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Abstract
α-Tocopherol (αT) has been reported to overcome the adverse effects of many environmental stresses, including salinity. 
A pot experiment was performed to investigate the response of salt-stressed soybean plants to the foliar application using 
50, 100, or 200 mg αT  L–1. The stress was applied by irrigation with three different dilutions of seawater [e.g., EC = 0.23 
(tap water as a control), 3.13, or 6.25 dS  m–1]. The gradual increase in salinity level gradually increased net carbon dioxide 
 (CO2) assimilation, relative growth rate, antioxidant capacity, secondary metabolites (total phenolic compounds, flavonoids, 
and tannins), enzymatic activities, and DNA fragmentation due to the gradual increase in lipid peroxidation as a result of an 
increase in hydrogen peroxide  (H2O2). On the contrary, yield components (number and weight of seeds  plant–1) and photo-
synthetic pigment (total chlorophyll and carotenoids) contents gradually decreased with increasing salinity level. However, 
leaf treatment with αT, especially at 200 mg αT  L‒1, preserved the highest antioxidant activities (antioxidant capacity, sec-
ondary metabolites, and enzymes), which were associated with the preservation of soybean yield and leaf pigments. These 
positive results occurred due to the reduction in lipid peroxidation as a result of a significant decrease in the level of  H2O2. 
Therefore, our results recommend the use of 200 mg αT  L–1 as a commercial formula for soybeans grown under saline irri-
gation of no more than 6.25 dS  m–1.
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Introduction

Soybean (Glycine max L.) is a strategic crop as one of the 
most crucial crops for food security because the seeds are 
a rich source of high-quality protein and highly digestible 
cholesterol-free oil for human and livestock diets (Luo 
et al. 2005; Rady et al. 2015). The seeds contain many 
secondary metabolites, which have multi-health benefits 
as plant antioxidants (Sakthivelu et al. 2008). However, 
G. max is classified as a salt-sensitive or moderately salt-
tolerant crop (Katerji et al. 2002).

At present, climatic changes are constantly reducing the 
available farmland area and its productivity due to exposure 
to various environmental stresses, especially salinity. Salt 
stress restricts plant growth due to excessive salt uptake, 
causing ion imbalance, hyper-osmotic stress, and “physi-
ological drought” (Rady et al. 2015; Abd El-Mageed et al. 
2020). It also overproduces oxidative stress biomarkers such 
as hydrogen peroxide  (H2O2), superoxide radical  (O2

•‒), 
etc., which induce plant damage, including lipid peroxida-
tion (Desoky et al. 2019; Rady et al. 2015, 2019a).

Plant metabolic pathways are salinity sensitive with a 
3- to 10-fold increase in free radical production (Suzuki 
et al. 2012). Plants, therefore, attempt to adapt to stress 
through various mechanisms, including physio-biochem-
ical responses (Negrao et al. 2017; Rady et al. 2019a), 
including changes in metabolism when encountering salin-
ity (Rady et al. 2015). Secondary metabolites accumulate 
to participate in the control of various stresses, avoiding 
oxidation of essential biomolecules (Cisneros-Zevallos 
2003; Kasote et al. 2015).

There are several tests to evaluate the antioxidant activ-
ity of plants (Alam et al. 2013), which have the potential 
to synthesize non-enzymatic antioxidants such as ascor-
bate (AsA), glutathione (GSH), phenolic compounds, etc. 
Phenolic compounds like flavonoids and tannins have 
promising antioxidant activity and contribute to the nor-
mal growth, development, and defense of plants (Blokhina 
et al. 2003; Kasote et al. 2015). The antioxidant capacity 
of phenolic compounds increases with the number of free 
hydroxyls and side chains attached to aromatic rings (Mor-
gan et al. 1997). Therefore, they can protect plants from 
stress by donating electrons to guaiacol-type peroxidases 
to detoxify  H2O2 produced excessively under stress (Saki-
hama et al. 2002). The antioxidant potential of phenols has 
always been attributed to their electron donation, ability 
to chelate metal ions, and low power activity (Rice-Evans 
et al. 1997). The flavonoids comprise phytochemicals with 
exceptional antioxidant activity that interact with AsA or 
tocopherols and synergistically intensify their biological 
impacts (Croft 1998). They are oxidized by peroxidase and 
act as scavengers of  H2O2 (Michalak 2006).

Plants possess an efficient complex defense system, con-
sisting of both enzymatic and non-enzymatic antioxidants. 
This system detoxifies reactive oxygen species (ROS), which 
are overproduced under stress conditions. The enzymatic 
system includes catalase (CAT), superoxide dismutase 
(SOD), glutathione reductase (GR), peroxidase (POD), 
ascorbate peroxidase (APX), etc. (Chand and Dave 2009), 
while the non-enzymatic system consists of AsA, GSH, phe-
nolic acids, flavonoids, tocopherols, and secondary metabo-
lites, including tannins (Kasote et al. 2015).

To mitigate damage and increase salt tolerance in plants, 
potent phytochemicals (antioxidants) associated with the 
plant's antioxidant defense system should be used to treat 
foliage, including α-tocopherol (αT) (Semida et al. 2014, 
2016; Rady et al. 2015, 2019b; Sadiq et al. 2019). Plants 
exclusively synthesize αT, which acts as a lipid-soluble 
redox buffer. It is generally produced in chloroplasts and 
protoplastids and is located in cell membranes to scavenge 
singlet oxygen (1O2) to protect against lipid peroxidation 
(Foyer 2005; Jaleel et al. 2009). It may have a complex sign-
aling role in the pathways regulated by ROS, antioxidants, 
and secondary metabolites (Sadiq et al. 2019). It increases 
plant tolerance to salt stress by increasing antioxidant capac-
ity, protecting polyunsaturated fatty acids from lipid peroxi-
dation, and scavenging  H2O2 (Krieger-Liszkay and Trebst 
2006; Rady et al. 2011, 2015; Semida et al. 2014, 2016; 
Sadiq et al. 2019). αT also improves leaf photosynthetic pig-
ments and growth in terms of net carbon assimilation rate 
(NAR) and relative growth rate (RGR) (Rady et al. 2015), 
and alters plant secondary metabolism (Mohamed and Aly 
2008). In addition, it can interact with lipids and DNA to 
protect them from oxidative damage (Galmés et al. 2018).

Very few reports have been performed examining the pro-
tective effects of αT on secondary metabolites and genomic 
DNA in G. max growing under salt stress. Therefore, the 
main objective of the current study was to evaluate the 
response of growth, secondary metabolites, and antioxidant 
activity in salt-stressed soybean plants to the foliar applica-
tion at three levels (50, 100, 200 mg  L–1) of αT. This work 
also aimed to investigate the integrative impacts of αT and 
salt stress on NAR, RGR, leaf photosynthetic pigments, 
 H2O2, malondialdehyde (MDA), enzymatic activities, and 
genomic DNA in soybean plants.

