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Abstract
Lilac sage (Salvia verticillata L.) a medicinal plant from the Lamiaceae family, is rich in

bioactive compounds such as flavonoids and phenolic acids, which are known for their
antioxidant, anti-inflammatory, and antimicrobial properties. This study aims to compare
the effects of multi-walled carbon nanotubes (MWCNTs) and methyl jasmonate (MJ) on
the physiological and biochemical responses of S. verticillata. At the twenty-two-leaf
stage, plants were subjected to foliar application of MJ (100 uM) and MWCNTs (100 mg
L), and some physiological and biochemical traits were assessed at multiple time points.
The application of MJ enhanced the accumulation of phenolic and flavonoid compounds.
It increased the activities of antioxidant enzymes while simultaneously causing a
reduction in chlorophyll content, likely due to stress-related responses. In contrast, the
application of MWCNTs initially promoted chlorophyll and protein synthesis, followed
by a delayed increase in oxidative stress markers and the activation of key enzymes
involved in the biosynthesis of phenolic acids. Principal component analysis provided
strong evidence for the distinct mechanisms of action of MJ and MWCNTs. While MJ
primarily functions through stress signaling pathways, MWCNTs combine growth
stimulation with stress induction, impacting metabolic processes in different ways. These
findings offer insights for optimizing elicitation strategies for enhancing the production of
bioactive compounds in medicinal plant biotechnology.
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1. Introduction

Lilac sage (Salvia verticillata L.) is a perennial
herbaceous plant from the Lamiaceae family. It
grows as wild populations in the mountainous
regions of northern Iran (Jamzad, 2020). This
species is recognized for its diverse array of
bioactive compounds, including phenolic acids
(particularly rosmarinic acid), flavonoids, and
terpenoids. These compounds exhibit various
therapeutic properties, including antioxidant, anti-
inflammatory, antibacterial, and anticancer
effects. These characteristics make S. verticillata a
promising candidate for applications in the food
and pharmaceutical industries (Ivanova et al.,
2024; Karakaya et al., 2020; Stankovi¢ et al.,
2020).

The investigation into how various stimuli affect
the physiological characteristics and growth of
plants, particularly concerning the production of
secondary metabolites, is a topic that captures the
interest of scientists. (Guru et al., 2022; Humbal
& Pathak, 2023; Siahmansour et al.,, 2018).
Methyl jasmonate (MJ), a biotic elicitor, is a lipid-
derived signaling molecule that plays a crucial
role in regulating plant responses to both abiotic
and biotic stresses. Methyl jasmonate modulates
various biochemical pathways, prompting the
production of secondary metabolites, including
phenolics, flavonoids, and terpenoids. These
compounds play essential roles in plant defense
mechanisms and have significant applications in
industries like pharmaceuticals and cosmetics
(Ghorbel et al., 2021; Ho et al., 2020; Nabi et al.,
2021). Several studies have demonstrated MJ’s
ability to enhance the expression of key
biosynthetic genes, thereby increasing the yield of
medicinally important metabolites in species like
Salvia (Hou et al., 2021; Pesaraklu et al., 2021;
Rahmani & Radjabian, 2024; Zhou et al., 2021).

Nanotechnology has emerged as a transformative
tool in agricultural and plant sciences, offering
innovative solutions for enhancing plant growth
and productivity (Okey-Onyesolu et al., 2021).
Researchers have recently utilized metallic and
carbon-based nanoparticles as elicitors to enhance
nutrient uptake, stimulate growth, and increase
secondary metabolite production. Among these,
multi-walled carbon nanotubes (MWCNTSs) have
garnered attention due to their unique properties,

including a high surface area, excellent
conductivity, and biocompatibility (Chen et al.,
2021). Due to their unique properties, MWCNTs
can effectively interact with plant cells, altering
physiological and biochemical processes. This
interaction may enhance plants' ability to cope
with stress and increase the accumulation of
metabolites (Heydari et al., 2020; Mahmoud &
Abdelhameed, 2023; Tardast et al., 2023). We
demonstrated that foliar application of low
concentrations of MWCNTs on S. verticillata
stimulates the production of phenolic acids by
affecting the expression levels of key enzymes
involved in the phenolic acid biosynthesis
pathway (Rahmani et al., 2020).

Despite extensive research into their potential to
enhance plant secondary metabolites, our
understanding of how MJ and nanomaterials, such
as MWCNTs, affect plants like S. verficillata
remains limited. The specific mechanisms by
which MWCNTs influence physiological and
biochemical processes, particularly in medicinal
plants, are poorly understood, despite MJ being
commonly studied as a signal inducer.
Additionally, there is a lack of comparative
studies examining these two elicitors on the same
species under similar conditions, which presents a
significant gap in our understanding of their
relative effectiveness and mechanisms of action.
This study aims to compare the effects of MJ and
MWCNTs on the physiological and biochemical
traits of S. verticillata. The objective is to clarify
how these compounds affect plant growth and
productivity, and to propose strategies for
enhancing their cultivation and utilization. We
hypothesized that MJ and MWCNTs would
differentially influence phenolic biosynthesis
through distinct enzymatic pathways.

