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Abstract

Nanoparticles are receiving many interests due to their broad efficiency in mitigating environmental stresses. The purpose of this
research was to study the potential of selenium-nanoparticles (Se-NPs) to mitigate the adverse effects of salt stress on growth,
physiology, and gene expression of Melissa officinalis. The pot experiment was conducted in a factorial based on completely
randomized design (CRD) with three Se-NPs concentrations (0, 50, and 100 mg L") and four salinity levels (0, 50, 100, and
150 mM NaCl). The foliar spray of Se-NPs improved the growth of M. officinalis plants at different salinity concentrations, from
which the most effective was 50 mg L™". Plant growth decreased by progressing salinity concentration so that the minimum
growth was observed at 150 mM NaCl. The Se-NPs improved salt tolerance in M. officinalis by decreasing lipid peroxidation
through increased activity of antioxidant enzymes viz. superoxide dismutase (SOD), catalase (CAT), and peroxidase (POX).
Furthermore, exposure to Se-NPs enhanced the transcript levels of phenylalanine ammonia-lyase and rosmarinic acid (RA)
synthase genes in lemon balm plants under salt conditions. Plants treated with 100 mg L' Se-NPs at non-saline conditions
revealed the highest RA accumulation. According to the findings, we suggest both 100 mg L™ Se-NPs to alleviate the adverse

effects of salinity on in the M. officinalis, as well as the biosynthesis pathway of RA as a valuable secondary metabolite.
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Introduction

Melissa officinalis L., a perennial herbaceous plant known as
Lemon balm, belongs to the mint family or Lamiaceae. 1t is
native to Iran, Central Asia, the Mediterranean Basin, and
south-central Europe. The extract of M. officinalis is used in
various food and beverage products (Sharopov and Setzer
2018). Research showed that M. officinalis has medicinal
compounds which could be used to treat different illnesses.
Activities like antioxidant, anti-mutagen, anti-inflammatory,
anti-hyperglycemic, and memory impairment are some of
the biologically important functions, which have been proven
in several experimental methods (Hasanein and Riahi 2015;
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Noguchi-Shinohara et al. 2015; Eudes Filho et al.
2017; Jahanban-Esfahlan et al. 2017).

Rosmarinic acid (RA) is considered the main phenolic
compound of M. officinalis (Hamaguchi et al. 2009) and an
ester of 3, 4-dihydroxiphenyllactic acid with multiple biolog-
ical activities (Noguchi-Shinohara et al. 2015). M. officinalis
extracts containing RA are safe and tolerable in healthy indi-
viduals due to lack of adverse effects (Noguchi-Shinohara
et al. 2015). Of eight enzymes included in the biosynthesis
of RA, phenylalanine ammonia-lyase (PAL) and rosmarinic
acid synthase (RAS) play an important role. PAL catalyzes the
conversion of Phenylalanine to cinnamic acid as an initial
reaction. As a precursor for the formation of some natural
products, four-coumaroyl-CoA reaction with
4-hydroxyphenyllactic acid results in the formation of
4-coumaroyl-4'-hydroxyphenyllactic acid using RAS enzyme
(Park et al. 2016). Some studies indicated that the expression
of these genes enhanced under saline conditions (Doring et al.
2014; Sadat Ejtahed et al. 2015).

Salinity is a major abiotic stress with negative effects on
plants and environment (Sytar et al. 2017). Chlorides and
sodium are the main salts in water resources. Previous studies
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indicated that salinity could both improve soil structure and
result in unsolicited effects on photosynthetic pigment forma-
tion, proline content, and RA biosynthesis (Kiarostami et al.
2010; Bui 2013; Akcin and Yalcin 2016.

