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Abstract

Reports on the metal-toxicity are extensive; however,
literature is scarce on the role of sustainable stress-mitigation
approaches in this context. This work investigated the significance
of growth regulator 24-epibrassinolide (24-EpiBL; 1.0 uM) in the
mitigation of consequences of low (10 uM) or high (1.0 mM)
concentrations of plant-beneficial (Cu?*, Zn?*, and Ni%**) and
plant-non-essential (Pb?* and Sr?*) divalent metals in wheat
(Triticum aestivum L.) seedlings. Apart from studying the
changes in root and shoot growth, the status of oxidative stress
and its metabolism (in terms of superoxide anion, *Oz; lipid
peroxidation, LPO; catalase, CAT) was assessed as major
markers of Cu?*, Zn?*, Ni%*, Pb%" and Sr?*-accrued consequences.
At high concentrations, plant-beneficial divalent metals
(particularly Cu?* and Ni?*) and plant-non-essential divalent
metals (Pb?* and Sr?*) significantly enhanced <O, -generation,
LPO and CAT activity in T. asetivum leaves and also inhibited
the axial growth. Pretreatment of seeds with 24-EpiBL protected
T. aestivum seedlings by differentially minimizing the impacts of
particularly Zn?*, Ni?*, and Pb?* (up to 10 pM), and diminished
oxidative stress and improved overall growth. 24-EpiBL-
mediated elevation in CAT activity and subsequent control of
cellular <O, and its consequence (LPO) can be convincing
mechanism that eventually resulted into 24-EpiBL-mediated
improved root and shoot growth traits in T. aestivum when
exposed to low (10 uM) concentration of essential divalent metals

(Zn?*, Cu?* and Ni%*) as well as phytotoxic divalent metal (Pb?*).
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Introduction
Soil contamination with various metals/metalloids

(hereafter termed as ‘metal/s’) and their impacts on plant health
and productivity are extensively reported [1]. Once inside plants,
even low levels of plant-non-essential metals such as lead (Pb)
and strontium (Sr) are phytotoxic [2, 3]. However, at both low
(deficiency) and high (excess) levels, plant-beneficial metals such
as cobalt (Co), copper (Cu), iron (Fe), manganese (Mn),
molybdenum (Mo), nickel (Ni), and zinc (Zn) can impair plant
growth, development, and productivity. Elevation in the
generation of reactive oxygen species (ROS; such as superoxide
radicals, *O;7; hydroxyl radicals, OH—; perhydroxyl radicals,
HO,"; alkoxy radicals, RO™; hydrogen peroxide, H.O,; singlet
oxygen, 102) has been considered as the major factor responsible
for the previous responses of low and high levels of plant-
beneficial metals [1]. Notably, if not metabolized, ROS can
imbalance cellular redox homeostasis and oxidize lipids (lipid
peroxidation, LPO) and proteins, and finally halt cellular
metabolism [4-7]. Plants tend to counteract ROS-accrued
consequences employing antioxidant defense system comprising
antioxidant enzymes (such as superoxide dismutase, SOD;
catalase, CAT; ascorbate peroxidase, APX; glutathione reductase)
and non-enzymes (such as ascorbate, glutathione, tocopherol,
carotenoids, flavonoids) [5]. Exogenous application of mineral
elements [8, 9] and phytohormones [10, 11] can significantly
modulate both enzymatic and non-enzymatic components of the

antioxidant defense system.
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Brassinosteroids (BRs), a novel group of phytohormones
are known to influence growth, seed germination, rhizogenesis,
senescence etc.,, and are also extensively reported to confer
abiotic stress tolerance in plants. In particular, 24-epibrassinolide
(24-EpiBL) is among the three bioactive BRs those are widely
used in most physiological and experimental studies, where 24-
EpiBL was evidenced to differentially modulate antioxidant
defense system components in stressed plants [12]. Considering
both a differential phytoxicity potential of various
metals/metalloids [1-3, 6], and the reported significant roles of
24-EpiBL in plants [12], it was hypothesized herein that
exogenously sourced 24-EpiBL can benefit economically
important crop winter wheat (Triticum aestivum L.) differently
when it is exposed to different divalent metals.

