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Abbreviations
APX  Ascorbate peroxidase
CAT   Catalase
DAP  Days after planting
DDW  Double distilled water
DPPH  2,2-Diphenyl-1-picrylhydrazyl
EO  Essential oil
GC-MS  Gas chromatography-mass spectrometry
MeJA  Methyl jasmonate
NPs  Nanoparticles
OD  Optical density
RA  Rosmarinic acid
ROS  Reactive oxygen species
SA  Salicylic acid
TiO2 NPs  Titanium dioxide nanoparticles
TPC  Total phenol content
VOCs  Volatile organic compounds

Introduction

Peppermint (Mentha piperita L.), according to Spirling and 
Daniels (2001), is considered a natural hybrid of spearmint 
(Mentha spicata L.) and water mint (Mentha aquatic L.). It 
effectively improves irritable bowel syndrome, upper gas-
trointestinal disorders, respiratory problems, and muscle 
spasms. The antiviral and antimicrobial effects of pepper-
mint essential oils (EO) have been confirmed in previous 
research (Pushpangadan and Tewari 2006). The shoots of 
peppermint include EOs, flavonoids, phenolic compounds, 
vitamins, fatty acids, minerals, and salicylic acid (SA) (Rita 
and Animesh 2011). Peppermint EO mainly consists of 
menthone (20–31%), menthol (29–48%), menthyl acetate 
(3–10%), and menthofuran (6.8%) (Singh et al. 2015). Men-
thol is considered the most essential component of the EO 
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which is biosynthesized and accumulated in the capillar-
ies of the secretory glands on the surface of the epidermis. 
Additionally, peppermint EO contains compounds such as 
1,8-Cineole, limonene, isopulegol, isomenthone, carvone, 
and pulegone (Loolaie et al. 2017). Zhao et al. (2005) indi-
cated that the generation of secondary metabolites in plants 
is mostly associated with environmental stresses and their 
aggregation stimulated by elicitors. Among different elici-
tors, methyl jasmonate (MeJA) and SA are acknowledged 
as influential elicitors regarding the induction of secondary 
metabolite synthesis in plants (Yu et al. 2018).

SA is a growth regulator and phenolic composite that 
contributes to the growth of the plant and responses to envi-
ronmental stresses. Zarinkamar et al. (2013) reported that 
SA effectively stimulates the production of different metab-
olites such as terpenoids, alkaloids, coumarin derivatives, 
and flavonoids. According to Kováčik et al. (2009), antho-
cyanins and flavonoids increase in chamomile (Matricaria 
chamomilla) treated with SA. As a plant growth regulator, 
SA influences the quantity and quality of EOs of medicinal 
plants (Nasiri et al. 2018). In their study, Pirbalouti et al. 
(2014) found that SA increases β-myrcene, carvacrol, thy-
mol, and 1,8-Cineole in Thymus vulgaris.

MeJA functions as a signal molecule in different physi-
ological processes of the plant, including root and plant 
growth, seed germination, the senescence process, and 
anther and pollen grain evolution. It is derived from lin-
oleic acid in the octadecanoid pathway and exerts an essen-
tial role in activating plant defense responses such as the 
biosynthesis of specific secondary metabolites (Malekpoor 
et al. 2015). The findings of Malekpour et al. (2015) revealed 
that jasmonic acid increases EOs in basil. MeJA and SA 
typically change the EO chemical composition in various 
plants. Nanoparticles (NPs) are regarded as molecular or 
atomic assemblies with minimum dimensions of 1–100 nm 
(Marslin et al. 2017). Based on recent findings, they can help 
effectively increase the germination rate and plant growth as 
secondary metabolite production. For instance, the content 
of medicinal compounds (e.g., artemisinin and diosgenin) 
represented an increase in plants treated with NPs (Zheng 
et al. 2005).