2. Materials and Methods

2.1. Plant

Mature seeds were harvested from wild-grown S.
verticillata plants at the flowering stage in the
Alamut region (Qazvin province, Iran) at
approximately 2250 meters above sea level. A
voucher herbarium specimen was deposited in the
central herbarium of Bu-Ali Sina University
(BASU33996). The seeds were placed in Petri
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dishes with a diameter of 10 cm, lined with wet
Whatman No. 1 filter paper, and incubated at 25
°C in the dark. After two weeks, healthy seedlings
were transferred to plastic pots filled with a soil
mixture of loamy sand, cock peat, and perlite
(3:1:1). The seedlings were then allowed to grow
for two months under greenhouse conditions,
maintained at a temperature of at 23+£2 °C, with a
photoperiod of 16 h and a photon flux density of
450-600 pmol m= s!'. Finally, plants at the
twenty-leaf stage were used for treatment with
MWCNTs and MJ.

2.2. Treatment with elicitors

Aqueous solutions of COOH-functionalized
MWCNTs were prepared at a concentration of
100 mg L' using a product from US Research
Nanomaterials (USA, US4311). Additionally, MJ
(Sigma-Aldrich, USA) was prepared at a storage
concentration of 100 uM. The physicochemical
characteristics of the MWCNTs, including
scanning electron microscope (SEM) images, X-
ray diffraction (XRD) patterns, Raman spectra,
and Fourier transform infrared (FTIR) spectra,
were analyzed as described in our previous
publication (Rahmani et al., 2020).

Leaves of cultivated S. verticillata were treated by
spraying them with a solution containing 100 mg
L' of MWCNTSs and 100 uM of MJ. The control
plants were treated with deionized water. Samples
of the treated and control leaves were harvested at
various time points: 0, 0.5, 1, 2, 4, 6, 8, 12, 24, 48,
72, and 96 hours after treatment. Each treatment
was replicated three times. Half of each plant
sample was stored at -80 °C, while the other half
was dried in an oven at 40 °C for further analysis.

2.3. Photosynthetic pigments

A 0.1 g sample of fresh plant tissue was
thoroughly ground in 3 mL of 80% acetone to
extract photosynthetic pigment. The resulting
suspension was then filtered through the
Whatman No. 2 filter paper, and the final volume
was adjusted to 5 mL using 80% acetone. The
absorbance of the extract was measured at
wavelengths 645, 663, and 480 nm using a
spectrophotometer (Chromophore, Germany). The
concentrations of the photosynthetic pigments

were calculated using Lichtenthaler's (1978)
formula and expressed in milligrams per gram
fresh weight (FW).

2.4. Protein content and enzyme assays

Frozen leaf samples (250 mg) were homogenized
in 1 mL of cold phosphate buffer (100 mM, pH
6.0) containing 2 mM EDTA, four mM
dithiothreitol, and 2% (w/w) polyvinylpyrrolidone
for 15 minutes using a pestle and mortar on ice.
The homogenates were centrifuged at 13,000 x g
for 25 minutes at 4 °C to obtain a solid-free
extract. The protein extracts were stored at —80 °C
until needed. The total protein content in the
extracts was quantified using the Bradford method
(1976), with bovine serum albumin as the
standard.

The activity of peroxidase (POD, EC 1.11.1.7) in
the leaf extracts was measured using guaiacol as
the substrate, based on the procedure described by
Abeles and Biles (1991). The results were
expressed as micromoles of substrate converted
(pkat) per milligram of protein.

Catalase (CAT, 1.11.1.6) activity in the samples
was evaluated based on the decomposition of
hydrogen peroxide, as outlined by Cakmak and
Horst (1991), with results reported as pkat per
milligram of protein.

Superoxide dismutase (SOD, EC 1.15.1.1) activity
in the leaf extracts was measured according to the
method described by Giannopolitis and Ries
(1977). The results were expressed in units per
milligram of protein.

The activity of L-phenylalanine ammonia-lyase
(PAL, EC 4.3.1.5) in the MWCNTs-elicited leaf
samples was measured by producing trans-
cinnamic acid in a reaction mixture, using a
spectrophotometer according to the methodology
established by Heide et al. (1989). Specific
activities were expressed as nkat per milligram of
protein.