To test the previous hypothesis, taking in to account T.
aestivum as a model plant system, this study aimed: (a) to assess
the phytotoxicity of equimolar solutions of plant-essential (Cu?*,
Ni?*, Zn?*) and plant-non-essential (Pb?*, Sr?*) divalent metals in
terms of important growth traits, cellular «O,~, membrane LPO,
and CAT activity, and (b) to evaluate the significance of 24-
EpiBL in the control of previous test parameters in T. aestivum
under Cu?*, Ni?*, Zn?", Pb?" and Sr?* exposure. Additionally,
before executing the works on the aforesaid objectives, efforts
were also made to determine the optimal concentration of 24-
EpiBL for T. aestivum. The method of 24-EpiBL-treatment by
spraying the plants cannot always be practical because it requires
a large labor and technical costs. Hence, this study investigated
the physiological and biochemical efficacy of less expensive and
less labor-intensive method for reducing the negative effects of
previous metals using pre-sowing seeds treatment with solutions
of 24-EpiBL.

Materials and Methods
Plant culture, 24-EpiBL-dosimetric study, and metal-
exposure

Commercially obtained seeds of T. aestivum (sub-
species Lutescens cultivar Prokhorovka) were surface-sterilized
with 0.5% KMnQ, for 5 min before their use in the study. For the
24-EpiBL-dosimetric studies surface-sterilized T. aestivum seeds
imbibed with 24-EpiBL (10 M to 107*? M) for 12 h. The control

seeds were imbibed with distilled water. Subsequently, seeds

were germinated in plastic pots (50 seeds per pot) at temperature
22-24°C, photoperiod 16/8 h (day/night), PFD 80 pumol m? s for
7 days. The optimal concentration of 24-EpiBL for T. aestivum
was determined by the maximum elongation of axial organs in 7
day old seedlings.

For the metal-exposure experiments, the surface-
sterilization of T. aestivum seeds were done as described above.
Thereafter, these seeds were imbibed with the optimal
concentration of 24-EpiBL (1.0 pM) for T. aestivum for 12 h.
Here also, seeds imbibed with distilled water were considered as
the control. T. aestivum seeds, imbibed with either 24-EpiBL (1.0
K1M) or water (control) were germinated in plastic pots (50 seeds
per pot). Subsequently, the 24-EpiBL (1.0 uM)-imbibed seeds
were supplemented with low (10 uM) or high (0.5-1.0 mM)
Pb(NOs),, or CuSO4 x 5H,0, or NiSOs x 7H20 or ZnSQO4 x
7H,0, or SrSO4 x 7H,0. T. aestivum seedlings were maintained
at temperature 22-24°C, photoperiod 16/8 h (day/night), PFD 80
umol m? s? for 7 days. T. aestivum seedlings were harvested on
day 7, and all the detailed below determinations were performed.
Determinations
Growth Traits: The length of axial organs of 30 selected T.
aestivum seedlings per treatment was measured on meter scale.
Wilkins Tolerance Index (WTI) was applied to assess the metal-
tolerance of T. aestivum seedlings employing the formula: I; =
(Imeflc) x100%, where Iy indicates the increase in root growth in a
metal ion solution and I; is the increase in root growth in the
control [13].

Superoxide Anion Generation: The estimation of <O, in leaf
discs was based on the capacity of «O;, to oxidize adrenaline to
adrenochrome [14]. In brief, fresh discs (300 mg) were
homogenized with 15 ml of distilled water. The solution was
centrifuged for 15 min at 3000 rpm. To 3.0 ml of homogenate, 0.1
ml of adrenaline solution (0.01%) was added. The mixture was
incubated for 45 min at ambient temperature with illuminance of
about 200 pM m st The optical density of the adrenochrome
formed was measured immediately after incubation on a
spectrophotometer (UV-mini 1240, Shimadzu, Japan) at 480 nm.
The generation of <O, was calculated by adopting a molar

