Journal of Soil Science and Plant Nutrition (2021) 21:2660-2672
https://doi.org/10.1007/s42729-021-00554-5

ORIGINAL PAPER

=

Check for
updates

Protective Role of Exogenous Selenium on Salinity-Stressed Stachys
byzantine Plants

Parisa Sharifi' - Reza Amirnia2 - Mehran Torkian® - Siamak Shirani Bidabadi*

Received: 6 April 2021 / Accepted: 9 July 2021 / Published online: 20 July 2021
© Sociedad Chilena de la Ciencia del Suelo 2021

Abstract

The present study was performed to investigate the regulatory role of selenium (Se) in the antioxidant defense system, Na*
uptake, and essential oil (EO) production of Stachys byzantine (S. byzantine) under salt stress. For this purpose, a greenhouse
study was conducted in a factorial experiment based on a randomized complete design with three replications. The studied
factors included foliar-applied Se (0, 4, 8, and 16 mg L Y and salinity (0, 30, 60, and 90 mM NaCl). Malondialdehyde, H,O,,
electrolyte leakage, oxidized glutathione (GSSG), ascorbate peroxidase (APX), catalase (CAT), and superoxide dismutase
(SOD) significantly decreased by increasing salinity. Conversely, the chlorophyll content and glutathione (GSH), as well
as monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), and glutathione reductase (GR)
activities, represented noticeable decreases. However, Se supplementation alleviated the oxidative stress by activating some
enzymes involved in the ascorbate—glutathione (AsA-GSH) cycle, including APX, DHAR, MDHAR, and GR activities,
which further enhanced the activities of CAT and SOD. Exposition to Se also modulated the redox state by reducing GSSG
while enhancing AsA and GSH contents when compared to non-Se supplemented salt-stressed S. byzantine plants. Mild
salinity stress (30 mM NaCl), especially when combined with Se treatments, resulted in the highest production of the EO of
S. byzantine. The findings of this study suggest the use of Se treatment as an efficient method for increasing the resistance
of S. byzantine to salinity by reducing the damage to oxidative stress, activating antioxidant enzymes, modulating the redox
state, and finally, improving the production of EOs.
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Increasing soil salinity has become an extremely destruc-
tive environmental agent that is rapidly spreading around
the globe and restricting plant growth and production, the
negative effects of which are exacerbated by water short-
ages (Gupta et al. 2018; Fariduddin et al. 2019). More
than 45 million hectares of arable lands, which make up
about 20% of the world’s land, are destroyed by salt stress,
and 1.5 million hectares of agricultural lands are annually
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turned into barren lands due to salinity (Pitman and Lauchli
2002). Salinity stress negatively affects plant physiology by
reducing soil osmotic potential, disrupts ionic balance and
water potential, and causes oxidative stress, which in turn
leads to the generation of reactive oxygen species (ROS) in
crop cells (Wani et al. 2018). Accordingly, oxidative stress
destroys lipids in the cell membrane and breaks down pro-
teins, nucleic acids, and photosynthetic pigments within the
cell (Abdel Latef et al. 2018; Zaid and Wani 2019). Thus,
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maintaining high antioxidant capacity and photosynthetic
capacity should be considered for continuing plant growth
close to normal growth conditions when exposed to salin-
ity stress to increase plant resistance to salinity (Diao et al.
2014). Previous research (Feng et al. 2013) has reported
success in inducing this resistance by the foliar application
of some elements such as selenium (Se). Undoubtedly, Se
is vital to animals and humans and seems to be beneficial
for plants as well (Feng et al. 2013; Khademi Astaneh et al.
2018). Although the role of Se as a beneficial element in
plants is still not well understood and the line between toxic-
ity and usefulness of this element is narrow, the use of Se in
low concentrations could be beneficial for plant cell growth
and metabolism (Diao et al. 2014). It has been reported that
Se may play a dual role in plants that at low concentrations it
can protect plants from the negative effects of environmental
stresses, but when applied at high concentrations, it has a
toxic role for plants (Gupta and Gupta 2017; Hasanuzza-
man et al. 2020a, b). The antioxidant properties of Se have
been recently reported as a highly important antioxidant in
plant defense systems when exposed to salinity and drought
stresses (Habibi 2017; Jiang et al. 2017; Karimi et al. 2020).
The application of Se in salt-stressed parsley (Petroselinum
crispum L.) has been found to prevent the Na* uptake by
the plants, improving the efficiency of photosystem II and
ultimately increasing the plant yield (Habibi 2017). Abul-
Soud and Abd-Elrahman (2016) demonstrated that the foliar
application of Se resulted in improving the growth and yield
characteristics of plant crops compared to its soil applica-
tion. However, the role of Se in improving photosynthesis
and the antioxidant defense system of medicinal plants under
salinity is still not extremely clear. Furthermore, there are
no reports of Stachys byzantine defensive responses to saline
conditions.