Materials and methods

Plant material and growth conditions

Using an open greenhouse, a pot experiment was carried 
out at the National Research Centre (30º 20' N; 31º 53' 
E), Egypt. The experiment was repeated three times over 
a period of time from June 6 to August 11, 2017. During 
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this period, the average night and day temperatures were 
23.1 ± 1.4 ºC and 35.5 ± 2.0 ºC, respectively, and the average 
relative humidity was 56 ± 6.4%.

Certified seeds of the soybean (Glycine max L. cv. “Giza 
111”) were purchased from the Egyptian Agricultural 
Research Centre. Healthy, standardized seeds of equal size 
and the same color were chosen for this study. The selected 
seeds were cleaned using distilled water (Dw), sterilized by 
sodium hypochlorite (1%, v/v) for approximately 2 min, and 
washed again with Dw. They were left to air-dry at room 
temperature (25 ± 1.5 ºC) for approximately 60 min. At as 
equal distances as possible and at a depth of 3 cm, 10 seeds 
were sown in each 30 cm diameter plastic pot, containing 
7.0 kg of sandy clay loam soil (Table 1). Just before sow-
ing, commercial Bradyrhizobium japonicum granules were 
purchased from the Egyptian Agricultural Research (Unit 
of Biofertilizer Inoculum Production) and incorporated at a 
rate of 0.5 g  pot–1 into the top 3 cm of soil.

Ammonium sulfate [20.5% N, w/w] and calcium super-
phosphate [15%  P2O5, w/w] fertilizers were added at rates 
of 40 kg N and 60 kg  P2O5  ha–1, respectively. Therefore, 
117.6 mg N and 176.4 mg P were used per pot and incorpo-
rated into the soil just before sowing. The experiment was 
repeated three times, and the pots were arranged in a ran-
domized block design. The experiment included 12 treat-
ments; three levels of salinity (tap water and two dilutions 
of seawater; 3.13 and 6.25 dS  m‒1) and four levels of αT 
(Hangzhou Toyond Biotech Co. Ltd., Zhejiang, China), 
which were 0 (Dw), 50, 100, and 200 mg  L‒1. To prepare 
these concentrations, 400 mg of pure αT was dissolved in 
a minimal amount of methanol, then the final volume was 
brought to 1 L using distilled water and used as a stock (Ali 
et al. 2019). Each treatment included 20 pots (four replicates 

× five pots) and 60 plants. Seven days after sowing, three 
soybean seedlings were kept in each pot and irrigated with 
an equal volume of tap water for another 7 days based on 
the water-holding capacity (WHC) of the soil. Thereafter, 
all plants were sprayed three times, at 2, 3, and 4 weeks 
after sowing (WAS) with Dw, 50, 100, or 200 mg  L–1 αT. 
The αT treatments referred to as αT0 (control), αT1, αT2, 
or αT3, respectively, were applied to all plants grown under 
three saline irrigation levels; tap water (0.23), 3.13 and 6.25 
dS  m‒1.

To stimulate the treatments of salt stress, seawater (EC 
= 51.2 dS  m–1) was mixed with tap water (EC = 0.23 dS 
 m–1; DSW0) to obtain two seawater dilutions (i.e., DSW1 
with EC = 3.13 dS  m–1 and DSW2 with EC = 6.25 dS  m–1). 
Batches of plants (n = 240) were then irrigated with an equal 
volume of DSW with EC values of 0.23, 3.13, or 6.25 dS 
 m–1, denoted as control (S0), S1, or S2, respectively, from 3 
WAS up to 9 WAS. The EC values, pH, and concentrations 
of cations and anions in tap water and seawater, as well as 
the soil used in this experiment, are presented in Table 1. 
The WHC of the soil used in this study was measured by 
water saturation of the soil and the weight was recorded after 
it was drained for 48 h. The mean WHC in soil was 36% 
(w/v) soil: water. Soil water contents were kept at approxi-
mately 90% (w/v) of the soil WHC in all pots. The soil mois-
ture level was controlled by weighing each pot daily and any 
water loss was added.

Nine WAS, two fully expanded upper fresh leaves from 
24 randomly selected plants from each treatment were sep-
arated for use in different physiological and biochemical 
determinations, as well as for assays of enzymatic activities 
assays. All collected leaves were washed with Dw to remove 
any adherent clouds of dust. A portion of these cleaned 
leaves was oven-dried at 70 ºC up to constant dry weight 
(DW). The dried leaves were used in some determinations 
and another portion of leaves was left fresh for use in other 
determinations.

Determination of net carbon assimilation 
rate (NAR), relative growth rate (RGR), leaf 
photosynthetic pigment contents, and soybean 
yield

NAR and RGR were assessed at six and nine WAS using the 
two middle leaves of 12 plants randomly selected from each 
treatment. Randomly, 12 plants were carefully removed from 
each treatment at the ground level of pot soil and separated 
into leaves and stem. The leaf area was determined using a 
graph sheet method. Separately, the leaves and stems were 
oven-dried at 70 ºC until constant weight, then DW was 
recorded. NAR was calculated and expressed as mg DW 
 cm‒2 using the formula of Gardner et al. (1985):

Table 1  Determined values of electrical conductivity (EC), pH, and 
cations and anions concentrations in the irrigation water (tap and sea-
water) and soil used in this study

Characteristics Tap water Seawater Soil

Texture – – Sandy clay loam
EC (dS  m‒1) 0.23 51.20 0.77
pH 7.4 7.8 7.8
Cations (meq  L‒1):
  Ca2+ 1.0 43.2 4.1
  Mg2+ 0.5 15.1 2.2
  K+ 0.2 1.5 0.3
  Na+ 2.4 454.6 3.6

Anions (meq  L‒1):
  HCO3

‒ 0.1 6.1 1.3
  CO3

2‒ 0.0 0.0 0.0
  SO4

2‒ 1.3 76.4 5.5
  Cl‒ 2.7 432.0 3.1
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where NAR means the net  CO2 assimilation rate in DW 
 unit‒1 leaf area  unit‒1 time, A means leaf area, W means total 
DW, and T means plant age (T1 = 6 weeks; T2 = 9 weeks). 
Ln A2 and ln A1; mean the values of natural logarithm-
transformed leaf areas. RGR (expressed in mg  mg–1 DW) 
was calculated using the formula of Gardner et al. (1985):

where W1 and W2 mean the plant DWs at times T1 and T2, 
respectively, and ln W2 and ln W1 mean the mean values of 
natural logarithm-transformed plant DWs.

Leaf chlorophyll and carotenoids contents were assessed 
using acetone extract for extraction and absorbance read-
ings were recorded using a UV-160A UV–vis Recording 
Spectrometer (Shimadzu, Japan) at 663, 645, and 470 nm 
(Arnon 1949).

The number and weight of seeds  plant‒1 were assessed 
at harvesting using 12 plants randomly selected from each 
treatment.