extinction coefficient (g = 4020 M cm™) in pM g% min™.
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Lipid Peroxidation: The detection of LPO intensity in leaf discs
was done as per the method based on a storage of
Malondialdehyde (MDA) [15]. T. aestivum leaf discs (300 mg)
were homogenized in 10 ml of isolation medium (with 0.1 M
Tris-HCI buffer; 0.35 M NaCl; pH 7.6). To 3.0 ml of
homogenate, 2.0 ml of thiobarbituric acid (prepared in 20%
trichloroacetic acid) was added. The resultant solution was heated
in a boiling water bath for 30 min and filtered. After stopping the
reaction by keeping the tubes with solution on ice, the optical
density was recorded on a spectrophotometer 532 nm. The
concentration of MDA was calculated by adopting a molar
extinction coefficient (¢ = 1.56:10° Mt cm™) in uM g? of fresh
leaf weight.
Catalase Activity: T. aestivum leaf discs (1.0 g) were
homogenized with 10 ml of 50 mM phosphate buffer (pH 7.0).
The homogenate was filtered and centrifuged for 10 min at 8000
xg. To 25 ml of enzyme extract, 2.9 ml of phosphate buffer (pH
7.0) was added. Directly before the measurement, 90 ul of 3%
H,0, was added to the solution and decrease in the optical density
during 1 min was measured on a spectrophotometer at 240 nm.
The activity of CAT was calculated by adopting a molar
extinction coefficient (¢ = 39.4 mM™ cm™?) in mM g* min [16].
Statistical Analysis:  All experiments were conducted in
triplicate, and each experiment consisted of 150 seeds or
seedlings. For all measurements averages and standard errors
were calculated in Microsoft Excel 2007. Differences between
means were assessed by the Tukey’s test at P = 0.05.
Results and Discussion
Divalent Metals-Phytotoxicity

Being sessile by nature, plants have a greater chance to
interact and get impacted with their immediate environment
potentially contaminated with various metals such Cu, Ni, Pb, Sr,
Zn [1-3, 6]. As a marker of phytotoxicity, we studied herein
metal-impact on growth traits (such as root and shoot length), and
oxidative stress, and its consequence and metabolism (in terms of
0,7, LPO and CAT activity). In particular, 1.0 mM Cu?*, Ni#
and Pb?" stimulated *O;-production over the control; whereas,
Zn?* and Sr?* ions in high concentrations inhibited the generation
of *O2". The rate of *O,™ generation significantly increased with
Cu?*, Ni?* or Pb?* concentrations in the growth medium, where
the highest *O, level was observed with 1.0 mM Cu?*, Ni?* and
Pb2*. Notably, inhibition in the *O2 level was perceptible with
higher concentrations of Zn?* (1.0 mM) and Sr?* (0.5 mM)

(Figure 1a). The status-analysis of ROS-consequence such as
membrane LPO unveiled increasing LPO with increasing
concentrations of plant-beneficial divalent metals such Cu?*, Ni*
and Zn?*; whereas Pb?* and Sr?* caused the maximum LPO at 1.0
and 0.5 mM respectively (Figure 1b). Earlier, the level of cellular
*O,” and its consequences (such as LPQO) were considered as
major biomarkers of oxidative stress in metal-exposed plants [1,
6, 7, 17]. Elevation in cellular O, with Pb?* and Sr?* is obvious
since these metals have no physiological function in plants.
However, as evidenced herein in terms of elevated cellular <O,
deficiency or excess of plant-beneficial divalent metals such as
Zn?" and Cu?* and Ni?* can exhibit phyto toxicity [1].

Figure 1: Effect of seed-pretreatment with 24-epibrassinolide
(1.0 uM) on +O; -generation (A) and lipid peroxidation (LPO) (B)
in Triticum aestivum seedlings exposed to various concentrations
of divalent metals. The different letters next to the number
indicate significant differences among treatments at P = 0.05
level as determined by the Tukey’s test. Fresh weight, f.w.
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Once the dismutation of the cellular Oz into H.0; is
performed by SOD, the cellular pool of H,O; is kept under
control by CAT that does not require any reducing equivalent for
metabolizing H.O- into water and oxygen [7, 18]. In the present
study, CAT activity was significantly higher than the control in
leaves of T. aestivum exposed to 1.0 mM plant-beneficial divalent
metals (Cu?*, Ni?* and Zn?*), and 1.0 and 0.5 mM of phytotoxic
divalent metals Pb?* and Sr?* respectively (Figure 2). The
elevation in the CAT, as reported herein can be obvious because
plants tend to metabolize ROS (such as O, into H20,) in order
to avert their potential consequences in cells [7, 5]. However,
CAT response to tested divalent metals can be implied differently

when CAT response is cross-talked with the level and
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consequence of cellular «O,. Notably, the absence of a fine
coordination was perceptible between *O; -dismutation by SOD
(data not shown) and the metabolism of *O; -dismutation product
(i.e. H20;) by CAT. However, the response of CAT was very
well-coordinated with the status of LPO where elevation in CAT
significantly kept LPO under control perhaps by efficient H,O,-
metabolism (Figures.la-b and 2).

