycerol
(10%, v/v), ascorbate (1 mM), potassium chloride (100 mM),
and p-mercaptoethanol (5 mM)]. After, the homogenate was
centrifuged for 15 min at 12,000 X g. The supernatant was used
for the quantification of TSS using the phenol—sulfuric acid
assay of Dubois et al. (1951). The supernatant was also used
to analyze the total soluble protein (TSP) (Bradford 1976).
To estimate the proline contents, 0.5 g of fresh samples was
homogenized in sulfosalicylic acid (3%, w/v), then centrifuged
at 10,000 g for 15 min. Acid-ninhydrin, glacial acetic acid,
and supernatant were mixed in 1:1:1 ratio, heated at 100 °C
for 1 h and then cooled instantly on ice to avoid any further
reaction. The colored-chromophore produced was extracted
in toluene, and its absorbance at 520 nm was measured (Bates
et al. 1973). Proline contents were determined using proline
standards.

Estimation of electrolyte leakage (EL),
malondialdehyde (MDA), and methylglyoxal
contents

To estimate the electrolyte leakage (EL) (dSm™!), 1 g of
seedlings was immersed in 25 mL of ddH,O and incubated
at 25 °C for 24 h. The samples were transferred to another
blank beaker, and dd H,O was added up to 25-mL volume;
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EL was quantified in dSm™! (Ista et al. 2004). For the meas-
urement of MDA, 1.5 mL of tissue was homogenized in
2.5 mL of 5% 2-thiobarbituric acid (TBA) and diluted in
5% trichloroacetic acid at 100 °C for 20 min, cooled on ice
and then centrifuged, and the absorbance at 532 and 600 nm
was measured using UV-Vis spectrophotometer (Hitachi
U-2910) (Heath and Packer 1968). Methylglyoxal (MG) con-
tents were estimated according to the description of Yadav
et al. (2005).

Determination of hydrogen peroxide (H,0,)
and superoxide content (0,)

The hydrogen peroxide (H,0,) was estimated by homog-
enizing the seedling in a phosphate buffer and centrifuged
at 6000 X g. The 0.1% titanium sulfate containing 20% (v/v)
H,SO, was added to the supernatant and intermixed. The
intensity of the yellow color was measured at 410 nm, and
then the H,O, contents were calculated according to the
method of Kwasniewski et al. (2013). The O, production
rate was monitored following the method described by Jiang
and Zhang (2001). The 250 mL of 7.2 mM 1,2-diaminoben-
zene, 650 mL of sample extract, and 100 mL of 5-M per-
chloric acid were used to prepare the assay mixture of 1 mL.
The absorbance of the mixture was monitored at 336 nm,
and a standard curve of pure MG was used to deliberate the
final concentration of MG.

Enzyme extraction and determination activities

The samples of uppermost expended leaves and roots
were used for each antioxidant. To estimate the SOD
activity, the absorbance of a reaction mixture contain-
ing 50-mM KH,PO, buffer, 2.24-mM nitro-blue tetrazo-
lium (NBT), and 2.36-mM xanthine was measured for
2 min according to the described protocol of El-Shabrawi
et al. (2010). The required amount of enzyme was used
to restrict NBT reduction (50%), and the unit of SOD
activity was evaluated as min~' mg~' protein. Catalase
(CAT) activity was determined by the methodology of
Hossain et al. (2010) and used an extinction coefficient
of 39.4 M~! cm™!. APX activity was determined as the
protocol of Nakano and Asada (1981). GR was assayed
based on the method of Schaedle and Bassham (1977)
with a slight modification; reduced glutathione (GSH)
and oxidized glutathione (GSSG) were measured accord-
ing to the protocol of Law et al. (1983).

Gly I (EC 4.4.1.5) and Gly II (EC 3.1.2.6) were deter-
mined according to Mostofa et al. (2014). MG was used as

a substrate to determine the GlyI in a reaction mixture that
comprised magnesium sulfate (15 mM), potassium phos-
phate buffer (100 mM, pH 7.0), GSH (1.7 mM). The absorb-
ance at 240 nm was measured and an extinction coefficient
of 3.37 mM~! cm™!. The activity of GlyII was measured by
analyzing GSH at 412 nm and an extinction coefficient of
13.6 mM~! cm™!. Furthermore, final volume of 1 mL was
prepared by using DTNB (0.2 mM), S-D-lactoylglutathione
(1 mM), and Tris—HCI buffer (100 mM, pH 7.2).