Tyrosine aminotransferase (TAT, EC 2.6.1.5)
activity in the protein samples was evaluated
following the method  established by
Diamondstone (1966), utilizing an extinction
coefficient of 4-hydroxybenzaldehyde (24,900 L
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mol ™! em™) as a product. The specific activities of
the enzymes were expressed as nkat per milligram
of protein.

The activity of rosmarinic acid synthase (RAS,
EC 2.3.1.140) in the protein extracts was
determined based on the production of RA,
following the protocol outlined by Peterson and
Alfermann (1988). The quantity of RA produced
during the RAS enzymatic reaction was measured
using Smartline HPLC instrument (Kenuer,
Germany), equipped with a CI18 MZ-
Analysentechnik (5 pm particle size, 250 mm
length and 4.6 mm diameter), with a solvent
mixture of methanol and water (1:1), to which 100
uL of 85% H3PO4 was added per liter. A detection
wavelength of 333 nm was employed for RA
measurement for 20 minutes. A calibration curve
was created using standard RA solutions at
varying concentrations (0—1 mg L"), and the
enzyme-specific activity in the samples was
expressed as nkat per milligram of protein.

2.5. Proline content

A 0.25 g of fresh plant tissue was homogenized
for proline extraction using 5 mL of 3%
sulfosalicylic acid. The resulting suspension was
then filtered through the Whatman No. 2 filter
paper. Next, 2 mL of the suspension was
combined with 2 mL of glacial acetic acid, 1 mL
of 3% sulfosalicylic acid, and 2 mL of ninhydrin
solution. This mixture was incubated at 100°C for
one hour. After incubation, the samples were
rapidly cooled on ice to reach ambient
temperature (Bates et al., 1973). Then, 1 mL of
toluene was added to the samples, and the mixture
was thoroughly agitated for 30 seconds. The
upper toluene layer, which contained the
chromophore-proline complex, was carefully
separated from the aqueous phase. The
absorbance of the toluene layer was measured at
520 nm. The proline content of the plant samples
was quantified using a standard curve and
expressed in pug per g of FW.

2.6. Total phenol and flavonoid content

A total of 0.5 g of powdered dried leaves was
extracted with 5 mL of methanol using ultrasonic-
assisted extraction for 1 hour at 25°C. The

mixture was then centrifuged at 13,500 rpm for 5
minutes. The supernatant was collected and used
for further phytochemical assays.

A 150 pL of the methanolic extract was mixed
with 1350 pL of deionized water and 150 pL of
Folin-Ciocalteu reagent. After thoroughly mixing,
the solution was allowed to react for 5 minutes,
followed by the addition of 1,500 pL of 7%
sodium carbonate. The final volume of the
mixture was adjusted to 3500 pL using deionized
water. After incubating for 90 minutes at room
temperature, the absorbance was measured at 750
nm using a spectrophotometer (Singleton et al.,
1999). The total phenolic content of each treated
sample was quantified using a standard curve
generated with gallic acid and reported as mg GA
per g dry weight (DW).

The total flavonoid content in the extracts from
treated seedlings was measured using the method
described by Zhishen et al. (1999). A 200 puL of
the methanolic extract was thoroughly mixed with
200 pL of aluminum chloride and 100 pL of 33%
acetic acid. The mixture was then adjusted to a
final volume of 5 mL using 90% ethanol. After a
30-minute incubation, the absorbance of the
solution was measured at 414 nm. The total
flavonoid content in the treated leaves was
calculated using a quercetin standard curve and
expressed as mg quercetin (QE) per g DW.

2.7. Statistical analysis

The study was a factorial experiment utilizing a
randomized complete block design. The SPSS
software (Version 22) was used to analyze the
data, presented as the mean and standard
deviation of three replications (n = 3). A one-way
ANOVA revealed significant differences among
the means, as determined by the Duncan test at P
< 0.05. Principal component analysis (PCA) was
applied using the PAST program (Version 3.15)
to reveal the pattern and link between the used
treatments and the researched parameters
(Hammer & Harper, 2024).
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3. Results

3.1. Photosynthesis pigments

The influence of MJ and MWCNTs on
photosynthetic  pigment levels, specifically
chlorophyll a, chlorophyll b, and carotenoids,
were assessed in the leaves of S. verticillata (Fig.

1.

The obtained data displayed that treatment with
MIJ generally led to a decrease in chlorophyll a
and b content in the leaves of the treated plants
compared to the control group. The leaves of
plants harvested 72 hours after treatment showed

the most significant impact of MJ on chlorophyll
a level, measuring 1.1 times higher than those of
the control. Our findings also revealed a
significant decrease in chlorophyll b content 96
hours after MJ exposure, with levels
approximately half of those measured in the
control plants. The variations in carotenoid levels
in the MJ-treated leaves followed a similar trend;
compared to the control plants, carotenoid
concentrations in the leaves of plants harvested 1,
48, and 96 hours after MJ treatment showed a
substantial reduction (P < 0.05).
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Fig. 1. Changes in the contents of photosynthetic pigments in the leaves of the Salvia verticillata after treatment with
MWCNTs and MJ. Based on Duncan's multiple-range test, bars not sharing the same superscript letter(s) are
significantly different at P < 0.05 within each treatment group. All data are means of three replicates, with error bars
indicating SE. MJ: methyl jasmonate, MWCNTs: multi-walled carbon nanotubes.