Figure 2: Effect of seed-pretreatment with 24-epibrassinolide
(1.0 pM) on Catalase (CAT) activity in Triticum aestivum
seedlings exposed to various concentrations of divalent metals.
The different letters next to the number indicate significant
differences among treatments at P = 0.05 level as determined by
the Tukey’s test.
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Plant growth is known as the outcome of the coordination
of major physiological/biochemical processes in plants that in
turn can be influenced by plant’s immediate environmental
conditions [19]. Nevertheless, because changes in plant growth
traits can be easily visible and analyzed in metal-exposed in
plants, the evaluation of plant growth traits has been used as an
easily measurable parameter for monitoring the effects of various
stressors including metals [20]. Considering these points, the
response of major growth traits (such as root and shoot length,
and axial growth) was studied in the current investigation. Herein,
root and shoot differently responded to the considered herein
divalent metals. In particular, a strong inhibition in growth of
shoots was observed at 1.0 mM of essential metals Ni*, Cu?* and
Zn?* (Figure 3a). At the same time, there was a tendency to
stimulate of shoots elongation by 10 pM of Zn?* and Pb?*. On the
other hand, all the divalent metals studied stimulated the growth
of roots at 10 uM as well as Sr?* at 0.5 mM; whereas, there was a
strong inhibition in the root growth at 1.0 mM of essential metals
and Pb?* (both 10 uM and 1.0 mM) (Figure 3b). The inhibited
growth of shoot with 1.0 mM Pb?* and that of root with both 10
UM and 1.0 mM Pb?* is possible because of known phytotoxicity

of Pb?* [2] (Pinho and Ladeiro 2012). Apart from that, our
observation on the 10 uM of Zn?*-mediated stimulation in shoot
growth and the strongly inhibited shoot growth (with 1.0 mM)
and root growth (with both 10 uM and 1.0 mM) of essential
metals Ni?*, Cu?* and Zn?* can be obvious since both deficiency
and excess concentrations of the previous plant-beneficial metals
(such Ni?*, Cu?* and Zn?*) were extensively reported to impair
plant growth and development [1]. Additionally, the root response
to the studied divalent metals confirmed the earlier reports where
compared to shoots, a high tolerance of roots to metals was
evidenced [1, 2, 20]. However, the stimulation of the growth of
shoot (with 10 pM of Pb?*; 10 pM and 0.5 mM of Sr?*) and that
of root (with 0.5 mM Sr?*) is debatable. Increased Allium cepa
dry weight by low doses of Pb? (1.0 and 3.0 mg dm=) was
argued as a result of increased synthesis of cell wall
polysaccharides [21]. In another report, 10 UM Pb?* was
evidenced to increase chlorophyll content either in the PS Il core
or LHC Il in cucumber and poplar plants [22]. On the hand,
radicle growth-stimulating tendency of 0.1 mM Sr?* has also been
evidenced without convincing mechanisms in maize (Zea mays)
[23].

Figure 3: Effect of seed-pretreatment with 24-epibrassinolide
(1.0 uM) on the length of shoot (A) and root (B) in Triticum

aestivum seedlings exposed to various concentrations of divalent
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Divalent metal-phytotoxicity-mitigation potential of 24-EpiBL
Reports on the metal-phytotoxicity are extensive; however,
literature is meager on the role of sustainable stress-mitigation
approaches in this context. Considering the highlighted lacunae,
effort was made herein to assess the significance of exogenously
sourced 24-EpiBL in divalent metals-exposed T. aestivum.
Because the efficiency of 24-EpiBL for the amelioration of
metal/metalloid-impact largely depend on the plant and
metal/metalloid types, and most importantly on the concentration
of 24-EpiBL [10-12], we performed a dosimetric study on T.
aestivum seedlings to determine the concentration of 24-EpiBL
optimal for maintaining optimal growth of T. aestivum. Notably,
maximum elongation in the length of both roots and shoots was
found at 1.0 uM 24-EpiBL (Figure 4).
Figure 4: Concentration effects of 24-epibrassinolide on the axial
growth of 7 day old Triticum aestivum seedlings. The different
letters next to the number indicate significant differences among