The genus Stachys, which belongs to the Lamiaceae fam-
ily, includes 34 species in Iran, and Stachys byzantine (S.
byzantine) is one of the most important and rare species of
this genus (Mozaffarian 1996). Similar to other plant crops,
medicinal plants such as S. byzantine, which are in charge of
treating many human diseases, are also influenced by abiotic
stresses and the accumulation of the EO in these plants is
strongly correlated with environmental conditions (Selmar and
Kleinwachter 2013; Wink 2015; Zaid et al. 2020a, b). There-
fore, S. byzantine was selected as a rare medicinal plant while
emphasizing whether the use of sodium selenite (Na,SeO;) as
a successful strategy to increase crop yield and improve salt
tolerance in a sustainable agricultural system can be used. Due
to the novelty of this important and rare species of medici-
nal plant and rare species of medicinal plant, and insufficient
information regarding Se application in medicinal plants under
salinity stress, this study aimed to evaluate the application of
Na,Se0; and different salinity levels on photosynthesis, Na*

accumulation, oxidative stress, antioxidant system, and EO
production of S. byzantine C. Koch.

2 Materials and Methods

2.1 Plant Material, Growth Conditions,
and Treatments

Forty-five-day seedlings of S. byzantine C. Koch were pur-
chased from a commercial nursery (ZARRINGIAH Com-
pany, Urmia, Iran). This research project was implemented
as a greenhouse study in the Department of Agricultural
Extension and Education, Higher Education Center, Sha-
hid Bakeri Miyandoab, Urmia University, Urmia, Iran, at
a temperature of 10/15 °C, night/day, and relative humidity
of 70% under a soilless culture system. In February 2019,
the seedlings were transmitted to plastic pots filled with
1 kg of perlite by planting two seedlings in each pot. The
pots were arranged in a factorial experiment in the form
of a completely randomized design with three replications
and irrigated with 500 ml of Hoagland’s modified solution
every day. Se treatments, including various levels (0, 4, 8,
and 16 mg L") of Na,SeOj, selected based on the experi-
ment of Karimi et al. (2020), were started immediately after
the emergence of the fourth fully developed leaf in growing
seedlings. Each pot containing two seedlings was sprayed
with 100 ml of each of the prepared solutions according to
the abovementioned concentrations. To ensure that the Se
solution is sprayed with a high percentage of absorption by
the leaf tissue, two drops of Twin 20 were added per 100 ml
of solution. Na,SeO, solutions were applied by a small
hand-sprayer equipped with a pump two times a week for
42 days. It is noteworthy that spraying with distilled water
was only intended for the foliar application of control plants
without Se treatment. Salinity stress was imposed by supple-
menting the nutrient solution with various levels of NaCl (0,
30, 60, and 90 mM) after 10 days of spraying with Na,SeO,.
The concentrations of NaCl were also selected based on the
experiments of Karimi et al. (2020). After 30 days of salinity
treatments (Fig. 1), fresh samples of the leaf were collected
to measure photosynthesis, oxidative stress, and antioxidant
enzymes. The leaves and roots of S. byzantine were desic-
cated at 70 °C and then completely crushed before measur-
ing the concentration of Na™. The extraction and production
calculation of the EO in S. byzantine were achieved using
120-day-old plants (from seed germination to the full bloom
stage).

2.2 Chlorophyll Content, Fv/Fm Ratio, and Proline
Content

To measure chlorophyll content, fully developed upper
leaves were used according to the experimental method of

@ Springer



2662

Journal of Soil Science and Plant Nutrition (2021) 21:2660-2672

NaxSeOs level
Fig. 1 Schematic overview of S. byzantine responses to four NaCl
concentrations with four Se (Na,SeO;) levels. S1, S2, S3, and S4

are NaCl concentrations at 0, 30, 60, and 90 mM, respectively.
Bar=5 mm
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Arnon (1949). A fluorometer (Walz, Effeltrich, Germany)
was applied to measure chlorophyll fluorescence, and the
method of Bates et al. (1973) was employed to estimate pro-
line content.

2.3 Oxidative Stress Biomarkers Including
Electrolyte Leakage, Malondialdehyde,
and Hydrogen Peroxide

A conductivity meter was applied to assess electrolyte leak-
age (EL) according to Ozden et al. (2009), and the accumu-
lations of malondialdehyde (MDA) and H,O, content were
evaluated according to Wang et al. (2009) and Velikova and
Loreto (2005), respectively.

2.4 Estimation of Enzymatic Antioxidant Activities
and the Ascorbate-Glutathione Cycle

Leaves, which were immediately separated from S. byzan-
tine seedlings, were mixed in a mortar completely homo-
geneously by adding 1 mL of ice-cold 100 mM potassium
phosphate buffer (pH 7.0) containing 1% of polyvinyl pyr-
rolidone. The homogeneous mixture was centrifuged at
11500 g for 30 min at 4 °C, and its supernatant was used to
assay different enzyme activities.