3.2. Proline and total protein

As illustrated in Fig. 2, exposure to MJ and
MWCNTs significantly affected the proline and
total protein content in the leaves of S.
verticillata.

Plants treated with MJ showed a higher protein
content than the control plants at all measured
time points. The highest protein concentration
occurred 2 hours after treatment, reaching a level
2.65 times greater than that of the control plants.
Following this peak, the protein content began to
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decline, and by 72 to 96 hours after treatment, no
significant difference was observed between the
treated and control plants. In contrast, the
treatment with MWCNTSs exhibited a delayed yet
measurable effect on protein content. The total

protein content increased from 1 to 72 hours post-
treatment, peaking at 8 hours after treatment, with
a 2.55-fold increase in protein concentration
recorded at that time.
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Fig. 2. Changes in the contents of total protein and proline in the leaves of the Salvia verticillata after treatment with
MWCNTs and MJ. Based on Duncan's multiple-range test, bars not sharing the same superscript letter(s) are
significantly different at P < 0.05 within each treatment group. All data are means of three replicates, with error bars
indicating SE. MJ: methyl jasmonate, MWCNTSs: multi-walled carbon nanotubes.

Data indicated that treatment with MJ resulted in
higher levels of proline compared to the control
group. In the leaves of the treated plants, proline
content showed a significant increase within the
first hour, followed by a decline over the next 24
hours. A notable 3.4-fold increase in proline
content was observed in leaves collected 2 hours
after treatment compared to the control group.
However, the proline levels in leaves collected
between 24 and 96 hours did not differ
significantly from those of the control.

The research revealed no significant difference in
proline content between the early and later time
points after treatment with MWCNTs, compared

to the control plants. While proline content
significantly increased following carbon nanotube
treatment at 2, 48, and 96-hour intervals, the
highest proline concentration was recorded in
leaves collected 8 hours after treatment.

3.3. Antioxidant enzymes activity

To investigate the effects of MJ and MWCNTSs on
antioxidant enzymes, we measured the activity
levels of SOD, CAT, and POD in the leaves of the
treated plants. A comparative analysis of the mean
data showed significant variations (P < 0.05) in
enzyme activity levels among the leaves of treated
plants at different harvesting times (Fig. 3).
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The results indicated a significant increase in
SOD activity after treatment with MJ, peaking at
2 hours, where it was approximately 2.1-fold
higher than the control group. Although SOD
activity experienced a slight decline after 72
hours, it remained elevated compared to the
control at the 96-hour mark. In contrast, following
exposure to MWCNTs, SOD activity gradually
increased during the initial period, reaching a
peak at 24 hours, approximately 1.8-fold higher
than the control levels. After this peak, SOD
activity progressively decreased, returning closer
to control levels by the 96-hour point.

The findings also indicated that MJ significantly
increased CAT enzyme activity in the leaves of
treated plants compared to those of the control
plants. An initial increase in CAT activity was
observed up to 8 hours after treatment with MJ,
followed by a subsequent decrease. The highest
level of CAT activity occurred in the leaves
harvested 8 hours after treatment, which was 3.9-
fold greater than that of the control plants. By 96
hours after treatment with MJ, CAT activity levels
were similar to those in the control plants.
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Fig. 3. Changes in the activities of antioxidant enzymes in the leaves of Salvia verticillata after treatment with
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significantly different at P < 0.05 within each treatment group. All data are means of three replicates, with error bars
indicating SE. MJ: methyl jasmonate, MWCNTs: multi-walled carbon nanotubes, SOD: superoxide dismutase, POD:
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Plants treated with MWOCNTs showed a
significant increase in CAT enzyme activity (P <
0.05). Similar to the plants treated with MJ, the
pattern of CAT activity in response to MWCNTs
treatment demonstrated an increasing trend up to
8 hours post-treatment, after which it began to
decline. The highest enzyme activity was recorded
in plants harvested 8 hours after treatment,
reaching 7.7 times the levels observed in the
control group.

The pattern of POD enzyme activity in plants
treated with MJ exhibited fluctuations up to 4
hours post-treatment, with the highest activity
levels observed in leaves harvested 4 hours after
treatment, nearly four times higher than the
control. After 96 hours, POD enzyme activity in
treated plants was similar to that of the control
plants.

