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Abstract The effects of magnesium (Mg) supplementation on the growth performance, oxidative
damage, DNA damage, and photosynthetic pigment synthesis, as well as on the activity level of car-
bonic anhydrase (CA), ribulose-1,5-bisphosphate carboxylase (Rubisco), and antioxidant enzymes
were studied in Vicia faba L. plants exposed to heat stress (HS) and non-heat-stress (non-HS) con-
ditions. Seeds were grown in pots containing a 1:1 mixture of sand and peat, with Mg treatments.
The treatments consisted of (i) 0 Mg and non-HS (ambient temperature; control); (ii) 50 mM Mg;

(iii) HS (38 °C); and (iv) 50 mM Mg and HS (38 °C). HS was imposed by placing potted plants in an
incubator at 38 °C for 48 h. Growth attributes, total chlorophyll (Total Chl), and CA, and Rubisco
activity decreased in plants subjected to HS, whereas accumulation of organic solutes [proline (Pro)
and glycine betaine (GB)]; superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT)
activity; DNA damage; electrolyte leakage (EL); and malondialdehyde (MDA) and hydrogen per-
oxide (H,O,) content all increased. Application of Mg, however, significantly enhanced further pro-
line (Pro), glycinebetaine (GB), SOD, POD, and CAT activity, and decreased DNA damage, EL,
and MDA and H,0, concentrations. These results suggest that adequate supply of Mg is not only
essential for plant growth and development, but also improves plant tolerance to HS by suppressing
cellular damage induced by reactive oxygen species through the enhancement of the accumulation
of Pro and GB, and the actions of antioxidant enzymes.
© 2016 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rising mean ambient temperatures have become serious
threats to global food-crop production. According to the
Intergovernmental Panel on Climate Change (IPCC 2013)
the global mean surface temperature will increase by
1.5-4.0 °C by the end of the 21st century—a consequence of
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the increasing levels of greenhouse gases generated by human
activity.

Plants are generally unable to escape from the adverse
effects of high temperature, and perform differently when sub-
jected to heat stress (HS), with some species more tolerant than
others (Siddiqui et al., 2015). Plants frequently experience high
temperature stress, which alters plant growth metabolism by
disturbing protein stability, enzymatic activity in the chloro-
plast and mitochondria, proline (Pro) translocation, carbohy-
drate metabolism, and hormonal balance (Mittler et al.,
2012; Hemantaranjan et al., 2014; Lavania et al., 2015;
Sangu et al., 2015). The process of photosynthesis is extremely
heat sensitive, and may even stop entirely if temperatures rise
above threshold levels. High ambient temperatures may also
lead to the overproduction of reactive oxygen species (ROS)
in some plants, which results in the disruption of chloroplast
activity, inhibition of chlorophyll (Chl) synthesis, and inactiva-
tion of enzymes, and under extreme circumstances even the
breakdown of cellular organization (Cui et al., 2006; Chen
et al., 2012; Siddiqui et al., 2015).

Plants have developed an assortment of osmotic and cellu-
lar mechanisms to cope with HS, including the accumulation
of organic solutes (osmoprotectants), such as Pro and glycine
betaine (GB) (Siddiqui et al., 2008). Pro, an especially potent
universal osmoprotectant, counters the effects of abiotic stress
by acting as an antioxidant, and as an important source of
energy, nitrogen, and carbon, as well as a reducing equivalent
in the Krebs cycle and oxidative phosphorylation, resulting in
the formation of NADH and ATP (Matysik et al., 2002;
Verslues and Sharma, 2010). It insulates plants from environ-
mental stress by protecting biological membranes, and by sta-
bilizing enzymes and proteins. Proline biosynthesis is catalyzed
by the A'-pyrroline-5-carboxylate (P5C) reductase (P5CR)
enzyme, which reduces P5C to Pro. GB, a quaternary ammo-
nium compound, aids in the development of various tissues,
and also increases the abundance and area of mesophyll cells,
as well as the abundance of vascular bundles, in plants
(Rasheed et al., 2011).