Statistical analysis

All experimental data were analyzed by applying analysis of
variance with the least significant differences (LSD) deter-
mined at p < 0.05 level between mean values using Statistix
(8.1) software. All the experimental values were mean of
four replicates + standard deviation (SD).

Results

Effect of exogenous supplementation of EBL, NO,
and EBL + NO on the plant growth and biomass
under Cr stress

The plants treated with H,O, EBL, and NO without Cr expo-
sure were considered as the control group. In this group, EBL
and NO alone had a slightly greater effect on plant growth
than H,O (Fig. S1). However, compared with the control
group of soybean cultivar, plant length under Cr stress was
significantly inhibited, leaf size was relatively small, and leaf
color was more yellow (Fig. S1). Compared with H,O treat-
ment (H,O +Cr), single application of EBL and NO could
significantly improve plant height and reduce the poisoning
symptoms of plants under Cr stress. Whereas, the combined
supplementation of EBL 4+ NO further increased the plant
height with greenish leaf texture in comparison to their sole
application under Cr-induced toxicity (Fig. S1).

Relative to the control, the changing at the microphysical
level was recorded inside soybean plants under Cr exposure
such as shoot length (SL), root length (RL), fresh weight
(FW), and dry weight (DW) of the plant by 52.4%, 40.7%,
49.3%, and 61.6%, respectively, while EBL and NO alone
enhanced the SL, RL, FW, as well as DW by 31.1/33.62%,
24.76/27.98%, 35.72/39.14%, 37.65/35.72%, respectively, as
compared to H,O + Cr. Additionally, EBL + NO treatment
further improved the above-mentioned indexes by an aver-
age of 26.43%, 29.72%, 27.65%, and 24.39% individually
than EBL + Cr and NO + Cr (Fig. 1). In the control group
without Cr, EBL + NO improved the SL, RL, DW, and FW
of plants obviously in comparison to the alone treatment

@ Springer
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Cr contents in shoot mg g'1 (DW)

Cr contents in root mg g'l (DW)

30+

Translocation factor (%)

Fig.3 Effect of nitric oxide (NO) and 24-epibrassinolide (EBL) on
Cr contents and translocation in soybean tissues under chromium
(Cr) (100 uM) stress. a Cr contents in shoots, b Cr contents in roots,

Effect of EBL, NO, and EBL + NO on the plant proline,
relative water, total soluble sugar, and protein
contents under Cr stress

In the control group without Cr, no significant alternations
were perceived among the H,O, NO, and EBL-alone treat-
ments, as well as EBL +NO, in the case of proline and TSS
(Fig. 4a, d), although a minor stimulation was noticed inside
EBL + NO-treated plants as compared to H,O, EBL- and NO-
alone application in the values of RWC and TSP (Fig. 4b, c).
Relative to the control group, the Cr-treated plants showed a
remarkable increase in the values of proline (53.6%), although
the supplementation of EBL and NO minimized the proline
level by 32.7% and 36.2%, respectively, under Cr-induced tox-
icity. Moreover, the EBL +NO application further lowered the
proline level by 25.8% in contrast to the EBL and NO alone
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¢ translocation factor. Bars annotated with different letters indicate
significant differences at p <0.05. Data are the means and standard
deviations of four replicates (n=4)

under Cr exposure (Fig. 4a). The RWC, TSS, and TSP of
H,0+Cr were significantly decreased by 58.1%, 51.7%, and
44.3% as compared to H,O treatment without Cr stress, respec-
tively. However, compared with H,O +Cr, EBL +Cr, and
NO +Cr improved the above three parameters by 28.8/30.7%,
23.2/26.8%, 36.9/38.1%, respectively, and EBL + NO +Cr
significantly increased RWC (49.6%), TSS (45.3%), and TSP
(57.3%).