Interestingly, there were no noticeable changes in
POD activity levels during the first hour after
treatment with MWCNTSs; however, after this
period, POD activity significantly increased
compared to control plants. The leaves of plants
treated with carbon nanotubes exhibited the
highest POD activity level, which was 4 times
higher than that of the control plants. Following
an initial decrease, POD activity levels rose again
until 24 hours post-treatment, after which they
remained constant. The study concluded that POD
enzyme activity levels in leaves remained stable
after 48 hours of treatment with MWCNTs.

3.4. Total phenols and flavonoids
To investigate the effect of MJ and MWCNTs on
the production of biochemical compounds in the
leaves of S. verticillata, we measured total phenol
and total flavonoid content (Fig. 4).

The results indicated no significant difference in
total phenol content between the control and
treated plants up to two hours after MJ treatment.
However, the levels of these compounds increased
over time after harvest. Plants harvested 24 hours
post-treatment exhibited the highest total phenol
content, which was twice that of the control
group. After this peak, the total phenol content in
treated plants began to decline, and by 96 hours
after treatment, their levels were comparable to
those of the control plants. Regarding flavonoid
content, the treated plants exhibited higher levels
than the control plants for up to 8 hours after
treatment. However, the flavonoid levels
decreased between 12 and 48 hours post-
treatment, approaching those found in the control
plants. Notably, the total flavonoid content in the
leaves of plants harvested 72 and 96 hours after
M treatment decreased significantly (P < 0.05).

In general, treatment with MWCNTs increased
the total phenolic content of the leaves in treated
plants compared to the control plants. Two peaks
in the total phenol content were observed in the
leaves of these treated plants. The first peak
occurred 0.5 to 2 hours after treatment, while the
second peak was recorded between 12 to 96 hours
after treatment. The highest total phenol content
was measured in the leaves of plants that were
harvested 72 hours post-treatment. The highest
total phenol content was found in the leaves of
plants harvested 72 hours after treatment, which
was 2.4 times higher than that of the control
plants. Additionally, the pattern of changes in
total flavonoid content in MWCNT-treated plants
mirrored that of the total phenolic content. The
highest total flavonoid content was measured in
plants harvested 24 hours after treatment, which
was 1.7 times higher than in the control group.
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Fig. 4. Changes in the total phenol and flavonoid content of the leaves of Salvia verticillata after treatment with
MWCNTs and MJ. Based on Duncan's multiple-range test, bars not sharing the same superscript letter(s) are
significantly different at P < 0.05 within each treatment group. All data are means of three replicates, with error bars
indicating SE. MJ: methyl jasmonate, MWCNTs: multi-walled carbon nanotubes.

3.5. Activities of PAL, TAT, and RAS

The activity levels of the enzymes PAL, TAT, and
RAS were analyzed to investigate the effect of MJ
and MWCNTs on crucial enzymes in the phenolic
acid biosynthesis pathway (Fig. 5).

Treatment with MJ did not result in significant
changes in PAL activity during the first two hours
compared to the control group (P < 0.05).
However, PAL activity increased significantly
over the following four hours, peaking at levels
7.4-fold higher than the control at four hours post-
treatment. After reaching this peak, PAL
activity gradually declined, returning to baseline
levels by 24 hours. Plants harvested 48- and 96
hours post-treatment showed no significant
differences in PAL activity compared to the
control group.

PAL activity in plants treated with MWCNTs was
similar to that of the control group during the first
two hours after treatment. However, significant
increases in activity were noted from 4 to 48
hours post-treatment, peaking at 48 hours, when it
was 6.8-fold higher than the control. A decrease
in PAL activity was observed at 72- and 96 hours
after treatment.

MJ treatment significantly reduced TAT activity
during the first four hours after treatment,
demonstrating a marked decrease compared to the
control. However, TAT activity displayed a
significant increase from 4 to 96 hours post-
treatment, except at the 72-hour time point. By 96
hours, TAT activity levels in MJ-treated plants
were similar to those in the control group.
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Fig. 5. Changes in the total phenol and flavonoid content in the leaves of Salvia verticillata after treatment with
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TAT: tyrosine aminotransferase, RAS: rosmarinic acid synthase.

In plants treated with MWCNTs, TAT activity
initially increased within two hours of treatment.
However, compared to the control group, TAT
activity consistently declined from 4 to 96 hours
Treatment with MJ did not
significantly affect RAS activity during the first
two hours post-treatment. However, a pronounced
increase in RAS activity was observed after two
hours, reaching a peak 1.6 times higher than that
of the control group at 8 hours post-treatment.
Following this peak, RAS activity began to

post-treatment.

decline, and by 48 hours, the activity levels were
comparable to those of the control group. No
significant changes in RAS activity were noted
between 48 and 96 hours compared to the control

group.