Magnesium (Mg) is essential for optimal physiological and
biochemical functioning of plants. According to Cakmak and
Yazici (2010), however, it is an oft-overlooked element, despite
its shortage adversely affecting plant growth and development;
for example, Mg-deficient plants often exhibit low rates of
photosynthesis because Mg is a key component of the chloro-
phyll molecule and activates numerous key chloroplast
enzymes, including ribulose-1,5-bisphosphate (RuBP) car-
boxylase, the precursor enzyme of photosynthesis (Cakmak
and Yazici, 2010; Waraich et al., 2012; Senbayram et al.,
2015). Approximately 20% of total Mg is found in the chloro-
plast, with the balance is present in mobile forms (Marschner,
2012). Due to its mobility in phloem, photosynthates are trans-
ported from source photosynthetic organs to sink roots; as
such, carbohydrates tend to accumulate in source leaves of
Mg-deficient plants, which also display altered photosynthetic
carbon metabolic activity and decreased CO, fixation. Impair-
ment of such plant metabolic processes may lead to the over-
production of ROS from O, because of excess accumulation
of non-utilized electrons and absorbed energy (Cakmak,
2014). Under HS, ROS are formed constantly in the chloro-
plast, mitochondria, and peroxisomes due to impairment of
their various metabolic pathways (Waraich et al., 2012). More-
over, Mg is also involved in transferring energy from photosys-

tem II to NADP™" and provides protection to the thylakoid
membrane, resulting in decreased excitation energy and higher
oxidative damage (Waraich et al., 2012; Mengutay et al.,
2013).

Given the projected changes in future global temperature
and climate, research on the effects of nutrients, particularly
Mg, on plants under HS conditions is becoming increasingly
important. To the best of our knowledge, no previous studies
have focused on the interaction of Mg and heat stress in the
bean Vicia faba. As with other crops, faba bean crops are
increasingly challenged with HS-induced oxidative damage
during growth phases; understanding how an adequate supply
of Mg influences the morphological, physiological, and bio-
chemical parameters of faba bean plants subjected to HS con-
ditions are therefore critical. Thus, the goal of our research
was to measure the changes in various growth parameters,
photosynthetic pigment accumulation, and activity of carbonic
anhydrase (CA) and ribulose-1,5-bisphosphate carboxylase
(Rubisco), and the antioxidant enzymes superoxide dismutase
(SOD), peroxidase (POD) and catalase activity, in faba bean
plants under conditions of HS and adequate Mg.

2. Materials and methods

2.1. Plant growth conditions and treatments

Individuals of the V. faba genotype C5 were collected from a
market in Riyadh, Saudi Arabia, the seeds of which were sown
in a growth chamber under controlled climatic conditions (25 +
3°C, relative humidity 50-60%, light 90 pmol of photons
m~2s~!, 6/8-h light/dark cycle). Seeds were grown in pots con-
taining a 1:1 mixture of sand and peat, with Mg treatments.
The treatments consisted of (i) 0 Mg and non-HS (ambient
temperature; control); (ii) 50 mM Mg; (iii)) HS (38 °C); and
(iv) 50 mM Mg and HS (38 °C). HS was imposed by placing
potted plants in an incubator at 38 °C for 48 h.

The experimental pots were arranged in a simple random-
ized design, with five replicates per treatment. Surface sterilized
seeds (1% sodium hypochlorite) were sown in sand and peat-
filled pots supplied with Raukura’s nutrient solution (Smith
et al., 1983). The salts used to make up the nutrient solution
were composed of macronutrient stock solution A (16 gL™"
Ca[NO;],-4H,0, 8.48 gL' NH4NO;, 2.28 gL' KNO3) and
macronutrient stock solution B (2.67 gL_1 of KH,PO,,
1.64 gL' K,HPO,, 6.62gL' K,SO, 0.60 gL' Na,SO,,
0.33 gL' NaCl), along with a micronutrient supplement
(128.80 mgL~" H;BO3, 4.84 mgL~"' CuCl,-2H,0, 81.10 mgL ™"
MnCl,-4H,0, 0.83 mgL ™' [NH4]6M0,0,4-4H,0, 23.45 mgL ™'
ZnCl,, 809.84 mgL~! ferric citrate pentahydrate). Magnesium
was supplied in the form of MgSQO,4-7H,0, at a concentration
(50 mM) based on that used in previous experiments (Neuhaus
et al., 2014). The solution was diluted prior to application by
mixing 200 mL of each of the macronutrient stock solutions
A and B with 100 mL of the micronutrient supplement and
4.5 L of DDW, Raukura’s nutrient solution.