Quantification of total phenolic compounds, 
flavonoids and tannins

The contents of total phenolic compounds, flavonoids, and 
tannins were determined and quantified according to previ-
ous protocols (Taie et al. 2015; Taha et al. 2015).

Investigation of antioxidant activity

Antioxidant activity was determined using 1.1-diphenyl-
2-picryl-hydrazil (DPPH), 2,2'-azino-bis(3-ethylbenzothia-
zoline-6-sulfonic acid (ABTS) radical scavenging activity, 
reducing power, iron metal chelating, and ferric reducing 
power (FRAP) assays according to previous studies (Abd 
Elkarim et al. 2020; Saleh et al. 2020).

Enzyme assays

Nine WAS, two fully expanded upper fresh leaves of plants 
were used immediately after cleaning with distilled water 
to assay enzymatic activities. Using pre-chilled mortar and 
pestle, 0.5 g of leaf samples (0.5 g) were homogenized in 
ice-cold with 100 mM P buffer (pH 7.5) containing 500 µM 
EDTA. The centrifuge tubes received sample homogenates 
to centrifuge using Beckman refrigerated centrifuge (4 °C 
in, 10,000 rpm, 15 min). The supernatants were used as 
enzymatic extracts and transferred to 30 mL tubes. Utiliz-
ing Bovine Serum Albumin V (a standard), the Bradford 
(1976) method was used to assess protein content in enzy-
matic extracts.

��� = (lnA2 − ln A1)∕(A2 − A1) × (W2 −W1)∕(T2 − T1)

��� = (lnW2 − lnW1)∕(T2 − T1)

The activity of catalase (CAT; EC 1.11.1.6) was assayed 
by providing a slight modification of the Aebi (1984) 
method. A volume of 1.5 mL of the reaction mixture; 100 
mM  L‒1 phosphate buffer (pH 7.0), 0.1 mM  L‒1 EDTA, 
20 mM  L‒1  H2O2, and 20 μL of enzymatic extract acted to 
start the reaction. The decrease in  H2O2 was monitored at 
240 nm and quantified by its molar extinction coefficient 
(36  M‒1  cm‒1). Results of CAT activity were expressed as 
Units  mg‒1 protein, where 1 Unit equals 1 mM reduction 
of  H2O2  min‒1  mg‒1 protein). The activity of ascorbate 
peroxidase (APX; EC 1.11.1.11) was assayed (Nakano and 
Asada 1981). A volume of 3 mL of the reaction mixture 
(50 mM potassium phosphate; pH 7.0, 0.2 mM EDTA, 
0.5 mM ascorbic acid, 2%  H2O2, and 0.1 mL of enzymatic 
extract) was used. The decrease in the absorbance reading 
at 290 nm was recorded for 1 min. The amount of ascorbate 
oxidized was calculated utilizing the extinction coefficient 
2.8  mM‒1. APX was defined as 1 mM  mL‒1  min‒1 at 25°C 
 cm‒1. One unit of ascorbate oxidized as 1 mM  mL‒1 ascor-
bate oxidized  min‒1 at 25 °C. The activity of polyphenol 
oxidase (PPO; EC 1.10.3.1) was assayed (Kumar and Khan 
1982). At 25 °C, an assaying mixture for PPO (2 mL of 0.1 
M phosphate buffer; pH 6.0, 1 mL of 0.1 M catechol, and 
0.5 mL of enzymatic extract) was incubated for 5 min. The 
reaction was then stopped by the addition of 1 mL of 2.5 N 
 H2SO4. Absorbance readings of the formed purpurogallin 
were recorded at 495 nm. At zero time, 2.5 N  H2SO4 was 
added to the blank of the same assaying mixture. The activ-
ity of PPO was expressed as Unit  mg−1 protein, where the 
Unit equals the change in 0.1 absorbances reading  min−1 
 mg−1 protein. The activity of peroxidase (POD; EC 1.11.1.7) 
was assayed (Hemeda and Klein 1990). Volumes of 25 mM 
 L‒1 phosphate buffer (pH 7.0), 0.05% guaiacol, 10 mM  L‒1 
 H2O2, and the enzymatic extract was the reaction mixture. 
The activity was evaluated by the rise in the absorbance 
reading at 470 nm due to the oxidation of guaiacol (E = 26.6 
 mM–1  cm–1). The activity of superoxide dismutase (SOD) 
was assayed according to Wang et al. (1983) in terms of its 
ability to prevent the photochemical reduction of nitro-blue-
tetrazolium (NBT). One Unit of SOD activity is defined as 
the enzyme amount required to cause 50% inhibition of NBT 
auto-oxidation under the assaying conditions. SOD activ-
ity was expressed as a Unit  mg‒1 protein of soybean leaf. 
The activity of glutathione reductase (GR; EC 1.6.4.2) was 
assayed (Foyer and Halliwell 1976). In a final volume of 1 
mL for assaying, the medium of assaying consisted of 25 
mM sodium phosphate buffer (pH 7.8), 0.5 mM oxidized 
glutathione (GSSG), 0.12 mM NADPH.Na4, and 0.1 mL 
of enzymatic extract. At 340 nm, oxidation of NADPH was 
observed. Utilizing the NADPH extinction coefficient (6.2 
 mM−1  cm−1), the enzymatic activity was calculated. One 
Unit of GR was defined as 1 mM  mL‒1 GSSG that reduced 
 min‒1.
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Quantification of hydrogen peroxide  (H2O2) 
and malondialdehyde (MDA) contents

The content of  H2O2 was assessed by providing a minor 
modification by Capaldi and Taylor (1983). Leaf samples 
were homogenized using TCA (5%) with 0.05 g of active 
charcoal at 0 °C. For 10 min, the centrifugation process was 
then practiced at 15,000 × g to obtain the supernatant. It was 
then neutralized to pH 3.6 using 4 N KOH for use in assay-
ing  H2O2. Volumes of 200 μL of leaf extract and 100 μL 
of 3400 µM MBTH (3-methylbenzothiazoline hydrazone) 
formed the reaction mixture. Initiation of the reaction was 
performed by adding 500 μL of the solution of horseradish 
peroxidase (90 Units per 0.1 L) in 0.2 M sodium acetate (pH 
3.6). After 2 min, 1.4 mL of 1N HCl was added. At 630 nm, 
readings were recorded after 15 min.

Evaluation of MDA content indicates the level of lipid 
peroxidation (Madhava Rao and Sresty 2000). As an end 
product of lipid peroxidation, MDA content was assessed 
using the  C4H4N2O2S (thiobarbituric acid) reaction. At 532 
nm, absorbance readings were used to calculate the MDA 
and the measurements were corrected for nonspecific turbid-
ity by subtracting the absorbance at 600 nm. Calculations 
were performed for MDA using an extinction coefficient of 
155  mM−1  cm−1.