AsA, GSH, and oxidized glutathione (GSSG) contents
were measured according to the procedure described by Has-
anuzzaman et al. (2017), followed by measuring ascorbate
peroxidase (APX, 1.11.1.11) activity according to Nakano
and Asada (1981). Moreover, monodehydroascorbate reduc-
tase (MDHAR, 1.6.5.4) activity was assessed according
to the experimental procedure reported by Hossain et al.
(2010). Additionally, the activities of dehydroascorbate
reductase (DHAR, 1.8.5.1) and glutathione reductase (GR,
1.6.4.2) were determined using the methods of Nakano
and Asada (1981) and Hasanuzzaman et al. (2011), respec-
tively. Eventually, the activities of CAT (CAT: 1.11.1.6) and
superoxide dismutase (SOD, EC1.15.1.1) were determined
following the methods described by Hasanuzzaman et al.
(2011) and Cavalcanti et al. (2004), respectively.

2.5 Determination of Na* Concentration in Leaves
and Roots

Dried samples in an oven at 60 °C for 48 h were used to
determine the leaf and root concentrations of Na™. The root
and leaf samples (1 g) were crushed using an electric grinder
and then completely reduced to ashes at 560 °C. To digest
the ashes, 10 mL of HCI (1 mol-L~") was added, followed by
determining the concentration of Na™ by an atomic absorp-
tion instrument (Model AAS- 6300- Shimadzu).
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2.6 EO Content and Production Measurement

The EO of S. byzantine was extracted and calculated accord-
ing to the experimental method of Fernandes et al. (2013),
and the collected plant materials (the whole plant with
flower) were left at 30 °C as long as the weight changes
remained constant. After grinding the dried plant materials,
50 g was picked up and maintained in the freezer at — 20 °C
until distillation initiation. A Clevenger-type apparatus was
applied to extract the EO. Finally, anhydrous sodium sulfate
was used and then weighed to remove the water from the
EO.

2.7 Statistical Analysis

The analyzed data were represented by calculating the mean
with the standard deviation (+ SD) so that each data was
the result of an average of three replications. The analysis
of variance (ANOVA) of the data and the least significant
difference test (LSD, P <0.05) for the comparison of means
were performed by the statistical analysis system software,
version 9. All evaluated traits in S. byzantine plants sub-
jected to salt stress and Se were analyzed by the principal
component analysis using the program Statgraphics Centu-
rion, version 16.

3 Results

3.1 Chlorophyll Content, Fv/Fm Ratio, and Proline
Content in Response to Salinity and Se
Application

As shown in Table 1, the effects of salinity and Se on chloro-
phyll content, Fv/Fm ratio, and proline content of S. byzan-
tine are significant. However, there was no significant effect
of salinity X Se on chlorophyll and Fv/Fm except for proline
content, on which the effect of salinity X Se was significant.
Foliar applied Se significantly improved chlorophyll content
and Fv/Fm ratio under both saline and non-saline condi-
tions (Figs. 2A, B). When no salinity stress was imposed,
the content of chlorophyll and the Fv/Fm ratio increased
by 7.23, 22.67, and 23.97%, as well as 12.99, 18.29, and
12.99% at 2, 8, and 16 mg L~' Se compared to the treatment
without Se (0 mg L), respectively. In the most severe salin-
ity stress (90 mM NaCl), the chlorophyll content and Fv/
Fm ratio of stressed S. byzantine plants reduced 88.31 and
89.55% compared to those grown under normal conditions,
respectively (Figs. 2A, B). However, Se supplementation
noticeably mitigated the ruinous effects of salinity on chloro-
phyll content and Fv/Fm ratio; as in the most severe salinity
stress (90 mM NaCl), 16 mg L™ Se heightened the respec-
tive attributes by 62.70 and 66.67% over salinized plants.

Table 1 Values of mean squares in the analysis of variance of Chl. content (mg g~' leaf FW), Fv/Fm ratio, proline content (nmole g~!), lipid peroxidation indicated by MDA accumulation

(nmol g~! FW),and H,0, content (nmole g~} FW), AsA (nmol g~! FW), reduced GSH (nmol g~! FW), GSSG (nmol g~! FW), and GSH/GSSG ratio of S. byzantine

GSSG GSH/GSSG

GSH

H,0, AsA

MDA

EL

df Chl Fv/Fm Proline

S.0.vV

1243.47** 62.62%*

9,119,240.24%*%* 21,059.69%*

73.46%* 1070.83**

75,995.35%* 5305.98%*

3 69.91%* 0.81%*

Salinity (A)

Se

4.07**

253,424.08** 659.79%* 159.64%**

52.69%**

2.20%*
0.29™
0.19
9.66

2519.23** 107.17%*

0.08%*

6.60%*

0.61%*
0.05
4.98

13.87%%*
1.94
3.87

85.67+*
16.23

753,424.08 ns

4.13*
1.85
8.09

11.94%*
2.48
5.45

479.34%*

0.002 ns
0.002
8.78

0.17™
0.20
11.30

9

(A)x(Se)
Error

6087.00

35.09
4.17

32

2.74

2.14

CV (%)

and **, significant at the 5% and 1% probability levels, respectively; ™, non-significant; Se, selenium; S.0.V, source of variations; df, degree of freedom; Chl, chlorophyll content; EL, electro-

lyte leakage; MDA, malondialdehyde; H,0,, hydrogen peroxide; AsA, ascorbate; GSH, glutathione; GSSG, oxidized glutathione; S. byzantine, Stachys byzantine; Se, selenium; CV, coefficient of

variation

s

@ Springer



2664 Journal of Soil Science and Plant Nutrition (2021) 21:2660-2672
o 10 g, (A)
£~8 5
8 :,S 6 kY @S1
; E-‘ 4 ) S2
.;5. [ .:g oS3
S 22 8 oS4
g~ 0 L
O @«