2.2. Determination of the morphological characteristics of plants

Growth parameters of faba bean plants were measured after
10 days of HS treatments. Growth performance was evaluated
in terms of plant height (PH), fresh and dry weight (FW and
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DW), and leaf area, which was measured directly using a leaf
area meter (LI-COR Inc., USA).

2.3. Physiological and biochemical characteristics

2.3.1. Chlorophyll

Chlorophyll concentrations in the leaves of the faba bean
plants were determined following dimethylsulfoxide (DMSO)
extraction using the method described by Barnes et al.
(1992). Chlorophyll in the extract was measured with a UV—
vis spectrophotometer (SPEKOL 1500; Analytik Jena AG,
Jena, Germany).

2.3.2. Proline

Proline concentration was estimated colorimetrically, in accor-
dance with the procedures described by Bates et al. (1973)
based on ninhydrin and Pro reactions.

2.3.3. Glycinebetaine

GB content was measured following the method described by
Grieve and Grattan (1983). GB concentrations were deter-
mined spectrophotometrically at 365 nm, using aqueous
extracts of dry-ground leaf material after reaction with KI,—I,.

2.3.4. Damage to leaf DNA in plants under HS

Heat-stress-induced DNA damage in leaves was measured
using the comet assay (also known as single cell gel elec-
trophoresis), as described by Lin et al. (2007). After washing,
leaves from plants in each treatment were used in the comet
assay immediately following drying, which was performed
under dim or yellow light to avoid DNA damage induced by
UV radiation. Each leaf sample was gently cut into pieces with
a razor blade into a petri dish containing chilled phosphate-
buffered saline (PBS; 130 mM NaCl, 7mM Na,HPO,4, 3 mM
NaH,PO,, 50 mM EDTA 50, pH 7.5). Nuclei were collected
from the buffer solution and used in the comet assay. The cell
suspension was mixed with 75 pL of 0.5% low-melting-point
agarose and layered on slides precoated with 1% normal melt-
ing agarose. After solidification of agarose, 75 pL of 0.5% low-
melting-point agarose was layered. The prepared slides were
steeped in lysis solution with a high salt concentration
(2.5M NacCl, 100 mM EDTA, 10 mM Tris, and 1% sodium
laurylsarcosine; 1% Triton X-100 and 10% DMSO) for 1h
at 4 °C. Equilibration for 3 x 5min in 1x TBE buffer on ice
was followed by electrophoresis at room temperature in the
same buffer for 6 min at 15-17 mA (Koppen et al., 1999). Each
slide was stained with ethidium bromide and viewed using a
fluorescent microscope (Eclipse Ni-U, Nikon, Tokyo, Japan)
with an excitation filter of 515-560 nm and a barrier filter of
590 nm. Comet images were taken with a DS-Ril camera.

2.3.5. Malondialdehyde

Malondialdehyde (MDA) concentration was estimated colori-
metrically following the procedures described by Heath and
Packer (1968). Leaf samples were collected and homogenized
in a solution containing 10% trichloroacetic acid and 0.65%
2-thiobarbituric acid. The homogenates were heated at 95 °C
for 60 min, then cooled to room temperature. After centrifuga-
tion at 10,000g for 10 min, absorbance of the supernatant was
taken at 532 nm and 600 nm against a reagent blank.

2.3.6. Electrolyte leakage

Electrolyte leakage (EL) was measured following the method
of Lutts et al. (1995). After washing leaf samples, leaf disks
were placed in sealed vials containing 10 mL of DDW, fol-
lowed by incubation on a rotary shaker for 24 h, after which
the electrical conductivity of the solution (EC,) was measured.
Leaf disks were then autoclaved at 120 °C for 20 min, with
conductivity measured (EC,) once more after the solution
had cooled to room temperature.