DNA extraction and quality confirmation

Selected seed samples were ground into powder in the pres-
ence of liquid N and preserved at –20 ℃ until DNA extrac-
tion occurred. Genomic DNA extraction was performed 
from seed powder according to Porebski et al. (1997) with 
some modifications. Briefly, 200 mg of seed powder of each 
sample was suspended in 1 ml of extraction buffer (100 mM 
tris, 1.4 M NaC1, 20 mM EDTA, pH 8.0, 2% CTAB, and 
0.3% β-mercaptoethanol). The mixture was incubated at 
65 ℃ for 3 h with regular shaking every 30 min by invert-
ing it several times. Then the mixtures were centrifuged at 
12,000 rpm for 5 min, the supernatant was discarded and 
the obtained pellet was re-suspended in 1 mL of (24 chloro-
form: 1 isoamyl alcohol), mixed by inversion several times, 
and centrifuged at 15,000 rpm for 5 min. Using a clean 
microfuge tube, the upper aqueous phase that contained 
DNA was collected then, 50 μL of 7.5 M  CH3COO −  NH4

+ 
(ammonium acetate) and 500 μL of ice-cold absolute ethanol 
were added. The solution was mixed by slowly inverting 
the tube several times, centrifuged at 15,000 for 2 min, and 
the supernatant was discarded. Then, the DNA pellet was 
washed with 100 µL of 70% cold ethanol and re-centrifuged 
at 15,000 rpm for 1 min. The supernatant was discarded 
and the DNA pellet was permitted to dry for 15 min at room 
temperature then dissolved in 100 µL of Tris–EDTA buffer 
and preserved at − 20 ℃ until used.

DNA quality confirmation: For evaluation of DNA qual-
ity, 10 µL of each DNA sample was electrophoresed using 
1 % agarose solution stained with (0.5 µg  mL−1) ethidium 
bromide. The run was performed at 120 v for 30 min using 
a TAE buffer. The gel was visualized under ultraviolet light 
using a gel documentation system. DNA quality was con-
firmed by highly resolved intact bands, indicating good DNA 
quality, while the smeared bands indicated degraded DNA.

All the chemicals used in this study including the solvents 
were of analytical grade, purchased from Sigma Chemical 
Co., St. Louis, MO, USA.

Statistical analysis

Experiments were arranged in a completely randomized 
design. Using one-way ANOVA, data were analyzed statis-
tically, and then Duncan’s Multiple Range Test was followed 
to assess significance among treatments, at a 5% level of 
probability (p ≤ 0.05).

Results

Net assimilation rate (NAR), relative growth rate 
(RGR), and yield components

The salinity level of 6.25 dS  m–1 significantly (p ≤ 0.05) 
increased the values of both NAR and RGR (by 65.6 and 
24.4%, respectively), while the salinity level of 3.13 dS  m–1 
did not significantly increase the values of these param-
eters in soybean plant compared to the control (0.23 dS 
 m–1) (Fig. 1). Foliar spray applications with αT at all rates 
(50, 100, or 200 mg  L–1) further increased both NAR and 
RGR values under all salinity levels (0.23, 3.13, or 6.25 dS 
 m–1) of the irrigation water. The maximal increases in NAR 
(103.5%) and RGR (60%) were achieved with the application 
of 200 mg αT  L–1, especially under the salinity level of 6.25 
dS  m–1, compared to the control.

The salinity level of 3.13 dS  m–1 decreased the number 
and weight of seeds  plant‒1 by 16.7 and 17.9%, respectively, 
which were further reduced by 30.0 and 50.4%, respectively, 
by applying the salinity level of 6.25 dS  m–1 compared to the 
control (Fig. 1). However, αT applied at all rates (50, 100, 
or 200 mg  L–1) increased the number and weight of seeds 
 plant‒1 compared to the corresponding control (EC = 0.23, 
3.13, or 6.25 dS  m–1, respectively). The rate of 100 mg αT 
 L–1 awarded the highest yield components (101.8 and 47.8% 
for the number and weight of seeds  plant‒1, respectively) 
under the salinity level of 3.13 dS  m–1. On the other hand, 
the highest response of these yield components was obtained 
with 200 mg αT  L–1 under the salinity level of 6.25 dS  m–1. 
This rate of αT increased the number and weight of seeds 
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 plant‒1 by 71.4 and 58.4% compared to the corresponding 
control (6.25 dS  m–1).

Leaf photosynthetic pigment contents

The leaf content of chlorophyll is often evaluated to assess 
the effect of stress, where the development of visual symp-
toms and photosynthesis performance is a result of changes 
in the contents of leaf photosynthetic pigments. The salinity 
level of 3.13 dS  m–1 decreased the contents of total chlo-
rophyll, total carotenoids, and total leaf pigments by 34.5, 
40.9, and 36.0%, respectively, which were further reduced by 
50.3, 59.1, and 52.0%, respectively, by applying the salinity 
level of 6.25 dS  m–1 compared to the control (Fig. 2). How-
ever, αT applied at all rates (50, 100, or 200 mg  L–1) signifi-
cantly increased the contents of leaf photosynthetic pigments 
compared to the corresponding control (0.23, 3.13, or 6.25 

dS  m–1, respectively). The highest response of these leaf pig-
ments was obtained with 200 mg αT  L–1 under the salinity 
level of 6.25 dS  m–1. This αT rate elevated the contents of 
total chlorophyll, total carotenoids, and total leaf pigments 
by 64.8, 111.1, and 70.8% compared to the corresponding 
control (6.25 dS  m–1).

Antioxidant activity

Antioxidant activity in salt-stressed soybean plants was 
assessed by five different assays such as DPPH-radical scav-
enging activity, reducing power, ABTS-radical scavenging 
activity, metal chelating, and FRAP (Fig. 3). Approximately, 
all these assays showed the same trend of results. The salin-
ity level of 3.13 dS  m–1 significantly (p ≤ 0.05) increased 
antioxidant activity in soybean plants, which was further 
increased by applying the salinity level of 6.25 dS  m–1 

Fig. 1  Effect of foliarly-applied αT on net carbon assimilation rate 
(NAR), relative growth rate (RGR), and yield components of Glycine 
max plant (cv. Giza 111) irrigated at different levels of salinity (0.23, 
3.13, or 6.25 dS  m‒1). Values are means (n = 3) ± SD. Control no 
saline or α-tocopherol (αT) have been applied (plants irrigated with 
fresh water; 0.23 dS  m‒1 and sprayed with distilled water), αT1 foliar 
spray with 50 mg αT  L‒1, αT2; foliar spray with 100 mg αT  L‒1, αT3 
foliar spray with 200 mg αT  L‒1, S1 plants irrigated with dilute sea 
water (DSW) at 3.13 dS  m‒1, S1 + αT1 plants irrigated with DSW at 