= B
1 : B)
= 08 < 19 b b b @Sl
& 8.3 3 6 cd d d S2
5 o g 4 o f | B3
0 - 2 oS4
a 0
2 0 B 8 16
& ©)
—Z} 300 b - E
— 250 mSs1 - b B
g 200 e d 2 ke d 4@ BS1
2 150 h g @s3 S p S2
i i fg
g 100 os4 & i gh BSs3
S 38 S 1 0S4
~ , oy
0 < 8 16 4 8 16

Selenium levels (mg L)

Fig.2 Effect of different levels of salinity (S) and Se (Na, SeO;) on
chlorophyll content (A), Fv/Fm ratio (B), and proline content (C) of
seedlings in S. byzantine C. Koch. S1, S2, S3, and S4 are NaCl con-
centrations at 0, 30, 60, and 90 mM, respectively. Bars within a chart
followed by the same letter are not significantly different at the 5%
probability level by the LSD test. Values represent the means of three
replications =+ standard deviations

No significant variation in proline content was noted in non-
stressed plants at any of the examined Se levels (Fig. 2C).
Contrarily, the imposition of NaCl stress on S. byzantine
seedlings significantly increased proline content by 28.71,
53.75, and 70.06% at 30, 60, and 90 mM NaCl, respectively,
versus control plants (Fig. 2C). Interestingly, Se supplemen-
tation caused further increases in the proline accumulation
of salt-affected plants. In other words, in the most severe
salinity stress (90 mM NaCl), proline content increased by
18.26, 24.46, and 22.14% at 4, 8, and 16 mg L' Se in the
most severe salinity stress (90 mM NaCl), respectively, rela-
tive to those of salt-affected plants (Fig. 2C).

3.2 Oxidative damage, EL, and ROS Accumulation
Under Salinity and Se Application

The obtained data showed the significant impacts of
salinity, Se, and salinity X Se on the EL of S. byzantine

@ Springer
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Fig.3 Effect of different levels of salinity (S) and Se (Na, SeO;) on
electrolyte leakage (A), MDA accumulation (B), and H,0, generation
(C) of seedlings in S. byzantine C. Koch. S1, S2, S3, and S4 are NaCl
concentrations at 0, 30, 60, and 90 mM, respectively. Bars within a
chart followed by the same letter are not significantly different at the
5% probability level by the LSD test. Values represent the means of
three replications + standard deviations

(Table 1). Under non-salinity stress conditions, EL,
MDA, and H,0, reduced by 11.61, 4.88, and 20.59%,
as well as 12.74, 8.29, and 14.32% in seedlings treated
with 4 mg L™! Se and 8 mg L™! Se, respectively. In addi-
tion, the abovementioned parameters decreased by 1.45,
10.73, and 12.66% in seedlings sprayed with 16 mg L™
Se (Fig. 3A, B, C). Plant exposition to salinity caused an
increase in EL, H,O,, and MDA levels depending on the
applied dose with the utmost increase of 89.56, 76.73,
and 75.65%, respectively, revealed in S. byzantine plants
that were exposed to 90 mM NaCl compared with those
of the control plants (Fig. 3A, B, C). It is noteworthy that
foliar-applied Se significantly mitigated the destructive
effect of salinity by 8.11, 17.14, and 16.97% reductions in
EL, H,0,, and MDA, respectively, with the highest level
(16 mg L™1) of Se under salt stress conditions induced by
the highest level (90 mM) of NaCl in comparison with
90 mM salt-affected plants (Fig. 3A, B, C).
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3.3 Non-enzymatic Antioxidant Defense System
in Response to Salinity and Se

The amounts of ASA, GSH, GSSG, and GSH/GSSG ratios
of S. byzantine were noticeably influenced by salinity and
Se. However, the effect of salinity X Se was significant except
for ASA which was not significant at all (Table 1).

Under non-saline conditions, no noticeable changes were
observed in ASA, GSH, and GSSG contents as well as the
GSH/GSSG ratio of S. byzantine in response to foliar Se
application (Fig. 4A, B, C, D). In addition to significantly
reducing the amount of ASA, GSH, and GSH/GSSG, salin-
ity stress also significantly increased the amount of GSSG.
At 90 mM NaCl, the contents of ASA and GSH, as well as
the GSH/GSSG ratio, reduced by 43.75, 54.85, and 77.37%,
respectively, while the amount of GSSG increased by
49.67%, relative to those of non-salt stressed plants (Figs. 4
A, B, C, D). Foliar application with Se significantly reduced
the negative effect of salinity on ASA and GSH contents,
while the superior impacts were recorded with 8 mg L™
Se. Based on the findings, Se at 8 mg L~! increased the