Effect of EBL, NO, and EBL + NO on ROS generation,
MDA level, electrolyte leakage, and methylglyoxal
contents under Cr stress

Relative to the plants in control group, data demon-
strated that Cr-contaminated condition prominently accu-
mulated the MDA (60.9%), EL (64.8%), H,0, (78.4%),
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Fig.6 Effect of nitric oxide
(NO) and 24-epibrassinolide
(EBL) alone or in combination
on the histochemical staining of
soybean leaves under chromium
(Cr) (100 uM) stress to identify
the accumulation of hydrogen

peroxide (H,0,) and superoxide
(0,°7) by 3,3-diaminobenzidine
(DAB) and nitro blue tetrazo-
lium (NBT), respectively

EBL+Cr NO+Cr EBL+NO+Cr

~
&
~

~
=
~

=35

protel
-

-1

Glyl activity (units mg

Fig. 7 Effect of nitric oxide (NO) and 24-epibrassinolide (EBL) alone
or in combination on a glyoxalase I (GlyI) and b glyoxalase II (GlyII)
activities of soybean plants under chromium (Cr) (100 uM) stress.

Effect of EBL, NO, and EBL + NO on antioxidant
activities

In comparison with H,O treatment without Cr., the alone
application of Cr considerably enhanced the activities of
SOD by 65.6%, CAT by 75.3%, APX by 67.5%, GSH by
50.9%, and GSSG by 62.7% (Fig. 7a, b, c, e, f). As com-
pared to the H,O + Cr, the EBL 4 Cr, and NO 4 Cr treatments
stimulated the SOD by 20.5/24.1%, CAT by 23.2/26.7%,
APX by 19.1/22.6%, GSH by 23.9/24.5%, and GSSG by
27.3/29.1%, respectively (Fig. 8). It is worth noting that
EBL +NO + Cr could increase the above parameters by
17.2%, 24.7%, 19.7%, 26.9%, and 22.3% compared with
EBL + Cr and NO + Cr, respectively. In contrast, the alone
Cr disclosure in nutrient media solution caused inhibition
in the GR values by 50.9% in comparison with the H,O
treatment without Cr. Although relative to the H,O + Cr, the

GlyII activity (units mg'1 protein)

Bars annotated with different letters indicate significant differences
at p<0.05. Data are the means and standard deviations of four rep-
licates (n=4)

EBL or NO application alone improved the GR content level
by 32.6% and 33.3%, separately under Cr-induced stress
(Fig. 8d). In addition, the EBL + NO + Cr treatment further
enhanced the GR values by 21.9% as compared to their alone
applications under Cr exposure (Fig. 8d). However, a non-
significant difference was noticed among the control group
while EBL +NO represented a minor upsurge in the values
of CAT, APX, and GR.

Discussion

Once Cr is accumulated inside plant tissues, it hinders
numerous morpho-physiological, metabolic, biochemical,
as well as molecular attributes, which cause diminishing of
embryonic growth. Herein, the aim of the current study was
to scrutinize the potential mechanism adopted by EBL and
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clearly showed the Cr-tempted phytotoxicity on soybean
seedlings and significantly hindered their biomass as well
as growth (Fig. 1). This decline may be occurred due to high
Cr accumulation and inhibition in EBL and/or NO accretion
inside soybean plants. Similarly, the inhibition in growth
and biomass indices of soybean plants was observed in ear-
lier studies as well (Basit et al. 2022b; Wen et al. 2022). It
probably happened due to the damage of chlorophyll and
the reduction in protein synthesis. A higher accumulation
of Cr contents may cause a clear decrease in root elonga-
tion. Possibly, the Cr greater accumulation suppression of
cell growth, elongation, and division at the root apex further
extended the cell-cycle duration (Singh et al. 2013). None-
theless, the exogenous supplementation of EBL and/or NO
noticeably enhanced the plant growth attributes, accumula-
tion of biomass (Fig. 1) by restricting the Cr uptake, and
accumulation in plant tissues (Fig. 3). Probably, EBL and/or
NO improved the cell elongation, division, and chlorophyll
pigments synthesis, which may increase the soybean root
and shoot growth as well as biomass accumulation. The plant
growth and biomass accumulation were enhanced by the
alone application of EBL (Choudhary et al. 2012; Sharma
et al. 2022a) and NO (Basit et al. 2022b; Huang et al. 2018).
However, the EBL and NO interplayed to restore the bio-
mass and growth traits in pepper plants (Kaya et al. 2019).
In a recent study, Cr toxicity caused a momentous decline
in the values of chlorophyll contents (total chlorophyll and
carotenoids contents), as well as gas exchange parameters
(net photosynthetic rate, CO, concentration, stomatal con-
ductance, and Fv/m level) (Fig. 2). As well, the visible indi-
cations of soybean leave chlorosis (Fig. S1) under alone
exposure to Cr also supported our results. Possibly, the Cr
accumulation caused the inhibition of specific biosynthetic
enzymes (8-aminolaevulinic acid activities and protochlo-
rophyllide reductase activities), which caused strong disrup-
tion inside the biosynthetic pathway responsible for chloro-
phyll content production. Consequently, increased cellular
oxidative damage further instigated chloroplast impairment
(Ganesh et al. 2008; Hu et al. 2017; Yang et al. 2021). How-
ever, the supply of EBL and/or NO amplified the light-har-
vesting pigments, which proposed the defensive behavior of
EBL and/or NO on photosynthetic pigments by stimulating
the chlorophyll pigment production. Prior investigations also
proved the positive effects of EBL or NO alone supply on the
biosynthesis of chlorophyll contents under Cr-contaminated
conditions in radish (Choudhary et al. 2012), lead-stressed
in brassica (Soares et al. 2020), and watermelon seedlings
(Khan et al. 2021), as well as cadmium stress in mustard (Per
et al. 2017). Although, the literature concerning with com-
bined effect of EBL and NO on light-harvesting pigments is
still unknown in soybean cultivars under Cr-induced oxida-
tive damage. Relatively, the Cr accumulation was noticed
greater in roots than in shoots of soybean seedlings (Fig. 3),