3.13 dS  m‒1 and sprayed with 50  mg αT  L‒1, S1 + αT2 plants irri-
gated with DSW at 3.13 dS  m‒1 and sprayed with 100 mg αT  L‒1, 
S1 + αT3 plants irrigated with DSW at 3.13 dS  m‒1 and sprayed 
with 200 mg αT  L‒1, S2 plants irrigated with DSW at 6.25 dS  m‒1, 
S2 + αT1 plants irrigated with DSW at 6.25 dS  m‒1 and sprayed with 
50 mg αT  L‒1, S2 + αT2 plants irrigated with DSW at 6.25 dS  m‒1 
and sprayed with 100 mg αT  L‒1, S2 + αT3 plants irrigated with DSW 
at 6.25 dS  m‒1 and sprayed with 200 mg αT  L‒1
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compared to the control (0.23 dS  m–1). Under both salinities 
of 3.13 and 6.25 dS  m–1, 50 mg αT  L–1 caused a decrease in 
antioxidant activity, which tended to increase progressively 
with increasing αT rate, and the highest antioxidant activity 
was obtained with the highest αT rate (200 mg  L–1).

Secondary metabolites contents

The contents of secondary metabolites (e.g., total phenolic 
compounds, total flavonoids, and total tannins) were altered 
in soybean plants grown under salt stress and also changed 
with αT applications (Fig. 4). Compared to the control (0.23 
dS  m–1), the contents of all determined secondary metabo-
lites were significantly increased with applying the salinity 
level of 3.13 dS  m–1, while under the salinity level of 6.25 
dS  m–1, only tannins content was further increased. Under 
normal conditions, all αT rates slightly altered the contents 

of total phenolic compounds and total flavonoids, while 100 
or 200 mg αT  L–1 significantly increased the content of tan-
nins. Under the salinity level of 3.13 dS  m–1, all αT rates 
slightly altered the contents of all secondary metabolites, 
which were significantly decreased under the salinity level of 
6.25 dS  m–1. Maximum reductions were obtained by apply-
ing 200 mg αT  L–1.

Contents of hydrogen peroxide  (H2O2) 
and malondialdehyde (MDA)

The content of  H2O2 as a biomarker of oxidative stress and 
the level of MDA (an indication of lipid peroxidation) were 
affected by salt stress and also by foliar application with 
αT (Fig. 5). The salinity level of 3.13 dS  m–1 increased the 
levels of  H2O2 and MDA by 26.6 and 17.9%, respectively, 
and further increased by 44.2 and 51.4%, respectively, by 

Fig. 2  Effect of foliarly-applied αT on the contents of leaf photo-
synthetic pigments of Glycine max plant (cv. Giza 111) irrigated at 
different levels of salinity (0.23, 3.13, or 6.25 dS  m‒1). Values are 
means (n = 3) ± SD. Control no saline or α-tocopherol (αT) have been 
applied (plants irrigated with fresh water; 0.23 dS  m‒1 and sprayed 
with distilled water), αT1 foliar spray with 50 mg αT  L‒1, αT2 foliar 
spray with 100 mg αT  L‒1, αT3 foliar spray with 200 mg αT  L‒1, S1 
plants irrigated with dilute sea water (DSW) at 3.13 dS  m‒1, S1 + αT1 

plants irrigated with DSW at 3.13 dS  m‒1 and sprayed with 50 mg αT 
 L‒1, S1 + αT2 plants irrigated with DSW at 3.13 dS  m‒1 and sprayed 
with 100 mg αT  L‒1, S1 + αT3 plants irrigated with DSW at 3.13 dS 
 m‒1 and sprayed with 200 mg αT  L‒1, S2 plants irrigated with DSW 
at 6.25 dS  m‒1, S2 + αT1 plants irrigated with DSW at 6.25 dS  m‒1 
and sprayed with 50 mg αT  L‒1, S2 + αT2 plants irrigated with DSW 
at 6.25 dS  m‒1 and sprayed with 100 mg αT  L‒1, S2 + αT3 plants irri-
gated with DSW at 6.25 dS  m‒1 and sprayed with 200 mg αT  L‒1
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applying the salinity level of 6.25 dS  m–1 compared to the 
control (0.23 dS  m–1). However, αT applied at all rates (50, 
100, or 200 mg  L–1) significantly decreased the contents 

of  H2O2 and MDA compared to the corresponding control 
(0.23, 3.13, or 6.25 dS  m–1, respectively). The highest reduc-
tions were obtained with 200 mg αT  L–1, which reduced the 

Fig. 3  Effect of foliarly-applied αT on antioxidant activity (assessed 
with five different assays) of Glycine max plant (cv. Giza 111) irri-
gated at different levels of salinity (0.23, 3.13, or 6.25 dS  m‒1). Val-
ues are means (n = 3) ± SD. DPPH means 2,2-diphenyl, 1-picryl 
hydrazyl, FRAP means Ferric reducing antioxidant power, ABTS 
means 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid. Con-
trol no saline or α-tocopherol (αT) have been applied (plants irrigated 
with fresh water; 0.23 dS  m‒1 and sprayed with distilled water), αT1 
foliar spray with 50 mg αT  L‒1, αT2 foliar spray with 100 mg αT  L‒1, 
αT3 foliar spray with 200 mg αT  L‒1, S1 plants irrigated with dilute 

sea water (DSW) at 3.13 dS  m‒1, S1 + αT1 plants irrigated with DSW 
at 3.13 dS  m‒1 and sprayed with 50 mg αT  L‒1, S1 + αT2 plants irri-
gated with DSW at 3.13 dS  m‒1 and sprayed with 100 mg αT  L‒1, 
S1 + αT3 plants irrigated with DSW at 3.13 dS  m‒1 and sprayed 
with 200 mg αT  L‒1, S2 plants irrigated with DSW at 6.25 dS  m‒1, 
S2 + αT1 plants irrigated with DSW at 6.25 dS  m‒1 and sprayed with 
50 mg αT  L‒1, S2 + αT2 plants irrigated with DSW at 6.25 dS  m‒1 
and sprayed with 100 mg αT  L‒1, S2 + αT3 plants irrigated with DSW 
at 6.25 dS  m‒1 and sprayed with 200 mg αT  L‒1
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contents of  H2O2 and MDA by 31.7 and 55.1%, respectively, 
under normal conditions (0.23 dS  m–1), by 32.2 and 24.1%, 
respectively, under the salinity level of 3.13 dS  m–1, and 
by 31.0 and 41.0%, respectively, under the salinity level of 
6.25 dS  m–1.