Fig.4 Effect of different = (A)
levels of salinity (S) and Se E 5000
(Na, SeO;) on ASA content T 4000
(A), GSH content (B), GSSG = 3000
content (C), and GSH/GSSG g§ 2000
ratio (D) of seedlings in S. : 1008

w

e[:

byzantine C. Koch. S1, S2, S3,
and S4 are NaCl concentra- (©)
tions at 0, 30, 60, and 90 mM,
respectively. Bars within a chart
followed by the same letter are
not significantly different at the
5% probability level by the LSD
test. Values represent the means
of three replications + standard
deviations

80
60
40
20

GSSG (nmol g'! FW)

0 4
Selenium levels (mg L)

Table2 Values of mean squares in the analysis of variance of the
activities of APX (umol min~' mg~' protein), MDHAR (u mole
min~! mg protein), DHAR (u mole min~! mg protein), GR (u mole

min~! mg protein), CAT (u mole min~' mg protein), and SOD (u

ASA content, GSH content, and the GSH/GSSG ratio by
8.78, 18.27, and 34.6% while decreased the GSSG content
by 45.4% (at 90 mM NaCl), respectively, in comparison with
those of 90 mM NaCl plants (Figs. 4A, B, C, D).

3.4 Enzymatic Antioxidant Defense System
in Response to Salinity and Se

The data shown in Table 2 indicate the significant effects
of salinity, Se, and salinity X Se on DHAR and MDHAR,
GR, CAT, SOD, and APX activities of S. byzantine. When
no salinity was imposed, no significant changes were
found in DHAR and MDHAR, GR, CAT, SOD, and APX
activities in S. byzantine in response to foliar Se applica-
tion (Figs. 5A, B; Figs. 6A, B, C, D). Upon exposure of S.
byzantine plants to salinity, the alterations in the activity
of each of the studied enzymes in this experiment relied on
the type of enzyme with the maximum decrease of 45.90,
64.12, and 70.98% in DHAR, MDHAR, and GR activities,
respectively. On the other hand, the maximum increase of
90, 58.43, and 85.12% was recorded in CAT, SOD, and

(B){; ab
E’. c BS1
g : @S2
3 h
g oS3
E 0S4
w
O
4 8 16
D)
10
@S] %) 8 @S1
@s2 2 6 BS2
BS3 O 4 i @S3
os4 & 2 oS4
16 0 4 8 16

Selenjum levels (mg L)

mole min~! mg protein), as well as root Na* content (g kg™!), leaf
Na* content (g kg™!), EO content (EC %), and EO production ( g
plant‘l) of S. byzantine

S.0.V df DHAR MDHAR  GR CAT SOD APX Root Na*  Leaf Na* EC EOP
Salinity (A) 3 9956.47+%  4426.32*%* 1081.53**  2.62%* 37,881.99%* 4918.04** 1499.77+* 659.32%*  2.22%*% (.14%*
Se 3 315.36%*  108.49%* 74.99%%  0.16%*  1258.71** 175.54%* 92.43%%  3528**  0.30%* 0.02%*
(A)X(Se) 9 49.37%* 16.04%* 11.30%*  0.05%*  656.13%* 38.84% 13.08%* 451%%  0.02ns 0.001 ns
Error 32 5.41 1.61 2.01 0.01 5.77 2.07 1.64 0.88 0.02 0.001
CV (%) 1.61 2.45 5.36 19.23 2.717 4.66 8.05 10.50 13.73 13.70

" and **, significant at the 5% and 1% probability levels, respectively; ™, non-significant; S.0.V, source of variations; df, degree of freedom;
DHAR, dehydroascorbate reductase; CV, coefficient of variation; Se, selenium; APX, ascorbate peroxidase; EC, essential oil content; EOP,
essential oil production; DHAR, dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; GR, glutathione reductase; CAT, cata-

lase; SOD, superoxide dismutase; S. byzantine, Stachys byzantine
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Fig.5 Effect of different levels of salinity (S) and Se (Na, SeO;) on
DHAR (A) and MDHAR (B) activities of seedlings in S. byzantine
C. Koch. S1, S2, S3, and S4 are NaCl concentrations at 0, 30, 60,
and 90 mM, respectively. Bars within a chart followed by the same
letter are not significantly different at the 5% probability level by the
LSD test. Values represent the means of three replications + standard
deviations

APX activities, respectively (at 90 Mm NaCl), relative
to those of the non-stressed control S. byzantine plants

(Figs. SA, B; Figs. 6A, B, C, D). However, Se boosted
the antioxidant defense system of salt-affected S. byz-
antine plants by further enhancing the activity of CAT,
SOD, and APX and preventing the reduction of DHAR,
MDHAR, and GR activities (Figs. 5A, B; Figs. 6A, B, C,
D). The activities of DHAR, MDHAR, GR, CAT, SOD,
and APX increased by 16.91, 18.40, 38.90, 35.67, 14.02,
and 26.85% in Se-sprayed plants grown under the most
severe salinity stress (90 mM NaCl) compared with those
of 90 mM NaCl plants, respectively.