In plants treated with MWCNTs, RAS activity
remained unchanged during the first 0.5 to 4 hours
after treatment. However, a significant increase in
activity was observed between 8 and 96 hours
post-treatment, with the peak activity recorded at
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72 hours, reaching 9.7 times higher than the
control group. A transient decline in activity was
observed at 48 hours; however, overall, activity
levels remained significantly elevated.

3.6. Correlation analyses

The PCA analysis of plants treated with MJ (Fig.
6A) showed distinct clustering of samples at
various time intervals, indicating significant
physiological changes over time. In the initial
stages, from 0 to 0.5 hours post-treatment, no
substantial ~ variations in the biochemical
parameters were observed compared to the control

group.

However, between 1 and 4 hours after treatment,
the plants exhibited an increase in proline content
and antioxidant enzyme activities, including POD,
CAT, and SOD. These changes indicated the
beginning of oxidative stress and the activation of
plant's defense mechanisms. The PCA biplot also
correlated these biochemical changes with
specific principal components during this period.
At 8 to 12 hours post-treatment, a decrease in
chlorophyll a and b levels was observed, likely
due to the oxidative stress induced by the MJ
treatment. During this period, there was a
simultaneous increase in total protein and
phenolic compounds. These observations suggest
an enhanced defense response characterized by
the synthesis of secondary metabolites. The
samples collected during this time were distinctly
separated on the PCA plot, strongly correlating
with the vectors for phenolic compound synthesis
and total protein content.

In the later stages, from 24 to 96 hours post-
treatment, phenolic compounds prominently
accumulated. The PCA vectors associated with
these compounds were closely aligned with the
samples from this period, highlighting their
significant  contribution to the observed
variability. This prolonged defense response
highlights the crucial role of phenolic metabolism
in protecting plants against stress.

Principal component 1 (PC1) and PC2 accounted
for 43.66% and 28.14% of the total variance,
respectively, cumulatively explaining 71.80% of
the observed variability in the data. This high
cumulative variance indicates that the PCA model
provides a reliable representation of the
underlying biochemical changes induced by MJ
treatment.

In comparison, the PCA analysis for plants treated
with MWCNTs (Fig. 6B) showed gradual changes
in biochemical parameters over time. In the early
stages (0 to 2 hours), there were no significant
variations in biochemical content, as indicated by
the clustering of samples close to the control
group. Between 2 to 8 hours post-treatment, the
plants began to show increased proline content
and promoted (or boosted) activity of antioxidant
enzymes, such as POD and SOD. Unlike the
treatment with MJ, the chlorophyll content
remained relatively stable during this period,
suggesting that MWCNTs had a less detrimental
(harmful) effect on the photosynthetic pigments.

From 8 to 12 hours post-treatment, there was a
gradual increase in total protein content and total
phenol content. The PCA plot indicated a
moderate correlation between these parameters
and the samples from this period, reflecting a
steady activation of defense responses. In the later
stages, specifically from 24 to 96 hours post-
treatment, the accumulation of defensive
metabolites became more prominent. The levels
of phenolic compounds and total protein content
significantly contributed to the variability
observed, as evidenced by their strong alignment
with the PCA vectors associated with these
biochemical traits.

In this analysis, PC1 and PC2 explained 51.97%
and 25.68% of the total variance, respectively,
together accounting for 77.65% of the data
variability. This suggests that the selected
principal components effectively capture the
major trends and treatment effects in the
biochemical responses to MWCNTs.



70 Journal of Plant Biological Sciences, Vol. 16, No. 62,2024

96-repl
e o72-1epl

o48-repl

o8-repl

[
b
U
o
=)

-3.00 225 e2repl 300 3.'75

Component 2

od-repl

ol-repl

o0.5-repl

o0-repl

Component 1

3.004

o48-repl
o72-1epl

2251 24-repl

,,
-
<
o
S

\ POD
g \ /, __——Total Pro.
#0.5-repl W —— SOD o12-repl
- -

&7—-}- — Proline 2' 3 _“
T~——Gira CAT

Component

-0.75
o0-repl “\.Chlb

1-repl
L 1501
o8-repl
o2-repl
22254 ed-repl

-3.00-

Component 1

Fig. 6. Principal component analysis (PCA) biplot of the analyzed parameters in Salvia verticillata leaves after exposure
to MJ (A) and MWCNTs (B). MJ: methyl jasmonate, MWCNTs: multi-walled carbon nanotubes, Chl a: chlorophyll a,
Chl b: chlorophyll b, PAL: phenylalanine ammonia-lyase, TAT: tyrosine aminotransferase, RAS: rosmarinic acid

synthase, SOD: superoxide dismutase, POD: peroxidase, CAT: catalase, TP: total phenol, TF: total flavonoid, Total Pro:
total protein.