Antioxidant enzyme activities

The activities of antioxidant enzymes such as CAT, SOD, 
PPO, POD, APX, and GR were altered by salt stress and 
αT applications (Fig. 6). The salinity level of 3.13 dS  m–1 
increased the enzyme activities, which increased further 
under the salinity level of 6.25 dS  m–1 compared to the 
control (0.23 dS  m–1). However, under both salinity levels 
of 3.13 and 6.25 dS  m–1, αT applied at all rates (50, 100, 
or 200 mg  L–1) significantly decreased the activities of all 
antioxidant enzymes, with some exceptions. The highest 

reductions in the activities of all enzymes were obtained 
with 200 mg αT  L–1 under both salinity levels of 3.13 and 
6.25 dS  m–1. Under normal conditions, all αT rates signifi-
cantly increased the activities of antioxidant enzymes, while 
200 mg αT  L–1 conferred the highest activities.

Genomic DNA

Figure 7 displays the agarose gel electrophoresis of genomic 
DNA extracted from plant tissue exposed to different degrees 
of salinity and exogenous αT using 1.5% agarose gel in TBE 
1X buffer. The lane (M) represented a 100 bp molecular 
weight marker. Lanes (1) and (2) represented DNA samples 
of plants irrigated by tap water (0.23 dS  m–1) without αT 
application and plants irrigated by tap water and treated with 
50 mg αT  L–1 and showed many DNA fragmentations. The 
lanes (3), (4), and (5) represented DNA with a sphere degree 

Fig. 4  Effect of foliarly-applied αT on secondary metabolites con-
tents in Glycine max plant (cv. Giza 111) irrigated at different lev-
els of salinity (0.23, 3.13, or 6.25 dS  m‒1). Values are means 
(n = 3) ± SD. Control no saline or α-tocopherol (αT) have been 
applied (plants irrigated with fresh water; 0.23 dS  m‒1 and sprayed 
with distilled water), αT1 foliar spray with 50 mg αT  L‒1, αT2 foliar 
spray with 100 mg αT  L‒1, αT3 foliar spray with 200 mg αT  L‒1, S1 
plants irrigated with dilute sea water (DSW) at 3.13 dS  m‒1, S1 + αT1 

plants irrigated with DSW at 3.13 dS  m‒1 and sprayed with 50 mg αT 
 L‒1, S1 + αT2 plants irrigated with DSW at 3.13 dS  m‒1 and sprayed 
with 100 mg αT  L‒1, S1 + αT3 plants irrigated with DSW at 3.13 dS 
 m‒1 and sprayed with 200 mg αT  L‒1, S2 plants irrigated with DSW 
at 6.25 dS  m‒1, S2 + αT1 plants irrigated with DSW at 6.25 dS  m‒1 
and sprayed with 50 mg αT  L‒1, S2 + αT2 plants irrigated with DSW 
at 6.25 dS  m‒1 and sprayed with 100 mg αT  L‒1, S2 + αT3 plants irri-
gated with DSW at 6.25 dS  m‒1 and sprayed with 200 mg αT  L‒1b
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of DNA fragmentation, which means that the application 
of 100 or 200 mg αT  L–1 for soybean plants showed some 
harmful effects and the same effect appeared at the lane of 
the sample from plants grown under the salinity level of 3.13 
dS  m‒1. On the other hand, plants grown under the salin-
ity level of 3.13 dS  m‒1 and treated with 50 or 100 mg αT 
 L‒1 showed no DNA fragmentation, which means that αT 
alleviated the harmful effects of salt stress. However, plants 
treated with 200 mg αT  L‒1 (lane 8) exhibited mild smear-
ing in DNA. The lane (9) also represented DNA fragmenta-
tion, which indicates the harmful effect of salinity (6.25 dS 
 m‒1) on DNA in the absence of αT. Lanes (10), (11), and 
(12) showed DNA enhancement, which was increased by 
increasing the rate of αT. The rate of 200 mg αT  L‒1 (lane 
12) conferred slight smearing on the gel.

Discussion

At present, one of the problems of climate change is the 
salinization of agricultural lands, especially in dry areas. To 
address food security challenges, tolerance strategies should 
be developed using exogenous antioxidants of stressed 
plants. Leaf treatment (foliar spray) with antioxidants is 
the most effective of the tolerance strategies to mitigate 
the harmful effects of salt stress. Foliar application of anti-
oxidants is a promising strategy for the rapid absorption of 
antioxidants, passage through leaf stomata, and transport 
to different parts of the plant to play their beneficial roles 

in cellular metabolic processes (Ali et al. 2019; Rady et al. 
2021; Alghamdi et al. 2023).

In the present study, salt stress-induced reductions in 
leaf photosynthetic pigments and soybean yield compo-
nents might be due to salt-induced osmotic and oxidative 
stresses. Exogenously applied αT has been reported as an 
effective strategy to mitigate the deleterious effects of salt 
stress in plants (Rady et al. 2015; Semida et al. 2014, 2016; 
Lalarukh and Shahbaz 2018). Due to the pattern of methyla-
tion and the phenolic ring-attached three methyl groups that 
are able to substitute, αT has very high antioxidant activity. 
Therefore, accumulation of αT in plants has been reported 
to stimulate tolerance to abiotic stresses, including salinity 
in various plant species (Sharma et al. 2012). Plants have 
developed a wide range of reactions to overcome the poten-
tial negative effects of environmental stresses. As a major 
vitamin E compound, αT is located in leaf chloroplasts, 
specifically in their envelopes, thylakoid membranes, and 
plastoglobuli. αT deactivates photosynthesis-derived ROS 
(principally 1O2 and  OH‒) and minimizes lipid peroxida-
tion by scavenging lipid peroxyl radicals in thylakoid mem-
branes. Depending on stress severity and species sensitivity 
to stress, αT levels have been shown to change differentially 
in response to environmental constraints (Munné-Bosch 
2005).

Although Kumar et al. (2012) reported a decrease in NAR 
and RGR values due to a deficiency of essential nutrients in 
wheat plants grown under salt stress, the results obtained 
by Rady et al. (2015) are in agreement with the results 

Fig. 5  Effect of foliarly-applied αT on the contents of the oxida-
tive stress biomarker hydrogen peroxide  (H2O2) and lipid peroxida-
tion (in terms of malondialdehyde; MDA) of Glycine max plant 
(cv. Giza 111) irrigated at different levels of salinity (0.23, 3.13, or 
6.25 dS  m‒1). Values are means (n = 3) ± SD. Control no saline or 
α-tocopherol (αT) have been applied (plants irrigated with fresh 
water; 0.23 dS  m‒1 and sprayed with distilled water), αT1 foliar 
spray with 50 mg αT  L‒1, αT2 foliar spray with 100 mg αT  L‒1, αT3 
foliar spray with 200 mg αT  L‒1, S1 plants irrigated with dilute sea 

water (DSW) at 3.13 dS  m‒1, S1 + αT1 plants irrigated with DSW at 
3.13 dS  m‒1 and sprayed with 50  mg αT  L‒1, S1 + αT2 plants irri-
gated with DSW at 3.13 dS  m‒1 and sprayed with 100 mg αT  L‒1, 
S1 + αT3; plants irrigated with DSW at 3.13 dS  m‒1 and sprayed 
with 200 mg αT  L‒1, S2 plants irrigated with DSW at 6.25 dS  m‒1, 
S2 + αT1 plants irrigated with DSW at 6.25 dS  m‒1 and sprayed with 
50 mg αT  L‒1, S2 + αT2 plants irrigated with DSW at 6.25 dS  m‒1 
and sprayed with 100  mg αT  L‒1, S2 + αT3 plants irrigated with 
DSW at 6.25 dS  m‒1 and sprayed with 200 mg αT  L‒1