Nanotechnology has emerged as a useful strategy for im-
proving agricultural productivity. Rapid and complete absorp-
tion of nano-fertilizers by plants is the main reason of their
wide application (Sajyan et al., 2020). The use of nanoparti-
cles can increase plants’ resistance against salt stress (Siddiqui
et al. 2014; Oliveira et al. 2016; Mohamed et al. 2017). Also,
the study on Nanoscale selenium (Se-NPs) indicates that it can
be used as a therapeutic agent with no major adverse effect
(Hosnedlova et al. 2018). Additionally, Se in the bulk form
was shown to enhances the enzymatic activities of antioxi-
dants and maintains the functions of photosynthetic system
and, this way, play an important role in mitigating the toler-
ance of salt in tomato (Solanum lycopersicum), strawberry
(Fragaria vesca), garlic (Allium sativum), and maize (Zea
mays) (Diao et al. 2014; Jiang et al. 2017; Ashraf et al.
2018; Astaneh et al. 2018; Zahedi et al. 2019). Se-NPs can
induce the contents and activity of RA-associated genes.
Recently, Babajani et al. (2019) found that dose-dependent
exposure of M. officinalis to Se-NPs supplementations could
significantly induce the RAS expression gene. Therefore, it is
interesting to investigate the role of nano selenium in
M. officinalis under salt stress, especially RA biosynthesis.
The purpose of this study was to evaluate the effect of
Se-NPs on growth, pigments content, antioxidant enzymes
activity, RA content, and the expression of its biosynthetic
genes in M. officinalis in salt stress conditions.

Materials and method
Chemicals and reagents

The spherical Se-NPs (average size: 1045 nm, specific sur-
face area: 3050 m* g ', and true density: 3.89 g cm ) were
purchased from the NanoSany Corporation (Mashhad, Iran).
Analytical grade chemicals were acquired from Merck
(Darmstadt, Germany) and Sigma-Aldrich (Steinheim,
Germany).

Plant material, culture condition, and treatment

In the present study, the experiments were considered under
greenhouse conditions with 25/20 + 2 °C maximum/minimum
temperature, daily light integral of 25.5+3.7 molm > d ', and
75 £ 10% relative humidity. Seeds of M. officinalis (Mashhad
Seedlings and Seeds Co. Iran) were cultivated into plastic pots
(4-1 volume pots, filled with a mixture of perlite, coco peat,
and sand (5:7:23, w:w:w), 10 plants per pot). Germinated
seedlings were irrigated daily with the standard Hoagland
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solution (EC 1.7 dSm_1, pH 6.0¢6.5, 750 mL/pot/day) for
21 days. Thereafter, the plants with 4-5 fully expanded leaves
(21-days-old) were exposed to non-saline (control) and differ-
ent levels of salt (nutrient solution containing 0, 50, 100, and
150 mM NaCl, respectively, 200 mL/ pot/day) for 35 days
until harvesting. Water (1000 mL/pot without NaCl) was ap-
plied once biweekly until harvesting to reduce the accumula-
tion of salt in the mixture of perlite, coco peat, sand, and tape.
Seven days after the salt treatment started, control and
salt-treated plants were sprayed on upper surface leaves with
0,50 and 100 mg L™ Se-NPs-containing solution (50 mL per
pot) once a week until harvesting (4 sprays in total). To pre-
vent Se-NPs leaching to the soil during the spray treatment,
soil surface was covered with aluminium foil which removed
after spraying. Finally, plant samples (78-day-old plants) were
harvested to evaluate their morphological, biochemical, and
physiological responses.

Proline content

A slightly modified technique of Bates et al. (1973) was ap-
plied to analyze the proline content. Frozen leaf tissues (0.2 g)
were homogenized in 3% sulfosalicylic acid solution (4 ml),
and Wattman filter paper was used to filter the solution. Then,
a solution of Ninhydrin, acetic acid and extract (with a pro-
portion of 2 ml) were exposed to heat (100 °C) for one hour.
The cooling process was carried out using an ice container to
stop the reaction. The test tube to which added toluene solu-
tion (4 ml) was agitated quickly for 30 s. The supernatant
absorbance was read at 520 nm after 20 min. Using the stan-
dard curve (range 0of20-100 mg ml "), the proline content was
calculated (Bates et al. 1973).

Catalase, superoxide dismutase, and peroxidase
activities

Pereira et al.’s (2002) method was used to evaluate the activity
of catalase (CAT) enzyme. Potassium phosphate buffer at the
pH of 7 (15 mM) and hydrogen peroxide (30 mM) was used.
10 pl enzyme extract was required in the final volume of 3 pl
to start the assay. The absorbance was immediately recorded
at 25 °C by 240 nm for 2 min and once every half minute with
a spectrophotometer. The enzyme activity was analyzed in
different treatments based on the breakdown of a mole of
peroxide per gram of fresh weight, (Pereira et al. 2002). The
enzyme extract, prepared according to Sairam method (Sairam
et al. 2002), was used to determine the activity of SOD and
CAT antioxidant enzymes.