Numerous studies indicated that treating photosynthetic 
plants and microorganisms with NPs increases the pro-
duction of phenolic compounds. Gohari et al. (2020) have 
recently found that the application of NPs significantly alters 
physiological, morphological, and biochemical properties 
of Dracocephalum moldavica. Although growth regulators 
(MeJA, SA, and  TiO2 NPs) have a positive influence on plant 

growth and secondary metabolite production, no study has 
so far investigated the combined impact of  TiO2 NPs with 
MeJA and SA on peppermint.

Accordingly, the current study simultaneously applied 
plant growth regulators (SA and MeJA) and  TiO2 NPs, and 
then evaluated their effects on the growth, EO, and phenolic 
compounds of peppermint.

Materials and methods

Plant materials and growth conditions

The present experimental research was performed from 
May to September 2020 in the research field of the Botany 
Department, Hakim Sabzevari University (57° 43′ E longi-
tude, 36° 12′ N latitude, and 977.6 m altitude), Sabzevar, 
Iran. Each experimental unit included a plastic pot (22 cm 
diameter × 20 cm height) that was filled with an autoclaved 
growing mixture (0.11 MPa, 120 °C, and 1 h) of vermicom-
post, cocopeat, perlite, and soil (1:1:1:1, v/v). Table 1 pro-
vides the chemical characteristics of the investigated soil. 
The pots were randomly arranged, and plants were grown 
at natural conditions with a relative humidity of 50–70% 
and average day and night temperatures of 32 and 17 °C, 
respectively. First, the rhizomes were planted in the pots, 
and then 30-day-old seedlings were transferred to the plastic 
pots. Each treatment was repeated in three pots, and each 
pot included three seedlings. The plants were watered daily.

TiO2 NP treatment

TiO2 NPs were provided from the US Research Nanomateri-
als (USA). The  TiO2 solution was prepared at the concentra-
tions of 0 and 150 mg  L−1 with filtered double-distilled water 
(DDW). In addition, 150 mg  L−1 of  TiO2 NPs was applied to 
the 30-day-old seedlings as foliar spray. Further, DDW was 
employed as the control spray treatment. Moreover, 150 mg 
 L−1 of  TiO2 NP treatment was applied with a 7-day interval 
(seven times) by a hand sprayer. The working solution was 
sonicated to prevent aggregation when necessary.

SA and MeJA treatments

According to some previous studies (Rahimi et al. 2013; Pérez 
et al. 2014) and evaluation of plant responses, one month after 
transplanting the seedlings, plants with different concentra-
tions (e.g., 0, 0.1, and 1 mM) of water-soluble SA and 2% 

Table 1  Chemical analysis of 
the studied soil

pH EC (dS  m−1) N (%) P (mg  kg−1) K (mg  kg−1) Fe (mg  kg−1) Zn (mg  kg−1) Mn (mg  kg−1)

7.25 1.2 1.4 120 1250 842.8 36.6 62.8
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ethanol-soluble MeJA (V/V; 0, 0.1, 0.5 mM) were separately 
sprayed with 150 mg  L−1 of  TiO2 NPs. Various concentrations 
of SA and MeJA were considered at 17-day (three times) and 
12-day (4 times) intervals using a hand sprayer, respectively. 
Additionally, control plants were sprayed with water.

Experimental design and treatment

The experiment was conducted with two elicitors (SA and 
MeJA) and two concentrations of  TiO2 NPs (0 and 150 mg 
 L−1). Thus, a factorial experiment was performed using a com-
pletely random design including a total of three replications.

Growth characteristics

Two months after treatments, plants were harvested, and mor-
phological characteristics, including height (H) and aerial bio-
mass of the plants, underwent measurement; three plants per 
pot were monitored to determine the above-mentioned param-
eters. The dry weight and aerial fresh weights were calculated 
(g), and the samples were dried in an oven at 70 °C for 48 h.