treatments at P = 0.05 level as determined by the Tukey’s test.
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The metal-impact-ameliorative role of 1.0 uM 24-EpiBL
in the control of oxidative stress and its metabolism (in terms of
*O2, LPO and CAT activity), and eventually the T. aestivum
growth depended on the level and type of the tested divalent
metals (Figs. la-b and 2). Seed-pretreatment with 24-EpiBL
significantly reduced the level of Oz in T. aestivum seedlings
exposed to 10 UM Ni?* and 1.0 mM Cu?, Ni?* or Zn?* (in the
latter two cases it was below the water control). Against 1.0 mM
Sr2* or Pb?* seed pretreatment of 24-EpiBL tended to increase the
rate of superoxide generation (compare to untreated plants). In
variants 24-EpiBL+1.0 mM Pb%, <O, anion level was
significantly higher the water control. Thus, there was metal-

specific selectivity in the 24-EpiBL-effects on <Oz generation

rate, especially in relation to essential divalent metals (Zn?*, Ni%*
and Cu?*). Moreover, 24-EpiBLbrought a significant reduction in
LPO in the leaves (vs. control), when exposed to essential metals
(such as Ni?* and Cu?*) but not with 10 pM Zn?*, 10 uM and 1.0
mM Pb?* and 10 and 0.5 mM Sr?* where 24-EpiBL tended to
further enhance these metal-accrued <O;-generation. The
previous response of *Oz-generation to the tested divalent metals
corresponded well with the CAT-mediated ROS-scavenging and
subsequent ROS (*O;")-consequence such as LPO. The previous
results together imply that seed-pre-sowing treatment with 24-
EpiBL maintained a fine tuning between <O, -dismutation via
SOD (data not shown) and the enhanced CAT activity-mediated
scavenging of *Oy -dismutation product (i.e. H.0). Our previous
observations are in concurrence with the earlier studies where
BRs (including 24-EpiBL) were reported to make plant life easier
under metals/metalloid stress conditions via BRs/24-EpiBL-
mediated control of antioxidant defense system [12]. Our
observation on the studied plant growth traits (such as) also
supports the previously discussed 24-EpiBL-mediated control of
oxidative stress and its metabolism (in terms of *O,-, LPO and
CAT activity). In particular, pretreatment of seeds with 24-EpiBL
significantly enhanced the growth of shoots at 10 uM of essential
metals (Zn%*, Cu?* and Ni?*) as well as Pb?*. However, 24-EpiBL
failed to improve shoot growth in Sr2* (10 uM and 0.1 mM) or 10
UM Ni%*-exposed T. aestivum. Similarly, 24-EpiBL significantly
improved root growth under 10 uM concentrations of the studied
essential divalent metals (Fig. 3a-b). Earlier, 24-EpiBL has
widely been reported to control plant growth and development by
activating the cell cycle during seed germination [24], controlling
progression of cell cycle [25], inducing exaggerated growth in
hydroponically grown plants [26], and also by controlling
proliferation of leaf cells [27]. In addition to the potential role of
24-EpiBL-controlled previous processes, 24-EpiBL-mediated
elevation in CAT activity and subsequent control of ROS (such as
*O;7) observed herein can be convincing mechanism that
eventually resulted into 24-EpiBL-mediated improved growth

traits in T. aestivum under different divalent metals.
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Conclusions

In divalent metals-exposed T. aestivum seedlings
non-24-EpiBL-imbibed  seeds: high
concentrations of the tested plant-beneficial metals (Cu?* and
Ni?*) and that of known phytotoxic metal Pb?*, and 0.5 mM Sr?*

divalent metals differentially impacted growth traits as a result of

generated  from

inefficiency of enhanced CAT activity in the control of oxidative
stress (in terms of generation of *O, and its consequence LPO).
In divalent metals-exposed T. aestivum seedlings generated from
24-EpiBL-imbibed seeds: 24-EpiBL-mediated elevation in CAT
activity and subsequent control of ROS (such as «Oz") can be
convincing mechanism that eventually resulted into 24-EpiBL-
mediated improved root and shoot growth traits in T. aestivum
when exposed to low (10 uM) concentration of essential divalent
metals (Zn?*, Cu?* and Ni®*) as well as phytotoxic divalent metal
(Pb?).
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