Beauchamp and Fridovich’s (1971) method were utilized
to determine SOD activity. The activity of the SOD enzyme in
the wavelength of 560 nm was determined using optical re-
duction of Nitro Blue Tetrazolium (NBT). Firstly, 50 mM
phosphate buffer solution (pH =7.5) was prepared. Next,
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Riboflavin, EDTA, methionine, and NBT (4 mM, 0.1 M,
13 mM, and 75 mM, respectively) were added to prepare the
reaction mixture. Potassium phosphate buffer was added to
the container covered by aluminum foil to avoid light intensi-
ty. Forty ul of the enzyme extract was added to the final
volume of 3 ml, and then tube was placed near a light bulb
(40 W) (distance = 50 cm). The absorbance rate, recorded at
560 nm, declined to 50% in the presence of enzymes com-
pared to tubes without any enzymes (Beauchamp and
Fridovich 1971).

Membrane lipid peroxidation

Heath and picker’s (1969) method, based on the formation of
a malondialdehyde (MDA) complex, was used to determine
membrane lipid peroxidation. First, 0.5 g of fresh leaf tissue
was rubbed with 5 mL of trichloroacetic acid (TCA) 0.1%.
Then, the homogenized solution was centrifuged for 5 min at
15000 rpm. In addition, 1 ml of supernatant was mixed with
3 ml of TCA 20% containing thiobarbituric acid (TBT) of
0.5% and placed in a 90 °C water bath for 30 min. Then, it
was placed into ice and centrifuged for 5 min at 15,000 rpm at
4 °C, and its absorbance was measured at 532 nm. The absor-
bance of compounds other than MDA was also recorded at
600 nm. The OD difference was calculated by subtracting
absorbance at 600 nm and 532 nm (Heath and Packer 1968).

Chlorophyll and carotenoids assay

To measure chlorophyll and carotenoids, 0.5 g of leaf tissue
was weighed and then rubbed out with 4 ml of 80% acetone.
The supernatant was obtained with centrifuged at 4000 rpm
for 5 min. Then, 14 ml of acetone 80% was added to a tube
containing supernatant. To measure chlorophyll a, b and ca-
rotenoids, a spectrophotometer (T80 model) was calibrated
and zeroed using acetone 80% in 664, 647 and 470 nm wave-
lengths. The absorbance of the solutions was read and the
concentration of chlorophyll, and carotenoid was calculated
using the following formulas (Lichtenthaler and Wellburn
1983).

Rosmarinic acid (RA) assay

First, 0.5 g of plant tissue was mixed with 20 ml of ethanol
50% and transferred to a 70 °C water bath. The solvent of
ethanol was evaporated using rotary apparatus. The extract
was dissolved in ethanol 70%. Then, the dissolved extract
was transferred to minus 20 °C refrigerator for 24 h. Next, it
was passed through the Wattman paper and stored in the re-
frigerator until the assay day. The absorbance of samples was
gained using 327 nm wavelength (Tepe 2008).

RNA extraction and expression analysis

RNA was isolated from leaves using the RNXTM — Plus kit
(Sinaclon, Iran) according to the manufacturer’s instructions.
Ten pl of total RNA of leaves was mixed with 1 ul of OligodT
as a primer (Table 1), 9 ul of RNase-free water, 1x RT buffer,
40 units of RNase, nucleoside triphosphates (NTPs), and
20 units ml " of reverse transcriptase (Invitrogen). The follow-
ing instruction was used to perform the reaction: 37 °C for
1 min, 60 °C for 55 min and 5-min step at 95 °C.