Leaf relative water content (RWC)

Leaf RWC was computed from the upper fully expanded 
young leaves according to Whetherley (1950). Leaf RWC was 
determined by the following equation:

Membrane stability index (MSI)

The MSI was assessed, according to Barrsu and Weatherley. 
(1992), using eight-leaf discs for each treatment. For this pur-
pose, fully extended young leaf samples were washed thrice 
with deionized water in order to remove electrolytes adhered 
to the surface. Then, the leaf samples were put in closed vials 
consisting of 50 mL of deionized water and incubated for 24 h 
at 40 °C, followed by determining the first electrical conduc-
tivity of the solution (E1). Furthermore, the samples were 
autoclaved for 60 min at 100 °C, resulting in obtaining the 
second electrical conductivity (E2). The MSI was computed 
as follows:

Seed germination

Peppermint seeds were purchased from Pakan Bazr Insti-
tute in Isfahan, Iran. After separating healthy and uniform 

RWC (%) =

((Fresh weight − Dry weight)∕(Saturated weight − Dry weight)) × 100

MSI% =
[

1 − (E1 ∕ E2)
]

× 100

seeds, generally, 20 seeds were put in Petri dishes includ-
ing filter papers, and three Petri dishes were considered as 
three repetitions for each treatment. For  TiO2 NP treatment, 
the  TiO2 NP solution (4 mL) with concentrations of 0 and 
150 mg  L−1 was added to Petri dishes containing the seeds. 
Moreover, for the combined treatments, seeds were soaked 
and transferred to Petri dishes with concentrations of 0, 1, 
and 0.5 mM MeJA or 0.1 and 1 mM SA (2 mL) solution 
with the  TiO2 NP (2 mL) solution. Next, the dishes were 
placed in a germinator at 16 °C. The germinated seeds in 
Petri dishes were daily counted up to eight days after plant-
ing. The percentage of germination was determined by the 
following formulas.

Sample preparation and extraction

To measure biochemical parameters, fresh leaves from each 
treatment were separately placed in aluminum foil and stored 
in a freezer at − 80 °C after putting them in liquid nitrogen.

Analyses of biochemical parameters

Estimation of total chlorophyll content

The content of chlorophyll was determined by the fresh 
leaves based on the method of Lichtenthaler and Buschmann 
(2001). Fresh tissues were grinded with 100% acetone by 
applying mortar-pestle. In addition, the optical density (OD) 
of the pigment solution was recorded at 662, 645 nm, and the 
contents of chlorophyll a and b were measured by a spectro-
photometer (Analytik Jena, SPECORD 210, Germany). The 
total chlorophyll content was computed through summing 
up the chlorophyll a and b contents. Finally, the content of 
the total chlorophyll was represented as mg  g−1 leaf fresh 
weight.

Calculation of total phenolic content (TPC)

The TPCs of the extracts were quantified by a spectropho-
tometer (Analytic Jena, SPECORD 210, Germany) accord-
ing to the protocol explained by Sadasivam and Manickam. 
(2008). Leaf samples (500 mg) were ground, along with a 
5-time volume of 80% ethanol by applying mortar and pestle. 
The homogenate was centrifuged for 10 min at 10,000 rpm 
at 4 °C, saving the supernatant, which was evaporated to 
dryness, followed by adding 5 mL of DDW. Subsequently, 
2 mL of 20%  Na2CO3 and 0.5 mL of the Folin–Ciocalteau 
reagent were added to each tube. The OD of the solution was 

Percentage of germination =

Number of germinated seeds∕Total number of seeds × 100
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calculated at 650 nm against a reagent blank. Gallic acid was 
employed as a standard by representing the results with mg 
Gallic acid equivalents  g−1 of fresh weight.

Determination of rosmarinic acid

Dry plant powder (0.1 g) was ground with 10 mL of 80% 
methanol and put in a shaker at 70 °C for 90 min. The result-
ing extracts were filtered using filter paper. The absorption 
of the methanolic extracts at 333 nm was read by a spec-
trophotometer (Analytik Jena, SPECORD 210, Germany). 
Then, the concentration of rosmarinic acid (RA) was deter-
mined using a standard curve (Arnaldos et al. 1995).