3.5 Foliar-Applied Se Modulating the Accumulation
of Na* in the Root and Leaf Samples of S.
byzantine Grown Under Saline Conditions

The content of Na* in the roots and shoots of S. byzantine
(Table 2) represented significant changes in response to
salinity, Se, and salinity X Se. Under non-saline conditions,
supplementing S. byzantine plants with Se treatments was
not accompanied by significant alterations in the amounts
of root and leaf Na* (Figs. 7A, B). Salt-affected S. byz-
antine plants demonstrated increased Na* since the accu-
mulated Na™" in roots and leaves was boosted by 70.87 and
64.87% at 30 mM NaCl while 89.36 and 89.77% at 90 mM
NaCl, respectively, relative to those of non-salt-stressed
plants. Foliar-applied Se decreased the accumulation of
Na* in both roots and leaves at all NaCl doses. At 90 mM
NaCl, Na™ accumulations in roots and leaves reduced by
16.33 and 17.47% with 4 mg L™! Se application while
23.68 and 24.03% with 16 mg L~! Se application relative
to those of 90 mM NaCl plants, respectively (Figs. 7A, B).
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Fig.7 Effect of different levels of salinity (S) and Se (Na, SeO;)
on Na*' concentration in roots (A) and leaves (B) of seedlings in S.
byzantine C. Koch. S1, S2, S3, and S4 are NaCl concentrations at
0, 30, 60, and 90 mM, respectively. Bars within a chart followed by
the same letter are not significantly different at the 5% probability
level by the LSD test. Values represent the means of three replica-
tions + standard deviations

3.6 EO Production of S. byzantine as Affected
by Salt Stress and Se Application

EO production of S. byzantine represented noticeable
changes in response to salinity and Se although the effect of
salinity X Se showed no significant impact (Table 2). Under
non-saline conditions, adding varying Se levels (4, 8, and
16 mg L) resulted in no considerable changes in the pro-
duction of EO in S. byzantine (Figs. 8A, B). Although the
production of EO in S. byzantine demonstrated a significant
increase by imposing salt stress up to a concentration of
30 mM NaCl, a significant decrease in both of the above-
mentioned traits occurred with the continuation of increas-
ing salinity (60 and 90 mM NaCl). The content and produc-
tion of EO in S. byzantine increased by 32.8 and 32.23% at
30 mM NaCl while they decreased by 23.81 and 23.81%
at 60 mM NaCl and then further decreased by 55.95 and
57.14% at 90 mM NaCl, respectively, relative to those of
control plants. It is noteworthy that spraying salt-treated
plants with Se further increased the content and production
of EO in S. byzantine at a concentration of 30 mM NaCl
and prevented their reduction at higher concentrations (60
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Fig.8 Effect of different levels of salinity (S) and Se (Na, SeO;) on
EO content (A) and EO production (B) of seedlings in S. byzantine
C. Koch. S1, S2, S3, and S4 are NaCl concentrations at 0, 30, 60,
and 90 mM, respectively. Bars within a chart followed by the same
letter are not significantly different at the 5% probability level by the
LSD test. Values represent the means of three replications + standard
deviations

and 90 mM NaCl) relative to those of non-Se treated plants.
Nonetheless, there was no noticeable difference among
various concentrations of Se under all NaCl concentrations
(Figs. 8A, B).

3.7 Pearson’s Correlation Matrix of Traits Measured
in Response to Salt Stress and Se Application

According to Pearson’s correlation coefficients in Table 2,
significant positive relationships were found between EO
production (0.52, P=0.001) and chlorophyll content, Fv/
Fm ratio, and the activities of DHAR, GR, CAT, SOD, and
APX (0.96, 0.92, 0.94, 0.96, 0.93, and 0.96, respectively,
P=0.001). Interestingly, there was a significant positive
correlation between the EO production and root Na* con-
tent (0.49, P=0.001). Conversely, the relationship between
EO production and leaf Na* content was significantly nega-
tive (—0.66, P=0.001) and the findings showed a greater
increase in EO production at low salinity (30 mM NaCl) and
the beginning of a decreasing trend as salinity intensified
(Figs. 8), which further justified this correlation (Table 2).
A statistically significant correlation in the opposite direc-
tion was also found that was related to chlorophyll content,
Fv/Fm ratio, and EO production with MDA accumulations
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(—=0.92,-0.95, and — 0.60, respectively, P=0.001), in addi-
tion to chlorophyll content, Fv/Fm ratio, and EO production
with H,0, generation (—0.94,—0.97, and — 0.63, respec-
tively, P=0.001). The correlation between proline accumu-
lations and EL, as well as MDA (0.90 and 0.97, respectively,
P=0.001) and H,0, generation (0.88 and 0.98, respectively,
P=0.001), was also noticeably positive (Table 2). The cor-
relation between the EO production and the activity of anti-
oxidant enzymes such as DHAR, GR, CAT, SOD, and APX
(0.65, 0.66, 0.51, 0.58, and 0.49, respectively, P=0.001)
was significantly positive (Table 2), justifying the positive
effect of Se on increasing salt stress resistance by activating
enzymes and heightening the EO production (Table 3).