2.3.7. Determination of enzyme activity

Carbonic anhydrase (EC 4.2.1.1) activity was measured using
the method described by Dwivedi and Randhawa (1974), and
expressed as pmol (CO,) kg ! (FW) s .

Rubisco (EC 4.1.1.39) activity was determined using a UV—
vis spectrophotometer (SPEKOL 1500; Analytik Jena AG,
Jena, Germany) by measuring NADH oxidation at 340 nm
(Usuda, 1985). After washing, leaf samples were homogenized
using a chilled mortar and pestle with ice-cold extraction buf-
fer solution (0.05M MgCl,, 250 mM Tris—HCI, pH 7.8),
2.5mM EDTA, and 37.5 mg DTT. The homogenate was cen-
trifuged at 10,000g for 10 min at 4 °C, with the supernatant
used for the enzyme assay. The reaction mixture contained
100 mM Tris—HCl (pH 8.0), 40 mM NaHCO3, 10 mM MgCl,,
0.2mM NADH, 4 mM ATP, 0.2 mM EDTA, 5mM DTT,
1 U of glyceraldehyde 3-phosphodehydrogenase, and 1 U of
3-phosphoglycerate kinase. NADH oxidation was initiated fol-
lowing the addition of the enzyme extract and 0.2 mM
ribulose-1,5-bisphosphate (RuBP), and the reaction read for
1 min once the rate of reaction was stopped. Enzyme activity
was expressed as pmol CO, fixed min~! mg~! protein. Protein
content was quantified following the procedures set out by
Bradford (1976) using bovine serum albumin as a standard.

To determine the activity of the antioxidant enzymes, leaves
from plants in each treatment were homogenized in extraction
buffer containing 5% Triton X-100 and 1% polyvinylpyrroli-
done in 100 mM potassium phosphate buffer (pH 7.0) with a
chilled mortar and pestle. Each homogenate was centrifuged
at 15,000g for 20 min at 4 °C. The supernatant was used as a
source for the enzymatic assays.

The level of SOD (EC 1.15.1.1) activity was estimated based
on the inhibition of nitroblue tetrazolium (NBT) photochemi-
cal, in accordance with the method described by Giannopolitis
and Ries (1977). The reaction solution consisted of 50 mM
NBT, 1.3 mM riboflavin, 13 mM methionine, 75 uM ethylene-
diamine tetraacetic acid (EDTA), 50 mM phosphate buffer
(pH 7.8), and 20-50 mL of enzyme extract. The reaction solu-
tion was irradiated under fluorescent light at 75 uM m s~ for
15 min. The absorbance of each reaction solution was read at
560 nm against a blank (non-irradiated reaction solution). One
unit of SOD activity was defined as the amount of enzyme that
inhibited 50% of NBT photoreduction.

POD (EC 1.11.1.7) activity was determined following the
method of Chance and Maehly (1955), in which a mixture of
5 mL of enzyme reaction solution containing phosphate buffer
(pH 6.8), 50 M pyrogallol, 50 mM H,0,, and 1 mL of 20-times
diluted enzyme extract was used in the assay. Following incu-
bation for 5min at 25 °C, the reaction was stopped by the
addition of 0.5 mL of 5% (v/v) H,SOy4. The formation of pur-
purogallin was measured spectrophotometrically at 420 nm.
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One unit of POD activity was defined as the amount of pur-
purogallin formed per milligram of protein per minute.

We followed the techniques described by Aebi (1984) to
determine catalase (CAT) (EC 1.11.1.6) activity. The decom-
position of H>O, was measured as the decrease in absorbance
at 240 nm. For this assay, 50 mM phosphate buffer (pH 7.8)
and 10 mM H,O, were used in the reaction solution.

Data were expressed as mean + standard error and were
analyzed using SPSS ver. 17 statistical software; means were
compared using Duncan’s multiple-range test at the p < 0.05
levels.