Real-time SYBER Green PCR (Applied Biosystems
step-one) was used to perform the semi-quantification com-
parison of PAL and RAS genes expression. The cDNA from
each Se treated sample was used as a template for qRT-PCR
reaction with PAL and RAS specified primers (Table 1). The
actin gene was used for internal control. For this purpose,
cDNA sample, primers for targeted and internal genes,
nuclease-free water, Power SYBER Green PCR Master Mix
(ABI), and 48-well plate were used. The 48-well plate was
placed on ice and 2 pl of cDNA was added. Next,
nuclease-free water and Syber Green Master mix (7 and
10 ul, respectively) were added. The plate was sealed by a
nylon sheet to prevent from contamination and evaporation.
The first step of 5 min at 95 °C was followed by 40 cycles of
30sat 95 °C, 30 s at annealing temperature (58 °C, depending
on the gene), and 45 s at 72 °C, with a final extension of
10 min at 72 °C. Positive and negative controls were treated
like other samples. Distilled water was used as the sample for
negative control.

Statistical analysis

Data were analyzed in a completely randomized design with
three replications by SPSS (Version 16). ANOVA and
Fisher’s Least Significant Difference (LSD) was used to com-
pare different saline treatments after slicing. The P < 0.05 was
used to determine significantly different means. Furthermore,
the Excel software was used for drawing charts.

Results
Growth parameters

Figures 1 and 2 display the results of growth characterizations
of shoot length, root length, shoot dry weight (SDW), and root
dry weight (RDW). As shown, the SL, RL, RDW, and SDW
of M. officinalis significantly reduced by salt stress. Among
different saline levels, 150 mM NaCl showed a considerable
reduction for both SL and RL of M. officinalis in comparison
to non-saline control (Fig. 2a, b). In non-Se treated plants,
severe salinity stress (150 mM NaCl) decreased shoot and root
length by 38 and 33% as compared with non-saline
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Table 1 Characterization of

primers used in RT-PCR Primer name Sequence 5'-3’ length (bp) GC ratio (%) Tm (C)

amplification
PAL (Forward) GCCGAAGTCATGAACGGAAAGC 22 54.6 61.7
PAL (Reverse) CGCAGCCTTAACATAACCGCTC 21 54.6 61.2
RAS (Forward) ACGCCCCGACCTCAACCTTATC 22 59.1 63.3
RAS (Reverse) AAGTGGTGCTCGTTTGCCACG 21 57.1 63.3
(B-Actin (Forward) TGTATGTTGCCATCCAGGCCG 21 57.1 62.1
[B-Actin (Reverse) AGCATGGGGAAGCGCATAACC 21 57.1 62.4

conditions. However, the maximum shoot length (12.1 cm)
and root length (16.6 cm) were obtained at 50 mg L™" Se-NPs
and non-saline conditions. A remarkable decrease occurred in
SDW and RDW after severe salt stress, and the results were
the same as those of SL and RL after using the Se-NPs (50 and
100 mg Lfl) treatments. At non-saline conditions, 50 mg L!
Se-NPs increased SDW and RDW by 16 and 30% compared
with non-Se application (Fig. 1c, d).

Proline content and membrane lipid peroxidation

Both salinity and Se-NPs significantly changed the proline
concentration in M. officinalis plants (P<0.05). The
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highest proline content was observed in plants exposed
to150 mM NaCl and 100 mg L™' Se-NPs to be
0.123 umol g~' FW. In addition, M. officinalis treated with
50 mg L™ of Se-NPs can resist to proline content change
under different saline conditions ranging from 0 to
150 mM (Fig. 3a). The MDA increased in the response of
M. officinalis to salt stress levels. Salt stress at the concen-
tration of 150 mM indicated a remarkable accumulation of
MDA with or without Se treatment compared with
non-saline conditions. In plants exposed to severe salinity
stress, the application of 100 mg L' Se-NPs led to an
enhancement of ~1.5-fold in MDA compared with
non-Se-treated conditions (Fig. 3b).
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Fig. 1 Shoot length (a), root length (b), shoot dry weight (¢), and root dry weight (d) of Melissa officinalis plants under foliar application of selenium
nanoparticles and salinity stress. Data are means of three independent replicates + SD. Different letters indicate statistical significance at P < 0.05
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Fig. 2 Effects of salinity stress at
0 (a), 50 (b), 100 (c), and 150 (d)
mM NaCl and selenium
nanoparticles at 0 (e), 50 (f), and
100 (g) mg L™" on Melissa
officinalis growth
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Fig. 3 Changes in proline concentration (a) and malondialdehid (MDA,
b) in leaves of Melissa officinalis under foliar application of selenium
nanoparticles and salinity stress. The data are the mean of three
independent replicates £ SD. Different letters indicate statistical
significance at P <0.05