Determination of caffeic acid

The samples were ground on ice with 80% methanol at a 
ratio of 1.5 w/v until obtaining a homogeneous solution. The 
resulting homogenate was stirred at 40 °C for three hours 
and then centrifuged at 45 rpm for 45 min, and the obtained 
supernatant was employed to determine caffeic acid.

Next, 1 mL of 80% methanolic extracts was taken, fol-
lowed by adding 1 mL of the ARNO reagent (containing 
10% sodium molybdate and 10% sodium nitrate), 1 mL 
of sodium hydroxide 1 M, and 1 mL of hydrochloric acid 
0.1 M. After vortex operation, the mixture absorbance was 
immediately measured at 490 nm by a spectrophotometer 
(Analytik Jena, SPECORD 210, Germany). In the control 
sample, 1 mL of 80% methanol was added instead of the 
extract (Sauvesty et al. 1992).

DPPH‑radical scavenging activity

The protocol explained by Fernández-Agulló et al. (2013) 
was followed to determine the DPPH radical scavenging 
ability. The dried leaves of the plant (100 mg) were crushed 
with 2 mL methanol, and the mixture was centrifuged for 
10 min at 3500 -rpm. Next, a 1.5 mL methanolic solution of 
DPPH was added to the solution, and the mixture was left 
to stand in the dark. After 30 min, the mixture absorbance 
was assessed at 517 nm by a spectrophotometer. Eventually, 
antioxidant activity was calculated according to the follow-
ing formula (Analytic Jena, SPECORD 210, Germany).

Acontrol = Absorbance in control, Asample = Absorbance in 
treatments.

DPPH radical scavenging activity% =
Acontrol − Asample

Acontrol

× 100

Measurement of antioxidant enzyme activities

Fresh leaves (100 mg) were ground in liquid nitrogen and 
then homogenized in 1 mL phosphate buffer (pH = 7) 
consisting of 1% (w/v) polyvinylpyrrolidone and 0.1 mM 
EDTA. Subsequently, the homogenate was centrifuged for 
30 min at 4 °C at 13,000 rpm. Finally, the supernatant was 
applied for the enzyme assay.

Catalase (CAT) activity

This activity was determined using the method of Alici and 
Arabaci. (2016) and following the  H2O2 consumption. The 
reaction mixture was composed of 100 μL of hydrogen per-
oxide (15 mM), 3 mL of 50 mM phosphate buffer, and 50 μL 
of the enzyme extract. After the extract addition, the absorp-
tion reduction at the wavelength of 240 nm for 1 minute was 
assessed by a spectrophotometer (Analytik Jena, SPECORD 
210, Germany).

Ascorbate peroxidase (APX) activity

The APX activity was measured using the protocol of 
Nakano and Asada. (1981). The reaction mixture (1 mL) 
included 10 mM ascorbate, 50 mM potassium phosphate 
buffer (pH = 7), and 0.1 mM  H2O2. The reaction was initi-
ated by adding 100 µL of the crude enzyme. In addition, 
ascorbate oxidation was monitored for 1 minute through 
computing the decline in the absorbance at 290 nm at 10-s 
intervals by a spectrophotometer (Analytik Jena, SPECORD 
210, Germany), and the activity was computed by the extinc-
tion coefficient of 2.8  mM−1cm−1.

EO extraction and analysis

Fresh leaves from different treatments were homogenized 
and mixed, and then the EO contents of the leaves were 
extracted by the distillation method for three hours by apply-
ing a Clevenger apparatus. Next, the EO was dried over 
anhydrous sodium sulfate and maintained in sealed glass 
vials at 4 °C for the gas chromatography-mass spectrometry 
(GC–MS) analysis.