3. Results

3.1. Mg stimulates plant growth

In order to evaluate the involvement of Mg in plant tolerance
to HS, we examined plant height, shoot fresh and dry weight,
and leaf area under non-heat-stress and HS conditions, and
how these parameters were affected by Mg application. Most
of these attributes increased significantly when plants were
supplied with Mg (Table 1). Under no-stress conditions, treat-
ment with Mg significantly increased shoot fresh and dry
weight but did not have any significant effect on plant height
and leaf area. Application of Mg increased shoot fresh weight
by 24.17%, shoot dry weight by 36.36% and leaf area by
33.74% in comparison to respective controls under non-HS.
Plants performed most poorly under HS conditions (Table 1),
but application of Mg improved plant height, shoot fresh and
dry weight, and leaf area under HS. Application of Mg
increased plant height by 48.80%, shoot fresh weight by
23.57%, shoot dry weight by 69.44% and leaf area by
53.14% under HS condition.

3.2. Mg involves in the accumulation of osmoprotectants in plant

Under non-HS conditions, both Pro and GB were enhanced by
the application of Mg (Fig. 1A and B); application of Mg
increased Pro by 43.31% and GB by 47.10% in comparison
to non-stress controls; however, HS triggered the accumula-
tion of osmoprotectants as compared to the control and Mg
treatments, and application of Mg enhanced both Pro and
GB in plants under HS conditions. Treatment of Mg increased
Pro by 24.39% and GB by 32.53% in comparison to HS.

3.3. Influence of Mg on total Chl, Chl degradation, and CA and
ribulose-1,5-bisphosphate carboxylase activity

Application of Mg significantly enhanced Total Chl, as well as
CA and Rubisco activity (except Chl degradation) under both
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Figure 1 Proline and glycinebetaine content in Vicia faba L.

Plants were grown with/without magnesium nutrients under non-
heat stress and heat stress conditions. Bars followed by the same
letter are not significantly different at P < 0.05 (Duncan Multiple
Range Test). Average of five determinations are presented with
bars indicating S.E.

non-stress and HS conditions (Fig. 2A-D). However, Chl
degradation increased under HS, whereas Total Chl as well
as CA and Rubisco activity were all significantly reduced.
Under not-HS condition, application of Mg increased Total
Chl by 25.62%, CA activity by 152.92% and Rubisco by
35.89%; however, Chl degradation was increased by
303.13% in comparison to control under HS. Under HS,
application of Mg increased Total Chl by 91.92% and CA
activity by 163.23%, and decreased Chl degradation by
49.61%.

Table 1 Effect of Mg on the growth performance of faba bean plants.

Treatments Plant height (cm) Shoot FW (g) Shoot DW (g) Area leaf™" (cm?)
Control 87.93 + 6.22° 4.80 + 0.096" 0.55 + 0.026" 16.48 £ 1.73%
Mg 93.56 + 6.73% 5.96 £+ 0.080% 0.75 £ 0.020* 22.04 + 1.60°°
Control + HS 38.69 + 4.41° 2.80 + 0.096¢ 0.36 £ 0.026° 15.47 £ 1.80¢
Mg + HS 57.57 £ 4.50° 3.46 + 0.061° 0.61 £ 0.017° 23.69 + 1.71°

Bars followed by the same letter are not significantly different at P < 0.05 (Duncan Multiple Range Test). Average of five determinations are

presented with bars indicating S.E.
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Figure 2  Total chlorophyll content (A), chlorophyll degradation (B), and activity of carbonic anhydrase (C) and Rubisco (D) in Vicia
faba L. Plants were grown with/without magnesium nutrients under non-heat stress and heat stress conditions. Bars followed by the same
letter are not significantly different at P < 0.05 (Duncan Multiple Range Test). Average of five determinations are presented with bars

indicating S.E.

3.4. Application of Mg reduces HS-induced oxidative stress

The role of Mg in alleviating HS-induced oxidative stress was
examined by determining EL, MDA, and H,0, concentra-
tions, and DNA damage (Fig. 3A-D). Application of Mg
proved effective in alleviating oxidative damage by reducing
EL and MDA levels, along with DNA damage, under HS.
Under HS conditions, application of Mg decreased MDA by
56.72%, H,0, by 38.17%, and EL by 47.07%.