SOD, catalase, and peroxidase activities

As shown in Fig. 4, all salt concentrations promoted a contin-
uous increase in SOD, CAT, and POX in non-saline (control,
0 mM NaCl), 50 mM, 100 mM, and 150 mM NaCl. The SOD
activity in non-Se-treated plants increased from 0.17 U mg™"
FW (control) to 0.64 U mg ' FW (150 mM NaCl). Although
50 mg L' Se-NPs decreased SOD activity, their higher con-
centration (100 mg L") significantly increased the SOD ac-
tivity, which led to the variation of SOD between 0.17 U mg '
FW and 0.64 U mg ' FW (Fig. 4a). The result was almost the
same for CAT activity. In non-Se-treated plants, CAT activity
increased over 3.5-fold (0.00028 U mg ' FW) after adding
150 mM of salt compared with non-salt treated plants. These
results for pots with 50 and 100 mg L™ of Se-NPs were
almost 2.5 (0.00022 U mg ' FW) and 5-fold
(0.00044 U mg ' FW), respectively (Fig. 4b). Peroxidases
play a major role in plant responses to stress conditions. The
POX activity increased by progressing salt concentrations.
The most significant increase was observed when
M. officinalis plants were treated with 100 mg L™' of
Se-NPs and 150 mM NaCl as 17.04 U mg ' FW (Fig. 4c).

Chlorophyll (Chl) and carotenoid content

The changes in pigment contents including Chl a and Chl b, as
well as carotenoids were almost the same under salinity and
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Fig.4 Superoxide dismutase (SOD, a), catalase (CAT, b) and peroxidase
(POX, ¢) activities of Melissa officinalis leaves under foliar application of
selenium nanoparticles and salinity stress. The data are the mean of three

Se-NPs application. The foliar spray of the Se-NPs signifi-
cantly increased the pigment content in comparison to the
none-Se-treated conditions. Chl a ranged from 0.6 mg g
FW at severe salinity and non-Se application to 2.1 mg g
FW at non-saline conditions and 100 mg L' Se-NPs (Fig. 5a).
Chl b followed the same behavior (Fig. 5b). Although saline
stress conditions decreased the content of carotenoids, Se
nanoparticles compensated the deteriorate compacts of salin-
ity. The carotenoid content varied from 0.23 mg g ' FW at
non-foliarly applied Se and severe salinity to 0.78 mg g ' FW
at 100 mg L' Se-NPs and non-saline treatment (Fig. 5c¢).

Rosmarinic acid (RA) content

Figure 5d shows the RA changes under salinity and foliar
application of Se-NPs. The slight salinity stress (50 mM
NaCl) significantly improved RA content, but 100 and
150 mM NaCl decreased its concentration. The highest RA
content (3.03 mg g ' DW) was observed in plants exposed to
50 mM NaCl and 100 mg L' Se-NPs. However, when salt
concentration increased to 100 and 150 mM, a considerable
decrease occurred in the RA accumulation. Under non-foliar
application, the 2.7-fold reduction of RA content was
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observed at 150 mM NaCl compared with 50 mM NaCl
(Fig. 5D).

Expression of PAL and RAS

Using the quantitative RT-PCR, the transcript levels of PAL
and RAS genes were investigated in relation to the housekeep-
ing genes of (3-actin. The housekeeping gene of 3-actin was
used as the internal standard since it is the most common gene
for normalization and can lower the probable errors. The PAL
(Fig. 6s) and RAS (Fig. 6b) showed the strongest increase
slightly more than 10-fold and well over 7-fold, respectively,
in 50 mM of salt and 100 mg L ™" of Se-NPs while the 3-actin
was not affected by saline stress. The expression of these
genes significantly decreased in pots with 100 and
150 mg L' salt compared to non-salt treated pots (Fig. 6).