which hampered the higher retention ability of Cr and
restrained its translocation from the root toward the shoot.
Similarly, more accumulation of Cr was noticed inside the
root of rice (Basit et al. 2021a) and brassica (Ulhassan et al.
2019) than in shoots. The supplementation of EBL or NO
hindered the Cr uptake and translocation (Fig. 3) and sta-
bilized the cell membrane. Most probably, the EBL or NO
made complexes with Cr ions by acting as metal-binding
agents and therefore lowered the accumulation of Cr inside
soybean tissues. Formerly, it is reported that photosynthetic
attributes regulated the TSS and TSP under stressed environ-
ments (Gao et al. 2020; Mostofa and Fujita 2013; Oumarou
Abdoulaye et al. 2019). In these findings, photosynthetic
pigments also positively interacted with TSS and TSP under
Cr stress. As well, the EBL and NO boosted the chlorophyll
contents and gas exchange attributes by modulating the TSS
and TSP that might help to counter the Cr toxic effects and
assist the energy and metabolite stimulations. As per expec-
tations, an austere water loss and, as a result, proline accu-
mulation were observed in the leaves of soybean seedlings
under a Cr-contaminated environment (Fig. 4). Likewise, the
accumulation of proline contents and water loss in response
to photosynthetic attribute impairment in different plant
species is reported under HM-induced toxicity, which leads
toward cellular dehydration and robust accumulation of
osmoprotectants (i.e., proline contents) (Mostofa and Fujita
2013; Sharma et al. 2020; Singh and Prasad 2019; Singh
et al. 2020; Ulhassan et al. 2019). Current findings supported
previously testified studies and displayed a significant accu-
mulation in proline contents to overcome the water losses
under Cr-mediated stress (Fig. 4a, b). Interestingly, the EBL
and/or NO applications regulated the proline metabolism to
restrict the water loss and improve the growth as well as pho-
tosynthetic traits under a Cr-stressed environment (Figs. 2
and 3). These upshots verified the EBL and/or NO-based
mechanistic stance to cope with the ROS over-generation by
modulating the proline greater accumulation and improving
leaf water status in plants (Singh et al. 2013). Subsequently,
shelter the cellular functions of plants by constraining the
cellular dehydration under Cr-induced oxidative stress as
stated in brassica plants (Ulhassan et al. 2019) and solanum
nigrum (UdDin et al. 2015) seedlings.