We observed a greater degree of DNA damage in HS-
stressed faba bean plants than in non-HS plants (Fig. 3D).
The control plants and Mg-treated plants exhibited similar sig-
nals for DNA damage under non-HS conditions, but Mg-
treated plants under HS displayed fewer DNA damage signals
than did HS-stressed plants. The application of Mg was found
to be effective in lessening the adverse effects of HS through
enhancement of DNA protection.

3.5. Mg enhances HS tolerance by improving antioxidant
enzyme activity

The influence of Mg and HS on antioxidant enzyme activity in
V. faba plants is shown in Fig. 4A and B. Application of Mg
significantly increased SOD, POD, and CAT activity com-
pared to control plants; moreover, Mg application was effec-

tive in promoting further enzymatic activity in plants under
HS conditions. Application of Mg enhanced SOD by
28.10%, POD by 30.21%, and CAT by 5.87% in comparison
to the HS treatment.

4. Discussion

The application of Mg to faba bean plants significantly
enhanced growth (Table 1), as well as physiological and bio-
chemical characteristics (Figs. 1-4); however, HS affected all
growth parameters.

Supplying Mg to faba plants improved growth characteris-
tics, most likely because of the important roles Mg plays in
plant growth and development, most particularly in regard
to photosynthesis and chlorophyll biosynthesis, and the activa-
tion of numerous key chloroplast enzymes (Cakmak and
Yazici, 2010; Waraich et al., 2012; Senbayram et al., 2015).
Control plants exhibited similar plant height regardless of
the presence of supplemental Mg under non-stress conditions,
but both fresh and dry weights were higher in plants supplied
with Mg, a result consistent with those of previous research, in
which it was reported that dry matter production was
enhanced in response to adequate supply of Mg (Mengutay
et al., 2013). It is well established that Mg, an important plant
element, aids in the protection of plants to HS by enlarging the
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Figure 3  Electrolyte leakage (A), malondialdehyde and H,O, content and DNA damage in Vicia faba L. Plants were grown with/
without magnesium nutrients under non-heat stress and heat stress conditions. Bars followed by the same letter are not significantly
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leaf area (Table 1) available to harvest solar energy, resulting
in increased production of dry matter. Decreasing plant
growth as a consequence of HS may be due to the impairment
of several plant mechanisms; for instance, high temperatures
are known to induce water stress, which causes reduced cell
division (Stewart et al., 2016).

The accumulation of organic solutes enhances plant sur-
vival under different environmental conditions; among such
solutes, Pro and GB are known to be important osmoprotec-
tants (Siddiqui et al., 2008). Here, we found that accumula-
tions of both Pro and GB were higher in HS-stressed and
Mg-treated plants than in control plants (Fig. 1A and B),
but with the highest accumulation of organic solutes occurring
in Mg-treated HS plants. Under stress, the enhanced accumu-
lation of Pro in Mg-treated plants may confer improved HS-
stress resistance to plants because it acts as an antioxidant,
and scavenges ROS by maintaining a GSH redox state
(Siripornadulsil et al., 2002). Similarly, Mg-treated plants
had the highest concentrations of GB under HS. Accumulation
of GB provides biochemical adaptation in plants and is associ-
ated with stabilizing the quaternary structure of proteins that
lead to the better enzymatic activity in plants, resulting in
enhanced PS11 repair under stress (Giri, 2011).

Although total Chl increased following application of Mg
in plants under both stress and non-stress conditions, total
Chl decreased and Chl degradation increased in HS plants
(Fig. 2A and B). Moreover, control plants with no Mg supple-
mentation had lower total Chl and higher Chl degradation,
indicating that Mg plays an important role in the biosynthesis
of photosynthetic pigments. HS-induced Chl synthesis and
degradation may be due to alterations in the structure and
function of photosynthetic apparatus (Cui et al., 2006).