Discussion

Increased salt concentration in plants could be problematic.
However, the decrease in growth is less seen in plants sprayed
with Se-NPs, especially at concentrations of 50 mg L' of
Se-NPs. Although the mechanism is still unknown, our
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Fig. 5 Chlorophyll (Chl) a (a), Chl b (b), carotenoids (¢), and rosmarinic acid (RA, d) contents in Melissa officinalis under foliar application of selenium
nanoparticles and salinity stress. The data are the mean of three independent replicates = SD. Different letters indicate statistical significance at P < 0.05

findings demonstrated that the Se application in nano form
could have a positive impact on SL, RL, SDW, and RDW.
In other words, both concentrations of Se-NPs (50 and
100 mg L") improved physiological characteristics of
M. officinalis at different levels of salt in comparison with
the condition without applying Se-NPs exogenous.
Maneuvering on physiological and biochemical mechanisms
demonstrated the useful role of Se-NPs in alleviating the neg-
ative impacts of salt on growth and fruit of strawberry plants
studied very recently which supports the findings of the pres-
ent study (Zahedi et al. 2019). Garlic is another plant whose
physiological characteristics improved under NaCl stress using
Se (Astaneh et al. 2018). Seeds of Cucurbita pepo treated with
salt showed reduced length, and fresh and dry weights of the
roots and shoots. However, nano-SiO2 was shown to improve
growth properties by reducing hydrogen peroxide levels, as
well as electrolyte leakage (Siddiqui et al. 2014). The
salt-induced inhibitory effects were alleviated in tomato plants
after Se-NPs application (10 mgl ) that resulting in growth and
development improvement (Morales-Espinoza et al. 2019).
Based on our results, the proline accumulation was not
influenced by low concentrations of salt, but not by its higher
concentrations. Also, this influence increased with the appli-
cation of Se-NPs. Accumulation of proline, as an
osmo-protectant amino acid, exhibits a relatively

salt-alleviating effect of Se-NPs. The finding is in line with
Hawrylak-Nowak’s (2009) study showing that Se treatments
at 5 and 10 uM on cucumber leaves significantly increased the
proline contents and photosynthetic pigments subjected to
50 mM of salt stress.

The application of Se-NPs exhibited changes in the enzyme
activity under saline conditions. The POX activity enhanced
as the salt concentration increased in the present study. In
saline condition, 50 mg L' of Se-NPs had a reverse effect
on POX activity in comparison to non-saline condition while
100 mg L' of Se-NPs application showed a dramatic rise in
POX activity, which led to an increase in POX just over
4-fold. The MDA and all enzymes including SOD and CAT
followed the same behavior as POX. In addition, the results
indicated that the pigment contents dropped significantly
although the activity of these enzymes increased under
saline condition. Kiarostami et al. (2010) reported that salt
stress reduced Chlorophyll a and Chlorophyll b in rosemary,
significantly. However, the Se-NPs application in the present
study remarkably improved the negative consequences of salt.
The results are in line with other reports. Bekhradi et al. (2015)
indicated that the chlorophylls content decreased significantly
while the lipid peroxidation increased in the Genovese geno-
type of basil with an increase in salt concentration. Like
Se-NPs in the present study, the Nano-SiO2 reduced

@ Springer



Biologia (2021) 76:2879-2888

2886
a
Wcontrol 050 mg/L Se-NPs @100 mg/L Se-NPs
10
[ a
e
s 8
=
Q
2 6
= be
= 4 cd
= de de
Z
2 . | fe
5 2 fe fe S d
3 Nl
S LML =]
-
< control 50 mM 100 mM 150 mM
NaCl concentration
b
12 Bcontrol 050 mg/L Se-NPs @100 mg/L Se-NPs
“ a

100 mM

50 mM

control

RAS expression (Fold change)
~

NacCl concentration

Fig. 6 The expression of phenylalanine ammonia-lyase (PAL, A) and
rosmarinic acid synthase (RAS, b) genes in Melissa officinalis plants
under foliar application of selenium nanoparticles and salinity stress.
The mean values of three replicates followed by different letters indicate
the significance of the difference between the treatments (P < 0.05,
ANOVA, LSD)