The GC–MS analysis was performed by the gas chro-
matograph (Agilent 7890B) connected to a mass detector 
(Model 5977A, Agilent Technologies, USA). It should 
be noted that the chromatograph was equipped with 
an HP-5MS capillary column (Phenyl methyl siloxane 
[30 m × 0.25 mm ID 0.25 µm] and Agilent technologies). 
The temperature of the injector was set at 270 °C, and 
that of the oven was programmed from 60 °C (10 min) 
to 200 °C at the rate of 5 °C/minute. In addition, helium 
was chosen as the carrier gas while the flow rate was 
adjusted to 1 mL/minute and the injection volume was 1 
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µL. Additionally, the ionization energy in the mass was 
70 eV, and the mass was in the range of 35–500 m/z. Fur-
ther, the interface temperature was modified to 280 °C. 
The compounds were determined by comparing the reten-
tion times (RT) with those reported in the literature, as 
well as comparing their mass spectra with those stored in 
the Wiley library and the library of the National Institute 
of Standards and Technology.

Statistical analysis

The analysis of variance (Two-way ANOVA) was con-
ducted by IBM SPSS (Version 23.0), and Duncan’s multi-
ple range test was employed to estimate significant differ-
ences at P ≤ 0.05. All experiments were performed three 
times and represented as the mean ± standard error (SE).

Results

Growth characteristics

Based on the results of the two-way ANOVA, SA, MeJA, 
 TiO2 NPs, and their interaction could significantly affect 
all evaluated properties (Table 2). The results further 
demonstrated that using 0.1 mM SA and 150 mg  L−1 
 TiO2 NPs enhances plant growth, which was mani-
fested as increased shoot length (21%), shoot dry weight 
(79.77%), and shoot fresh weight (14.3%) compared to 
control (Fig. 1a,b). The use of MeJA led to a significant 
reduction in shoot length and shoot dry weight in  TiO2 
NP-sprayed plants and those without spraying. Our find-
ings revealed that high concentrations of MeJA negatively 
affected plant growth. The lowest shoot dry weight (0.69) 
was observed with 0.5 mM MeJA without applying  TiO2 
NPs. Overall, our results confirmed that the application 
of 0.1 mM SA exerted a positive impact on morphologi-
cal properties, and this was also increased when using 
150 mg  L−1  TiO2 NPs (Fig. 1a–c).

RWC 

The RWC is an appropriate measurement for determin-
ing water status in plants (Lugojan and Ciulca 2011). The 
results showed that the RWC was significantly increased 
by employing SA, MeJA, and  TiO2 NPs. The highest RWC 
(70.6% ± 0.28) belonged to 0.1 mM SA with the application 
of 150 mg  L−1  TiO2 NPs, which increased by 30% compared 
to the control (Fig. 1d).

MSI

The highest MSI (70.4% ± 0.28) was detected in plants 
that were treated with 150 mg  L−1  TiO2 NPs and 0.1 mM 
MeJA, which increased by 36% compared to control plant 
(51.5% ± 1.75). Accordingly, the use of SA and MeJA sepa-
rately and in combination with  TiO2 NPs could significantly 
increase MSI compared to control plants (Fig. 1e).

Percentage of germination

Based on the findings, the germination percentage was sig-
nificantly enhanced by applying SA and  TiO2 NPs. The high-
est germination percentage (68.2% ± 0.15) was associated 
with 0.1 mM SA with the application of 150 mg  L−1  TiO2 
NPs. The use of MeJA reduced the percentage of germina-
tion (Fig. 1f).

Total chlorophyll content

The results of the two-way ANOVA indicated that SA, 
MeJA,  TiO2 NPs, and their interaction had a significant 
effect on all measured biochemical characteristics (Table 3). 
Based on the results, the total chlorophyll content repre-
sented a significant enhancement by using SA and  TiO2 
NPs. The highest total chlorophyll (1.87 ± 0.03 mg  g−1 fresh 
weight) belonged to 0.1 mM SA with the application of 
150 mg  L−1  TiO2 NPs, demonstrating an increase of 19.87% 
compared to control. The application of MeJA led to a sig-
nificant decline in the total chlorophyll content (Fig. 2a).