Carbonic anhydrase and Rubisco activity were lowest in
plants under HS and in control plants not subjected to Mg
treatment (Fig. 2C and D); this may be due to a destabilization
of protein native structure, leading to the inhibition of enzy-
matic activity (Seregin and Kozhevnikova, 2006). The
decreased levels of CA and Rubisco activities under HS may
trigger overproduction of ROS because HS disturbs utilization
of absorbed light energy, resulting in excess excitation energy
in the chloroplast (Mengutay et al., 2013). However, applica-
tion of Mg enhanced the activity of both enzymes under HS
and non-stress conditions. Carbonic anhydrase is a key enzyme
in ion exchange, acid-base balance, and in the reversible con-
version of CO, to bicarbonate that activates Rubisco activity
(Lorimer and Miziorko, 1980). The improved activity of CA
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Figure 4  Activity of Superoxide dismutase and peroxidase (A), and catalase (B) in Vicia faba L. Plants were grown with/without
magnesium nutrients under non-heat stress and heat stress conditions. Bars followed by the same letter are not significantly different at
P < 0.05 (Duncan Multiple Range Test). Average of five determinations are presented with bars indicating S.E.

may help in hydration of CO, and maintain its constant supply
to Rubisco that could enhance photosynthesis by improving
Chl synthesis. Magnesium is a key player in the activation
and regulation of Rubisco (Lorimer and Miziorko, 1980;
Andersson, 2008); as such, application of Mg is not only
important for plant growth, it also contributes to the allevia-
tion of HS by improving photosynthetic enzymes.

The enhanced EL, MDA concentration, and H,O, in leaves
(Fig. 3A—C) suggests that HS causes lipid peroxidation, result-
ing in cell death, as reported previously by Siddiqui et al.
(2015). However, application of Mg decreased EL, MDA con-
centrations, and H»,O, in leaves of faba bean plants, most
likely due to accumulation of antioxidant enzymes, organic
solutes (Figs. 1 and 4) that induce the detoxification of ROS

and reduces oxidative cellular damage, resulting in better plant
growth (Table 1). In addition, Mg reduces the formation of
ROS via activation of CA and Rubisco (Fig. 2¢,d) by main-
taining the accumulation and translocation of carbohydrates
and CO; fixation in plants (Cakmak, 2014).

DNA damage occurs as a result of various environmental
stresses, and is considered one of the key biomarkers of geno-
toxicity in plants. In this study, plants exposed to HS exhibited
higher rates of DNA strand breakage than did control plants
(Fig. 3D), possibly due to the overproduction of ROS
(Fig. 3C), which induced DNA damage in leaves by reacting
with cell components, resulting in cell death (Potters et al.,
2010). This result agrees with the findings of Cvjetko et al.
(2014). However, application of Mg significantly inhibited
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DNA damage, most likely because of the accumulation of Pro
and GB, and the enhanced antioxidant enzyme activity (Figs. 1
and 2), which mitigates the effects of ROS on leaf nuclear
DNA (Gichner et al., 2008). In addition, Mg maintains geno-
mic stability as it regulates DNA processing and helps in the
removal of DNA damage induced by environmental stresses
(Hartwig, 2001).

In the present study, SOD, POD, and CAT were enhanced
in HS plants (Fig. 4A and B) as compared to control plants,
indicating a higher requirement of these enzymes for scaveng-
ing the overproduction of ROS in plants. However, applica-
tion of Mg further enhanced such enzymatic activity. Under
different adverse conditions, plants require nutrients to main-
tain normal functioning, thereby reducing oxidative stress by
suppressing ROS. The increase in antioxidant enzyme activity
following Mg supplementation may be due to the involvement
of Mg in uptake and utilization of nutrients, which are essen-
tial components of many metabolic processes and activated
antioxidant systems in plants (Siddiqui et al., 2012;
Senbayram et al., 2015).

5. Conclusion

Application of Mg to faba bean plants improved plant growth
and tolerance to HS. Under both HS and non-HS conditions,
application of Mg improved plant growth attributes by
enhancing biosynthesis of Chl, Pro, and GB, as well as CA
and Rubisco activity; moreover, application of Mg reduced
DNA damage in plants subjected to HS by reducing EL,
malondialdehyde, and H,O, content through the enhancement
of antioxidant enzymes.
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