4 Discussion

The findings of our study revealed that salinity significantly
reduced chlorophyll content and the Fv/Fm ratio of S. byz-
antine. Photosynthesis is one of the first processes in plants
that are negatively affected by salinity (Munns and Tester
2008; Chutipaijit et al. 2011). It has been found that the
destructive effect of salinity on photosynthesis is due to the
reduced efficiency of photosystem II in CO, absorption and
metabolism (Najar et al. 2019). The ratio of Fv/Fm in a plant
that grows under stress-free conditions is about 0.83 (Mur-
chie and Lawson 2013). In our study, this rate was observed
to be 0.67 in stress-free conditions while showing a signifi-
cant decline with the imposition of salinity. However, in the
present study, Se improved chlorophyll contents and
enhanced the Fv/Fm ratio in S. byzantine plants under saline
conditions. One of the mechanisms by which Se increases
plant resistance to salinity stress is the effect of this micro-
nutrient on increasing the rate of net photosynthetic rate
while alleviating the damage to chloroplast ultrastructure
under these stressful conditions (Jiang et al. 2017). Habibi
(2017) and Mozafariyan et al. (2016) also attributed the
increase in plant resistance to salinity to the reduced damage
effect on Fv/Fm in plants due to the use of Se, which is con-
sistent with our findings. The improved photosynthesis in
response to Se has also been reported in tomato (Diao et al.
2014), maize plants (Jiang et al. 2017), and garlic (Khademi
Astaneh et al. 2018) under salt stress, which further sup-
ported our findings regarding S. byzantine. Our obtained
data on the increased generation of H,0, and accumulation
of MDA in salinized S. byzantine plants are in line with
those of other previous studies (Yildiztugay et al. 2016;
Jiang et al. 2017). The generation of ROS in plants is bal-
anced under normal conditions while it results in a disrup-
tion between the production and scavenging of ROS due to
damage to respiration, photorespiration, and photosynthesis
under salt stress (Abdel Latef et al. 2017; Garcia-Caparros
et al. 2019). However, our findings approved that Se
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treatment alleviated salt-induced oxidative damage by
decreasing the amount of H,O, and MDA in S. byzantine,
which conforms to the findings of Djanaguiraman et al.
(2010), Yildiztugay et al. (2016), and Karimi et al. (2020)
on soybean, maize plants, and Vitis vinifera, respectively.
They reported the positive impacts of Se on reducing H,0,
generation under salinity conditions. Salt stress significantly
decreased enzymes that were involved in the ascorbate—glu-
tathione (ASA-GSH) cycle, including MDHAR, DHAR, and
GR in S. byzantine plants. The treatment of salinized S. byz-
antine plants with Se resulted in higher activities of antioxi-
dant enzymes such as CAT, SOD, APX, DHAR, MDHAR,
and GR, as well as the concentration of non-enzymatic anti-
oxidants such as AsA and GSH contents. The AsA-GSH
cycle contains AsA, GSH, and enzymes such as APX,
MDHAR, DHAR, and GR, which play an important role in
detoxifying ROS by decreasing H,0, and MDA generation,
along with the redox state leading to reduced oxidative dam-
age (Hasanuzzaman et al. 2019). Our findings indicated the
probable role of Se in improving the ASA-GSH cycle by
heightening the activities of DHAR, MDHAR, GR, and
APX. According to previous research (Yildiztugay et al.
2016; Karimi et al. 2020), Se is defined as an antioxidant
that is beneficial to plants under stressed conditions by
enhancing the activity of antioxidant enzymes. To the best
of our knowledge, this is the first study reporting the positive
role of Se in the redox state and ascorbate—glutathione cycle
regarding the salt tolerance of S. byzantine. Under salt stress,
a significant increase was observed in CAT, SOD, and APX
activities with Se-treated S. byzantine plants relative to non-
Se-treated plants. These findings are consistent with those
of Jiang et al. (2017), Habibi and Sarvary (2015), Shekari
et al. (2017), and Agbolade et al. (2019) on salt-stressed
maize plants, salt-stressed lemon balm, salt-stressed dill
plants, and salt-stressed wheat plants, implying that Se appli-
cation further heightened the activities of the abovemen-
tioned enzymes. The application of Se significantly boosts
the antioxidant defense system in the chloroplasts of plants
under saline stress, thus improving photosynthesis (Jiang
et al. 2017). It is well known that salinity causes lipid per-
oxidation and increases EL (Wu et al. 2013). In the present
study, salinity led to noticeable damage to S. byzantine
plants, followed by finding corresponding enhancements in
EL in S. byzantine leaves under salinity, which is in line with
the findings of Zhang et al. (2006). These findings further
confirm that Se plays an important role in the maintenance
of the cell membrane structure and cell integrity by reducing
EL under salt stress. The current data on the chloroplast
ultrastructure in Se-treated leave also confirm this observa-
tion (Jiang et al. 2017). A similar impact of Se on reducing
EL was reported by Karimi et al. (2020) on salt-stressed Vitis
vinifera leaves when treated with Se application, respec-
tively. In justifying these data for the positive impact of Se
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on photosynthetic efficiency (Fv/Fm ratio), Diao et al.
(2014) asserted that Se improves photosynthetic efficiency
by regulating the antioxidant defense system of the plant
under saline conditions. Lower lipid peroxidation caused by
elevated activities of antioxidant enzymes under saline con-