Table 2  Analysis of 
variance for different growth 
properties of Mentha piperita 
L. plants

SA Salicylic acid, MeJA Methyl jasmonate, TiO2 NPs Titanium dioxide nanoparticle, WRC  Relative water 
content, MSI Membrance stability index
*Significant at P ≤ 0.05

Source of variation df Shoot 
length (cm)

Shoot fresh 
weight (g)

Shoot dry 
weight (g)

WRC (%) MSI (%)

Elicitors (SA and MeJA) 4 70.5* 0.8* 0.37* 108.3* 123.07*
TiO2 NPs 1 82.6* 1.2* 0.83* 203.8* 234.6*
Elicitors *  TiO2 NPs 4 5.4* 0.01ns 0.02* 5.6* 4.5*
Error 20 0.1 0.01 0.001 0.2 0.3*



 Physiol Mol Biol Plants

1 3

TPC

Elicitors activate biosynthetic genes that are involved in 
secondary metabolites, including flavonoids, terpenoids, 
phenylpropanoids, and alkaloids through activating signal 
transduction cascade and play an important role in plant 
defense responses (Cappellari et al. 2019). Thus, it is essen-
tial to measure terpenoids and phenolic compounds in the 

plants under the influence of elicitation. In the current study, 
it has been observed that  TiO2 NPs significantly increased 
TPC in all levels of SA and MeJA application. The exog-
enous applications of SA and MeJA in all concentrations 
could significantly enhance TPC in plants sprayed with  TiO2 
NPs and those not sprayed with  TiO2 NPs (P ≤ 0.05). The 
highest TPC was obtained in plants that were treated with 
150 mg  L−1  TiO2 NPs and 0.1 mM MeJA (76.15% higher 
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than control). The results further revealed that the extracts 
obtained from SA- and MeJA-treated plants with lower con-
centrations generally possessed higher TPC in comparison to 
those treated with higher concentrations. Overall, the use of 
MeJA could have a more significant effect on the promotion 
of TPC compared to SA (Fig. 2b).

Rosmarinic acid and caffeic acid

Based on the results of Fig. 2c, d, the highest content of 
RA (98.65 ± 0.19  mg   g−1 dry weight) and caffeic acid 
(68.97 ± 0.34 mg  g−1 dry weight) belonged to the application 
of 0.1 mM MeJA and 150 mg  L−1  TiO2 NPs (87% and 78% 
higher than control (without elicitation), respectively). In 
general, the exogenous application of SA and MeJA signifi-
cantly increased rosmarinic and caffeic acids in both  TiO2 
NPs-treated plants and without  TiO2 NP plants.

CAT and APX activities

Elicitors such as SA, MeJA, and  TiO2 NPs generate a signal 
transduction pathway and reactive oxygen species (ROS). 
The plant increases the activity of antioxidant enzymes and 
antioxidant ability to scavenge ROS (da Silva et al. 2014). 
Hence, it is crucial to determine the antioxidant ability and 
activity of antioxidant enzymes, including CAT and APX.

In general, the CAT activity was significantly higher 
in  TiO2 NP-treated plants compared to control (without 
 TiO2 NPs). This trend continued for all elicitation levels. 
Exogenous application of MeJA and SA could significantly 
increase CAT activity in plants treated with and without 
 TiO2 NPs compared to control (without elicitation). CAT 
activity represented a considerable increase when apply-
ing 0.1 mM MeJA in  TiO2 NP-treated plants, which was 
2.54 times higher than control (Fig. 2e). A similar trend was 
observed in peroxidase (POX) activity. The highest APX 
activity was found in plants sprayed with 0.1 mM MeJA 
and  TiO2 NPs (95% higher than control). Overall, MeJA 

was more influential on the activity of antioxidant enzymes 
compared to SA (Fig. 2e, f).

DPPH‑radical scavenging activity

The antioxidant activities of the extracts were presented 
as the percentages of DPPH radical scavenging activi-
ties.  TiO2 NPs, MeJA, and SA led to a significant increase 
in the DPPH-scavenging activity compared to control 
(Fig. 2g). The highest DPPH radical scavenging activity 
(65.17% ± 0.25) was detected with the application of 0.1 mM 
MeJA in  TiO2 NP-treated plants (78% higher than control). 
In this regard, 1 mM SA was used in the next step. The 
obtained results confirmed a close relationship between TPC 
and DPPH-radical scavenging activity (Fig. 2g).