Acta Physiologiae Plantarum (2024) 46:39 Page 11 of 16 39

of the current study in that the values of RGR and NAR 
increased in soybean plants as a result of irrigation with 
saline water (EC = 3.13 or 6.25 dS  m–1). These increases 

in NAR and RGR under saline conditions may be attrib-
uted to the increased N utilization efficiency, which can be 
provided by the decomposition of protein molecules and/

Fig. 6  Effect of foliarly-applied αT on antioxidant enzyme activities 
in Glycine max plant (cv. Giza 111) irrigated at different levels of 
salinity (0.23, 3.13, or 6.25 dS  m‒1). Values are means (n = 3) ± SD. 
CAT means catalase, SOD means superoxide dismutase, PPO means 
polyphenol oxidase, POD means peroxidase, APX means ascorbate 
peroxidase, and GR means glutathione reductase. Control no saline 
or α-tocopherol (αT) have been applied (plants irrigated with fresh 
water; 0.23 dS  m‒1 and sprayed with distilled water), αT1 foliar spray 
with 50 mg αT  L‒1, αT2 foliar spray with 100 mg αT  L‒1, αT3 foliar 
spray with 200 mg αT  L‒1, S1 plants irrigated with dilute sea water 

(DSW) at 3.13 dS  m‒1, S1 + αT1 plants irrigated with DSW at 3.13 
dS  m‒1 and sprayed with 50  mg αT  L‒1, S1 + αT2 plants irrigated 
with DSW at 3.13 dS  m‒1 and sprayed with 100 mg αT  L‒1, S1 + αT3 
plants irrigated with DSW at 3.13 dS  m‒1 and sprayed with 200 mg 
αT  L‒1, S2 plants irrigated with DSW at 6.25 dS  m‒1, S2 + αT1 
plants irrigated with DSW at 6.25 dS  m‒1 and sprayed with 50 mg αT 
 L‒1, S2 + αT2 plants irrigated with DSW at 6.25 dS  m‒1 and sprayed 
with 100 mg αT  L‒1, S2 + αT3 plants irrigated with DSW at 6.25 dS 
 m‒1 and sprayed with 200 mg αT  L‒1
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or from other N sources. Although NAR and RGR showed 
increased values under salt stress, the components of the 
soybean yield were reduced, which was preceded by the 
reduction of the photosynthetic pigment contents (Figs. 1, 
2). These reductions may be due to the toxic impacts of 
salinity, which decreases or inhibits pigment biosynthesis, 
increases pigment degradation due to enhanced activity of 
chlorophyllase, and/or causes damage to chloroplast thyla-
koids. Additionally, salt stress has been shown to interfere 
with the de-novo synthesis of proteins, such as those that 
bind chlorophyll (Jaleel et al. 2007). However, foliar appli-
cation of αT, especially at 200 mg  L–1, partially restored 
the contents of leaf photosynthetic pigments by stimulat-
ing their biosynthesis and/or reducing their degradation 
due to chlorophyllase-inhibiting activity (Rady et al. 2015). 
Owing to the role of αT in protecting against oxidative stress 
and photooxidation by scavenging ROS, it maintained the 
integrity of photosynthetic membranes under salt stress 
conditions (Munné-Bosch and Alegra 2002). In addition, 
αT itself acts as a ROS scavenger and an integral compo-
nent of membranes because it is the best antioxidant. The 
decreased lipid peroxidation in αT supplied soybean plants 
could be due to its improved content after its application 
and translocation into plant cells. The enhanced contents 
of the leaf photosynthetic pigments in salt-stressed soybean 

plants by exogenous αT play a crucial role in stabilizing 
photosynthetic processes, which improve plant metabolism. 
Furthermore, soybean plants supplied with αT maintained 
a better content of leaf carotenoids, which have a confirmed 
role in photosynthesis as an accessory pigment, as well as 
an antioxidant component, which is associated with better 
growth and yield as obtained in the present study. Addition-
ally, αT plays a functional role in capturing far-red radiation 
to help maintain the energy balance between photosystem I 
(PSI) and photosystem II (PSII) (Björkman 1981), which is 
thus preferred for photosynthesis and C-assimilation before 
leaf senescence (Rady et al. 2015). As an important part 
of the plant defense mechanism, αT maintains the normal 
function and integrity of the photosynthetic apparatus (Liu 
et al. 2008), confirming the significant increases in leaf pho-
tosynthetic pigments by exogenously applying αT under salt 
stress (Fig. 2). αT directly neutralizes  O2

•‒ or 1O2 in plant 
cells (Foyer and Noctor 2005) to positively contribute to 
physiological processes, such as growth regulation, plant 
differentiation, and metabolism under saline conditions due 
to the increased available water and nutrients physiologically 
(Rady et al. 2015).

The antioxidant capacity, measured in five different 
assays (e.g., DPPH-radical scavenging activity, reducing 
power, ABTS-radical scavenging activity, metal chelat-
ing, and FRAP), was significantly increased under condi-
tions of salt stress, and the αT application preserved the 
highest antioxidant activity, especially at 200 mg αT  L‒1 
(Fig.  3). The higher antioxidant activity, in this study, 
may be attributed to the increased contents of secondary 
metabolites (e.g., phenolic compounds, flavonoids, and tan-
nins), which increased significantly under salt stress, and 
αT application maintained the highest content of secondary 
metabolites, especially at 200 mg αT  L‒1 (Fig. 4). Under 
stress, higher contents of secondary metabolites contribute 
to a greater plant antioxidant defense due to their primary 
responsibility in increasing antioxidant activity. Accumula-
tion of phenolic compounds in stressed plants is a cellular 
adaptive mechanism for scavenging ROS due to their potent 
antioxidant activities and thus preventing subcellular dam-
age (Mohamed and Aly 2008). In their chemical structure, 
antioxidant action is mainly created. Phenolic compounds 
are oxidized by POD and contribute to  H2O2 scavenging 
(Singh and Malik 2011). Besides, flavonoids are included 
in the defenses against different stresses (Winkel-Shirley 
2002). They are highly effective scavengers of  O2

•‒, 1O2, 
 OH‒,  H2O2, etc., enabling plants to withstand different types 
of stress (Ali et al. 2007). The content of plant secondary 
metabolites is increased in stressed plants to enable them to 
tolerate stress (Selmar 2008). This higher antioxidant activ-
ity in salt-stressed soybean plants enriched with secondary 
metabolites contributed to a reduction in their  H2O2 con-
tent (a biomarker of oxidative stress) and thus a decrease in 