chlorophyll degradation in Cucurbita pepo leaves treated with
salt. The increase in plant germination and growth properties
through the application of nano-SiO2 may indicate oxidative
damage reduction as a result of the expression of antioxidant
enzymes such as CAT, POX, and SOD (Siddiqui et al. 2014).
Evaluated under 50 mM of NaCl stress, the effects of Se-NPs
on plant growth, and antioxidative metabolism in tomato, sug-
gested that Se-NPs application increases the activity of SOD
and POX enzymes. Results suggested that Se nanoparticles
could mitigate the salt-induced oxidative stress by regulating
the antioxidant defense mechanism in the tomato plant
(Morales-Espinoza et al. 2019). Astanch et al. (2018) showed
that 8 mg L' of Se application in garlic leaves treated with
30 mM of NaCl and 4 mg L ™" under 60 mM of salt increased
chlorophyll content, significantly. The findings of another
study suggested that the photosynthesis and antioxidative ca-
pacity of maize under salt-induced stress were relieved by
using Se (1 uM). In addition, Se application enhanced the
net photosynthetic rate and relieved the damage to chloroplast
induced by NaCl (Jiang et al. 2017). Ghazi (2018) reported
that salinity produced adverse effects on different plant
growth parameters of the Coriander plant, as well as the total
chlorophyll content. Under different salinity levels of irriga-
tion water, Se-NP at 50 ppm showed the best effects on phys-
iological characteristics and total chlorophyll content of

@ Springer

coriander plants. Carotenoids, with more than 750 members,
are the second most abundant naturally-occurring pigments on
earth (Kirti et al. 2014). Salt stress significantly decreased
carotenes content in rosemary. Salinity affected leaf pigment
contents of Rosmarinus officinalis at vegetative and genera-
tive growth stages (Kiarostami et al. 2010). Further, Se appli-
cation in garlic leaves under saline condition significantly in-
creased the carotenoid contents (Astaneh et al. 2018).

Regarding the RA in this study, 50 mM of salt stress did not
change RA biosynthesis in M. officinalis while 50 and
100 mg L ™" of Se-NPs dramatically enhanced the amount of
RA under 50 mM of salt, which suggests an optimum condi-
tion for RA biosynthesis. Transcript levels of PAL and RAS
genes in M. officinalis under 100 and 150 mM NaCl
noticeably decreased, similarly to RA biosynthesis
representing the reduction of its biosynthesis at high saline
levels. Doring et al. (2014) evaluated the formation of the
main phenolic ingredient of the pharmaceutically important
plant M. officinalis under O; stress. There was a quick
up-regulation of both RAS and PAL genes from the beginning
of the exposure. Based on the result, a significant relation was
observed between the specific activity of RAS and the de-
crease of RA concentration in M. officinalis leaves. Sadat
Ejtehad et al. (2015) showed increased PAL gene expression
and RA biosynthesis in Salvia officinalis and Salvia virgata
under salicylic acid application.

The transcription-level determination of RA-involved
genes encoding enzymes in the biosynthesis of RA using
quantitative RT-PCR shows the order of processes happening
during and after salt treatment of M. officinalis plants. In this
study, Se-NPs was shown as an inducer for the expression of
PAL and RAS genes with or without salt stress. In the
none-saline condition, low levels of Se-NPs (50 mg LY in-
duced the activity of genes and consequently the contents of
RA. Low level of salt stress (50 mM) and high level of Se-NPs
(100 mg L") showed the optimum condition for inducing RA
associated genes in M. officinalis.

In general, Se-NPs could improve the negative effects of
salt at 50 mg L™ concentration regarding physiological fea-
tures of RL, SL, SDW, and RDW. Further, the results dem-
onstrated that 100 mg L™ of Se-NPs could lead to the en-
hancement of proline, pigment content, and enzyme activity
of POX, SOD, and CAT, especially in high levels of salt.
Based on the findings, the optimal Se-NPs and salt supple-
mentation for RA biosynthesis and expression of RAS and
RAL genes were 50 mM of salt and 100 mg L™ of Se-NPs.
The interactive role of salt and Se-NPs could promote the
salt-induced inhibitory mechanisms in M. officinalis.

Finally, the results of the current study indicated that
Se-NPs foliar spray of M. officinalis is a valuable method for
improving M. officinalis tolerance to salt. The beneficial ef-
fects of Se-NPs on M. officinalis growth performance under
different salt levels could be attributed to the protection of
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photosynthetic pigments for enhancing photosynthetic capac-
ity, accumulation of proline and oxidative enzyme activity for
efficient reactive oxygen species (ROS) homeostasis, and en-
hancing RA and RAS and RAL levels for tackling the salinity
problem.
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