The EO content

Based on GC–MS analyses, 34 constituents were found 
in the EO of peppermint, mainly including menthol 
(24.21–44.51%) as the major component, isomenthone 
(4.01–15.11%), and 1,8-Cineole (5.65–29.3%). Other major 
constituents were α-pinene, β-pinene, sabinen, menthyl 
acetate, bornyl acetate, camphene, caryophyllene, germac-
rene D, humulene, pulegone, and menthofuran. The results 
(Table 4) revealed that the application of SA, MeJA, and 
 TiO2 NPs, could increase EO constituents compared to con-
trol in majority of studies. The percentage of menthol in 
plants treated with  TiO2 NPs at different concentrations of 
SA and MeJA exerted a significant increase compared to 
control. Compared to the control, the content of menthol 
was noticeably higher in  TiO2 NP-treated plants both, with 
and without SA elicitation by 62 and 58%, respectively. The 
highest menthol percentage was related to 0.1 mM MeJA 
in  TiO2 NP-treated plants (44.51%), which was 83% higher 
than control (24.21%). Moreover, other constituents in EO 
demonstrated significant fluctuations with elicitation com-
pared to control. Elicitation with SA and  TiO2 NPs increased 
the 1,8-Cineole content (29.3%) compared with control 
(Table 4). The GC–MS analyses indicated that the use of 

Table 3  Analysis of variance for the biochemical characteristics of Mentha piperita L. plants

SA Salicylic acid, MeJA Methyl jasmonate, TiO2 NP Titanium dioxide nanoparticle, DPPH 2-diphenyl-1-picrylhydrazyl
*Significant at P ≤ 0.05

Source of variation df Total phenolic 
contain (mg 
 g−1)

Rosmarinic acid 
(mg  g−1 dry 
weight)

Caffeic acid 
(mg  g−1 dry 
weight)

DPPH (%) Catalase 
activity (unit 
 min−1  g−1Fw)

Peroxidase activity 
(unit  min−1  g−1 Fw)

Elicitors (SA and MeJA) 4 39.2* 693.6* 206.7* 622.9* 0.006* 0.008*
TiO2 NPs 1 52.4* 1749.3* 893.7* 2818.4* 0.035* 0.028*
Elicitors *  TiO2 NPs 4 7.4* 9.02* 27.9* 21.2* 0.000* 0.001*
Error 20 20 0.07 0.5 0.7 0.000 0.000
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0.1 mM SA could increase the content of isomenthone by 
276% compared to control. Based on the findings, the con-
tent of menthofuran represented a considerable decline with 
SA and MeJA elicitation, while it increased with the appli-
cation of  TiO2 NP. Contrarily, the content of pulegone in 
0.5 mM MeJA-elicited plants showed the highest rate both 
with and without  TiO2 NP application. Figure 3 illustrates 
the impact of SA, MeJA, and  TiO2 NPs on the menthol, 
isomenthone, 1,8-Cineole, and menthofuran contents of pep-
permint. Further, the EO chromatogram for some treatments 
is depicted in Fig. 4.

Discussion

Previous studies have thoroughly investigated the application 
of plant growth regulators and  TiO2 NPs, but no study has 
so far evaluated the combined effects of  TiO2 NPs with SA 
and MeJA on peppermint. In the current study, it has been 
observed that SA and MeJA in  TiO2 NP-treated plants had a 
positive effect on growth and secondary metabolite produc-
tion. Bakry et al. (2012) reported that SA could improve 

nutrient uptake, chlorophyll content, photosynthesis, and 
plant growth, which is consistent with our results. This 
effect has been attributed to cell division induction (Bakry 
et al. 2012), more growth in the meristemic regions (Singh 
and Usha 2003), high auxin and gibberellin concentrations 
(Husain et al. 1990), and more enzyme activities (El-Tayeb 
2005) in SA-treated plants. El-Tayeb (2005) indicated that 
increased plant growth using SA is related to its positive 
impact on net photosynthesis and increased activity of nitrate 
reductase and carbonic anhydrase. According to reports, SA 
is involved in the regulation of the  H+-ATPase activity in 
root tonoplast, leading to an increase in the cation content 
in roots and shoots, and thus a higher nutrient uptake. Thus, 
greater uptake of mineral nutrients in response to the appli-
cation of SA enhances carbon dioxide  (CO2) uptake and pho-
tosynthesis rate, improving the growth and development of 
the plant (Gorni et al. 2020).