ditions was similarly reported in Se-treated maize under salt
stress (Zhang et al. 2006). Moreover, previous research dem-
onstrated that Se resulted in enhanced activity of antioxidant
enzymes thus improving the tolerance of plants in response
to environmental stresses (Diao et al. 2014). In our investiga-
tion, an elevated accumulation of proline was recorded with
salinity although it further increased by Se treatment, which
is also consistent with the findings of Bideshki et al. (2019)
representing that exogenous Se increased proline production
in potato plants. Habibi and Sarvary (2015) also concluded
that the proline content of the lemon balm was higher in
salt-stressed plants in response to Se. Proline acts as an
osmoregulator in salt-affected plants (Abdel Latef et al.
2009). Further increases in proline accumulations in
response to Se application in salt-affected plants could be
related to the effect of Se on proline metabolism by modulat-
ing the activities of the y-glutamyl kinase and proline oxi-
dase leading to its greater synthesis while lesser degradation
(Elkelish et al. 2019). Salt stress is often associated with a
noticeable accumulation of excessive Na* ions (Azooz et al.
2004; Jiang et al. 2017; Shekari et al. 2017), which further
supported our findings regarding the NaCl toxicity-induced
Na* accumulation of different parts (Ieaves and roots) of S.
byzantine plants. Our findings further revealed that Na*
accumulations in S. byzantine under salinity stress signifi-
cantly reduced by Se treatment. Se increases the binding of
Na* to the cell wall, ultimately reducing the accumulation
of Na* ions in plant organs (Habibi 2017). However, the
mechanism by which Se ameliorates salt stress and lowers
Na* accumulation remains unknown and needs further
investigation. Furthermore, our findings approved that Se
treatments decreased the accumulation of Na* in the plant
modulating important physiochemical processes in S. byz-
antine under salt stress. Our findings also showed a positive
effect of 30 mM NaCl on increasing the EO production of S.
byzantine. Medicinal plants produce more secondary metab-
olites (EO) to adapt to adverse conditions, which will cause
more osmotic regulation and balance and increase plant
resistance to stress (Petropoulos et al. 2008). This is a highly
good justification for confirming our findings regarding
increasing the EO production of S. byzantine plants exposed
to salinity. Interestingly, our data demonstrated that Se treat-
ments further increased the EO production of S. byzantine,
especially when combined with lower levels (30 mM NacCl)
of salinity. In the current investigation, Se treatment height-
ened the production of EO in S. byzantine plants, which is
in line with the findings of previous reports (Misra et al.
2010; Khalid et al. 2017; Zaji et al. 2019) on the positive
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effects of Se on EO production. The increased production of
EO can also be attributed to the positive effect of Se on CO,
assimilation in photosynthetic activity (Misra et al. 2010).
Likewise, Shekari et al. (2017) demonstrated that salt-
affected dill plants with Se supplementation resulted in an
enhanced EO production, which corroborates with our find-
ings on S. byzantine. Another proof for the positive effect of
Se on increasing the EO production of medicinal plants
might be related to the role of this element in enhancing the
density of glandular trichomes and storage structures that
are responsible for producing EO (Zaji et al. 2019). To the
best of our knowledge, this study first provided information
on the existence of a potential correlation between cellular
Na* ionic stresses, oxidative stress components of salinity
tolerance, and the antioxidant defense system with the EO
production of S. byzantine. Due to the positive correlation
between the production of EO and the activity of antioxidant
enzymes, as well as the negative correlation between the
accumulations of Na™ ions in plant cells and increased oxi-
dative stress, the positive effect of Se on improving EO pro-
duction in S. byzantine might be attributed to the activation
of the plant defense system, the reduction of oxidative stress,
and the toxicity of Na* ions in the plant. However, informa-
tion on the mechanism of action of Se in increasing the EO
production of medicinal plants remains extremely insuffi-
cient and should be well addressed in future research.

5 Conclusion

Based on the findings, selenium alleviated the negative
consequences of salinity by boosting photosynthesis and
preventing chlorophyll degradation, osmotic adjustment,
activating the antioxidant defense system for alleviating
oxidative damage, and reducing the Nat accumulation of
roots and leaves in S. byzantine plants under salt stress. The
obtained data represented a positive correlation between the
magnitude of the reduced toxicity of Na* flux in the cells
and salinity tolerance with the essential oil production of S.
byzantine. Further increases in the essential oil production of
selenium-supplemented S. byzantine plants under moderate
saline conditions (30 mM NaCl) are new data. These results
show new evidence on the positive effect of selenium on
essential oil production of S. byzantine. However, further
studies are needed to elucidate the functional mechanisms
of selenium in essential oil production, especially in con-
trast to moderate salinity levels. Nonetheless, considering
the implementation of these experiments under greenhouse
conditions and some other influential factors in the field,
field experiments should be conducted to complete those
assumed in this study.
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