4. Discussion 4.1. Effect on photosynthetic pigment content

The current study investigated the effects of MJ The study revealed that MJ and MWCNTs have a
and MWCNTs on the physiological and significant impact on the photosynthetic pigment
biochemical characteristics, as well as the content of S. verticillata plants, resulting in
secondary metabolite production of S. verticillata. notable physiological changes. Plants treated with
The obtained results enhance our understanding of MJ showed considerable reductions in chlorophyll
how these elicitors influence plant stress a, chlorophyll b, and carotenoid content,

responses and secondary metabolism. particularly in the later stages of the experiment.
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This decrease aligned with previous research
suggesting that MJ induces oxidative stress,
contributing to pigment degradation as part of the
plant's defense mechanism (Nabi et al., 2021).
Studies have demonstrated that the impact of MJ
on chlorophyll content and photosynthesis varies
based on the plant species, concentration, and
method of application (Ho et al., 2020). Notably,
high concentrations of MJ (greater than 100 pM)
lead to increased production of abscisic acid and
ethylene in plants. This process activates mitogen-
activated protein kinases (MAPKs) and protein
kinase cascades, leading to stomatal closure,
increased stomatal resistance, and a subsequent
decrease in the rate of photosynthesis (Gomi et
al., 2003).

Additionally, MJ has been shown to promote the
degradation of chlorophylls ¢ and 4 by enhancing
the expression of the stay-green (SGR) enzyme
gene in Arabidopsis leaves. This enzyme plays a
crucial role in removing Mg?* from the
chlorophyll structure during the degradation of
these essential photosynthetic pigments (Ono et
al., 2019). Furthermore, Liu et al. (2016)
demonstrated that the exogenous application of
MJ increases lipid peroxidation and membrane
leakage while stimulating the expression of cell
death-related genes (CDRGs) and SGRs genes.
These events ultimately lead to chlorophyll
degradation and senescence in rice plants.

In contrast, treatments involving MWCNTs
demonstrated a more complex effect on pigment
content. Initially, the levels of chlorophyll a and b
showed slight increases, but these levels later
declined. This biphasic response suggests that
MWCNTs may initially enhance photosynthesis
through improved light absorption or nutrient
delivery. However, prolonged exposure could lead
to stress-induced declines (Chen et al., 2015).

The observed reduction in carotenoid content
across both treatments aligns with their role in
alleviating oxidative damage, as carotenoids help
to quench ROS generated during stress (Marslin et
al., 2017). Previous research on Thlaspi arvense
L. and Calendula officinalis L. has also reported
varied effects of nanomaterials on chlorophyll
content, highlighting the intricate relationship
between nanoparticle properties and plant

physiology (Ghanati & Bakhtiarian, 2014;
Khalifa, 2018). Interestingly, while the oxidative
stress induced by MIJ is well-documented, the
mechanisms through which MWCNTs influence
pigment content are less understood. It has been
hypothesized that MWCNTSs might interfere with
the efficiency of photosystems, possibly through
oxidative damage or by disrupting chloroplast
structure (Chen et al., 2021).

4.2. Oxidative stress caused by elicitors

The significant increases in the activities of
antioxidant enzymes (SOD, CAT, and POD)
observed in both MJ- and MWCNT-treated plants
underscore their crucial role in mitigating
oxidative damage. MJ induced rapid and
temporary spikes in enzyme activity, peaking
between 2 to 8 hours. This finding is consistent
with previous research demonstrating MJ's role in
activating ROS-mediated defense pathways (Ho et
al., 2020; Pesaraklu et al., 2021). These elevated
enzyme activities likely helped decrease oxidative
stress and allow for the reallocation of metabolic
resources toward synthesizing phenolics and
flavonoids (Hanaka et al., 2018; Siboza et al.,
2017; Yuetal., 2019).

MWCNTs, on the other hand, triggered a gradual
yet sustained increase in the activities of
antioxidant enzymes. This delayed response may
suggest a progressive buildup of oxidative stress,
likely resulting from the interaction between the
nanoparticles and plant cells, which leads to the
generation of ROS and subsequent activation of
antioxidant defenses (Ghorbanpour & Hadian,
2015; Hatami et al., 2017). The extended
antioxidant response observed in MWCNTs-
treated plants might offer a more enduring
protective  mechanism, thereby minimizing
cellular damage over time. Some studies also
indicate that other carbon nanoparticles, such as
single-walled carbon nanotubes and graphene
oxide, can induce oxidative stress in plants. The
intensity of this stress depends on the
concentration of nanocarbon (Verma et al., 2019).