In this research, Cr exposure caused a predominant
increase of reactive oxygen species (ROS), MDA con-
tents, electrolyte leakage as well as methylglyoxal contents
in soybean seedlings, which confirmed that the higher Cr
accumulation in plants stimulated the Cr-induced oxidative
stress, lipid oxidation, and considerable membrane damage
as well. Several studies reported a higher generation of the
above-described parameters under Cr disclosure in brassica
(Sharma et al. 2022b), maize (Malik et al. 2022), wheat
(Ashraf et al. 2022), and spinach (Hussain et al. 2022).
The exogenous supply of EBL and/or NO substantially
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Fig.9 Schematic diagram to
represent the NO and BR-

mediated mechanism to mitigate ©®®
the Cr intoxication in soybean Qe®
seedlings Soybean

Cr exposure

NO + EBL NO & EBL

| e

® Improve the soybean growth and biomass

@ Increase the photosynthetic pigments and flourescence
® Reduce the Cr uptake and translocation

® Modulate the antioxidant defense mechanism

® Detoxify the MG contents and convert into GSH

scavenged the ROS over-production (Fig. 5), alleviated
the negative effect induced by cellular oxidative stress, and
improved the performance of photosynthetic attributes. As
well, EBL and/or NO improved the membrane stability by
lowering the MDA contents as well as EL. and MG levels
in soybean seedlings under Cr stress. Results documented
that the EBL + NO can detoxify the ROS more efficiently
as compared to their alone applications (EBL or NO). Per-
haps, the EBL and/or NO treatment maintained the cellular
metabolism by alleviating the extra-generation of free radi-
cles and, thus, upholding the water status. Former investi-
gations also testified that alone supply of EBL or NO can
restrain the ROS extra-production, MDA, EL, and MG level
in Ficus concinna plants (Jin et al. 2015), maize (Kharbech
et al. 2020b), and tobacco seedlings (Yadav et al. 2005).
To mitigate the cellular oxidative damage caused by
ROS over-generation, plants stimulate their antioxidative
defense system. Under Cr-induced toxicity, soybean seed-
lings upsurged the SOD, CAT, APX, GSH, and GSSG and
lowered the GR (Fig. 8). However, the EBL and/or NO fur-
ther boosted the above-mentioned indices, while lowered the
GSSG under Cr-contaminated environment. These modula-
tions of antioxidant (enzymatic and non-enzymatic) activi-
ties indicated the EBL and/or NO exogenous application has
capability to detoxify the ROS accumulation induced by Cr
stress. Possibly, the EBL and/or NO treatment sustained the
redox balance, which was the major source of ROS exces-
sive generation and MG contents under Cr-induced toxicity
inside cellular compartments. The regulation of these antiox-
idant activities is also documented by individual application
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of EBL (Kaya et al. 2020; Soares et al. 2020; Vazquez et al.
2013) and NO (Aziz et al. 2015; Basit et al. 2022¢; Fancy
et al. 2017).

Methylglyoxal (MG) is known as a cytotoxic com-
pound produced through glycolysis pathway against abiotic
stresses. Higher production of MG causes disturbance inside
antioxidative defense mechanism (Hasanuzzaman et al.
2011). To cope with the greater production of MG contents,
plants stimulate the GlyI and GlylI activities, which prob-
ably detoxify the MG contents via using glyoxalase system
(Kharbech et al. 2020b). Our findings supported the prior
investigations by demonstrating the higher MG contents
under Cr stress (Fig. 5e), whereas the EBL and/or NO
application lowered the MG level by upgrading the Glyl
and GlylI activities (Fig. 7a, b), which further detoxified the
MG contents by using glyoxalase pathway and converted it
into GSH contents (Fig. 8e). Conceivably, the higher level
of GSH contents by alone and combined application of EBL
and NO under Cr-induced oxidative damage is the key point
to mitigate the Cr toxicity in soybean cultivars.

Conclusions

We have evaluated the mitigating role of exogenous appli-
cations of EBL and NO, applied alone and in combination,
on Cr-induced stress in soybean seedlings (Fig. 9). Both
hormones partially ameliorated the effects of Cr; however,
the combination of EBL and NO had the greatest effect and
reduced both Cr uptake and translocation. This ameliorating
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effect was seen in the concentrations of light-harvesting
pigments, in the antioxidative defense system, and in the
accumulation of osmoprotectants and water retention. In
addition, the hormones reduced MG contents by stimulat-
ing the activities of Glyl and GlyIl, which convert the MG
to GSH. These effects all resulted in enhancements of plant
biomass and growth (Fig. 9). These findings suggested that
the interaction of other signaling molecules, such as hydro-
gen sulfide, methylglyoxal, and hydrogen peroxide, in ame-
liorating the effects of Cr contamination warrants further
investigation.
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