Fig. 7  Effect of foliarly-applied αT on genomic DNA in Glycine max 
plant (cv. Giza 111) irrigated at different levels of salinity (0.23, 3.13, 
or 6.25 dS  m‒1). 1. Control; no saline or α-tocopherol (αT) applica-
tions have been applied (plants irrigated with fresh water; 0.23 dS 
 m‒1 and sprayed with distilled water). 2. αT has been applied as foliar 
spraying at 50 mg  L‒1. 3. αT has been applied as foliar spraying at 
100 mg  L‒1. 4. αT has been applied as foliar spraying at 200 mg  L‒1. 
5. Plants irrigated with dilute sea water at 3.13 dS  m‒1. 6. Plants irri-
gated with dilute sea water at 3.13 dS  m‒1 and sprayed with 50 mg 
αT  L‒1. 7. Plants irrigated with dilute sea water at 3.13 dS  m‒1 and 
sprayed with 100 mg αT  L‒1. 8. Plants irrigated with dilute sea water 
at 3.13 dS  m‒1 and sprayed with 200 mg αT  L‒1. 9. Plants irrigated 
with dilute sea water at 6.25 dS  m‒1. 10. Plants irrigated with dilute 
sea water at 6.25 dS  m‒1 and sprayed with 50 mg αT  L‒1. 11. Plants 
irrigated with dilute sea water at 6.25 dS  m‒1 and sprayed with 
100 mg αT  L‒1. Plants irrigated with dilute sea water at 6.25 dS  m‒1 
and sprayed with 200 mg αT  L‒1
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their malondialdehyde (MDA; an indicator of minimal lipid 
peroxidation) content due to the application of αT (Fig. 5). 
Externally applied αT has been reported to protect lipids 
and other membrane components by quenching (physically) 
and reacting (chemically) with  O2 in chloroplasts to protect 
PSII structure and function (Ivanov and Khorobrykh 2003). 
It also inhibits the chain propagation step in lipid auto-
oxidation, making it a highly efficient trap for free radicals 
such as 1O2 (Sharma et al. 2012). As suggested in a previ-
ous study (Munné‐Bosch 2007), α‐T may influence cellular 
signaling by controlling the diffusion of lipid peroxidation 
in chloroplasts, thus modulating the formation of oxylipins 
that are biochemical dissection and genetic approaches have 
provided compelling evidence that these oxygenated deriva-
tives are actively involved in plant defense mechanisms.

In the present study, the better performance of the soy-
bean plant is associated with better defense mechanisms, 
which are of primary importance under environmental stress 
conditions due to plant richness in antioxidant capacity and 
secondary metabolites for the better functional performance 
of cellular membranes. Exogenously applied αT maintained 
better antioxidant defense mechanisms in terms of elevated 
activities of antioxidant enzymes (Fig. 6) and higher con-
tents of non-enzymatic antioxidants (Fig. 4) with lower 
levels of  H2O2 and MDA (Fig. 5). It has been suggested 
that αT up-regulates gene expression-encoding enzymes of 
the Halliwell-Asada cycle such as APX, dehydroascorbate 
reductase (DHAR), and monodehydroascorbate reductase 
(MDHAR) (Li et al. 2010). αT plays an important role in 
regulating components of the antioxidant defense system in 
stressed plants. The activities of antioxidant enzymes (e.g., 
SOD, CAT, GR, APX, etc.) have been reported to be acceler-
ated in response to the exogenously applied αT (Orabi and 
Abdelhamid 2016; Semida et al. 2016; Lalarukh and Shah-
baz 2020). SOD, as the first line of defense against oxida-
tive stress, converts  O2

•‒ into  H2O2 (Srinieng et al. 2015). 
 H2O2, in turn, is converted into  O2 and  H2O by catalases (in 
peroxisomes) and peroxidases (in apoplast) (Mittler 2002; 
Fagerstedt et al. 2010) to protect plants from oxidative dam-
age by providing phenolic compounds for ROS elimination 
(Zabalza et al. 2007). These results confirm the findings 
of the present study that αT improved antioxidant enzyme 
activities and minimized the levels of  H2O2 and lipid per-
oxidation. The present study reported the efficient roles of 
antioxidant enzymes in protecting soybean plants against 
oxidative damage. Lalarukh and Shahbaz (2020) reported 
further activation of POD and GR by αT to increase salt 
tolerance in Helianthus annuus, which is compatible with 
the results of the current study.

Treating soybean leaves with αT is an effective strategy 
for mitigating the harmful effects of salt stress on DNA 
(Fig. 7). αT has very important molecular advantages, such 
as inhibition of oxidative damage due to the scavenging 

capabilities of ROS and N species, and modulation of signal 
transduction and gene expression by several antioxidant and 
non-antioxidant strategies (Zingg 2007). Exogenous appli-
cation of αT has been reported to scavenge the damaging 
impacts of salt stress in the soybean plant (Rady et al. 2015). 
Additionally, αT up-regulates overexpression of genes (e.g., 
HPT/VTE2 and TC/VTE1)-encoding enzymes in Arabidopsis 
for the biosynthesis of tocopherols to increase salt stress tol-
erance in plants to protect DNA from fragmentation against 
oxidative stress (ShouQiang et al. 2011; Kanwischer et al. 
2005). Plants can also develop bio-defenses to mitigate 
harmful impacts by expressing several functions of proteins 
and genes in response to environmental stresses (Finatto 
et al. 2015; Taie et al. 2019). It has been suggested that 
DNA declines under salt stress due to the detrimental effect 
of salinity on nucleic acids (Shalata and Neumann 2001). 
Application of αT to salt-stressed plants may attenuate the 
harmful effects of salt on DNA, improve DNA biosynthesis 
and integrity, and/or inhibit DNA degradation by exonu-
clease enzymes. These enhancing effects of αT have been 
attributed to its reaction directly or indirectly with ROS, 
thus contributing to maintaining the integrity of cell pro-
teins, lipids, and nucleic acids against damage induced by 
salt stress (El-Bassiouny and Sadak 2015).

Economically, the benefits to producers of applying 
αT to increase soybean yield under salt stress (especially 
6.25 dS  m–1) will be satisfactory. One hectare (through 3 
αT sprays) consumes about 750 g αT (the price of about 
US$75.00) for about 300 000 growing plants. The aver-
age yield obtained from soybean seeds per plant is 7.3 g 
= 2.19-ton  ha–1 = 1236 USD (according to the global soy-
bean prices). Therefore, the net benefits are “1236 – 75” 
= 1161 USD  ha–1. Thus, by applying 200 mg αT  L–1 to 
soybean plants grown under salt stress (6.25 dS  m–1) it 
will give satisfactory profits (average 1161 USD  ha-1) after 
deducting the price of the consumed αT.
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