The contrasting effects of MJ and MWCNTSs on
proline and total protein content indicate that they
operate through different mechanisms. Treatment
with MJ led to a rapid increase in proline levels,
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which reached its peak within the first few hours.
This spike in proline aligns with its established
role as an osmoprotectant and antioxidant under
stress conditions, as documented in studies
involving Glycine max L. and Mentha arvensis L.
(Sirhindi et al., 2016; Zaid & Mohammad, 2018).
The pattern of proline accumulation suggests that
MIJ triggers an acute stress response, which
diminishes as the plant adapts to the elicitor.

MWCNTs caused a delayed but sustained
increase in proline levels, indicating a gradual
activation of the plant's stress response. Similar
patterns have been observed in plants treated with
other nanoparticles, such as silver and zinc oxide,
which have also been shown to influence stress-
related metabolites over extended periods (Faizan
et al., 2018; Moazzami Farida et al., 2020). The
delayed response to MWCNTs may suggest that
they interact with plant cells more slowly or elicit
a less intense stress signal than MJ.

The total protein content in plants treated with MJ
initially increased and then declined, indicating a
temporary upregulation of stress-related proteins
and a return to baseline levels. In contrast, plants
treated with MWCNTs showed a more sustained
increase in protein content, suggesting a longer-
lasting metabolic adjustment. This observation is
consistent with findings from Verma et al. (2019),
who reported that nanomaterials can enhance
protein synthesis by improving nutrient uptake
and cellular metabolism.

4.3. Enhanced
production

Metabolic patterns in plants are influenced by a
variety of environmental conditions, as well as by

secondary metabolite

biotic and abiotic stresses. In response to these
changes, plants often produce secondary
metabolites. Like many other stress factors, the
exogenous application of MJ and nanoparticles
can produce ROS in plant cells. This ROS
production stimulates defense mechanisms,
ultimately leading to increased production and
accumulation of secondary metabolites (Ho et al.,
2020; Rahmani et al., 2020). The data obtained
indicate that both elicitors significantly impact the
accumulation of secondary metabolites, including
total phenolics and flavonoids. This effect is

mediated through their influence on key enzymes
involved in the phenolic acid biosynthesis
pathway, specifically PAL, TAT, and RAS.

MJ treatments resulted in a rapid but temporary
increase in specific metabolites, with peak levels
observed within 24 hours following treatment.
This response aligns with MJ's established
capacity to enhance the expression of genes
involved in the biosynthesis of secondary
metabolites, particularly  those in the
phenylpropanoid pathway (Pesaraklu et al., 2021).
MJ induced a quick and transient spike in PAL
activity, which later returned to baseline levels.
This suggests a direct regulatory role for MJ in
phenylpropanoid metabolism. In contrast, the
activities of TAT and the RAS exhibited a
delayed but sustained pattern, indicating their
involvement in downstream metabolic processes.
Overall, cyclic derivatives of jasmonic acid, such
as MJ, mediate the transcriptional regulation of
secondary metabolism in plant cells. MJ plays a
crucial role in several steps, including signal
transduction, activation of biosynthetic pathways
at the transcriptional level, and the accumulation
of metabolites. Consequently, numerous reports
highlight the positive effect of MJ on the
production of secondary
(Sadeghnezhad et al., 2020).

metabolites

In contrast, MWCNTs exhibited a distinct pattern
of  secondary accumulation,
characterized by two separate peaks. The initial

metabolite

peak occurs within 2 hours of treatment,
indicating an immediate stress-induced response.
The second, more pronounced peak is observed
between 24 and 72 hours, reflecting a sustained
activation of metabolic processes. This dual-phase
response to MWCNTs may be attributed to their
ability to enhance nutrient uptake and stimulate
cellular signaling pathways, thereby increasing
the biosynthetic capacity of plant cells (Tiwari et
al., 2014; Yuan et al., 2011).

One limitation of this study is the lack of
assessment of post-treatment recovery or re-
equilibration of physiological and biochemical
traits after the final sampling time. Although some
characteristics showed stabilization or decline in
later stages (e.g., 72—96 hours), it remains unclear
whether the plant responses fully returned to
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baseline levels or entered a new state of
homeostasis. Future studies should consider
extending the observation period beyond 96 hours
to determine the reversibility or long-term
stability of elicitor-induced changes.

5. Conclusion

This study highlights the distinct temporal
dynamics of biochemical and physiological
responses in S. verticillata following treatments
with MJ and MWCNTs. Methyl jasmonate
triggered rapid but transient metabolic changes. In
contrast, MWCNTs induced a more gradual and
sustained response, making them particularly
promising for applications that require long-term
modulation of plant metabolism. These differing
modes of action suggest that combining both
elicitors, either sequentially or simultaneously,
could exploit their complementary effects,
resulting in a synergistic increase in the
biosynthesis of valuable secondary metabolites
while minimizing potential adverse impacts on
essential processes such as photosynthesis. From a
practical perspective, MJ may be well-suited for
short-term application in controlled environments
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