The results of our work are in agreement with Gharib 
(2006), confirming that SA enhanced fresh and dry weights 
and plant height in basil and marjoram. RWC is regarded 
as a measure of water status in plant tissues and is superior 
to cell water potential in this respect since the RWC of the 
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Fig. 3  Impact of SA, MeJA, and  TiO2 NPs on a menthol content, b isomenthone content, c 1,8-Cineole content, and d menthofuran content of 
peppermint (Mentha piperita L.). Note: SA Salicylic acid, MeJA Methyl jasmonate, TiO2 NP Titanium dioxide nanoparticle
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Fig. 4  Mentha piperita EO chromatograms in a control, b 150 mg  L−1  TiO2 NPs, c 0.1 mM MeJA, and d 0.1 mM MeJA × 150 mg  L−1  TiO2 
NPs treatments. Note: EO Essential oil; SA Salicylic acid, MeJA Methyl jasmonate, TiO2 NP Titanium dioxide nanopartic
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leaves through direct correlation with the cell volume can 
balance plant water status and transpiration rate (Schonfeld 
et al. 1988). In their study, Agarwal et al. (2005) found that 
RWC in wheat increased with SA treatment. In other words, 
SA significantly decreased electrolyte leakage (Kang and 
Saltveit 2002).

Our results revealed that  TiO2 NP application enhanced 
the growth characteristics of the plant, which is probably 
associated with the amelioration of mineral absorption 
(Chen et al. 2018). Lei et al. (2007) concluded that  TiO2 
NPs could significantly promote the uptake of minerals such 
as nitrogen and magnesium and accelerate nitrogen metabo-
lism. Likewise, Ahmad et al. (2018) found that the content 
of nitrogen increased by 12.6% by applying 150 mg  L−1 of 
 TiO2 NPs in M. piperita compared to control. The applica-
tion of  TiO2 NPs could increase fresh and dry weight in 
spinach (Gao et al. 2008; Yang et al. 2006), as well as shoot 
length in wheat (Feizi et al. 2013). It is indicated that  TiO2 
NPs can lead to an increase in the fresh and dry weights of 
plants through enhancing Rubisco enzyme activity and light 
absorption (Mingyu et al. 2007). The tendency of NPs to 
penetrate plant seed coats could enhance seed growth and 
germination (Singh et al. 2016). NPs can penetrate the leaves 
via stomatal apertures in the foliar application; next, they are 
translocated to a wide range of tissues through the apoplast 
and/or symplast pathways (Ramadan et al. 2022).

Based on the results of the current study, RWC demon-
strated a significant improvement by applying  TiO2 NPs. 
Accordingly, the higher reactivity of  TiO2 NPs may extend 
root pores or result in higher water flow in the root (Larue 
et al. 2012). Subramanian et al. (2006) reported that  TiO2 
NPs could enhance water absorption from the root toward 
the shoot and increase the RWC in the plant. Higher mem-
brane stability would be relative to an increase in the cell 
water content, phosphorus uptake, or activity of enzyme and 
non-enzyme antioxidants (Feng et al. 2002), which corrobo-
rates with the findings of the present study. In our study, 
 TiO2 NP application improved membrane stability.

In the current study, MeJA treatment reduced shoot dry 
weight and plant height. Decreased plant growth may be 
associated with the induction of plant senescence by MeJA 
(Kim and Hwang 2014). Moreover, MeJA has a restricting 
impact on the synthesis and accumulation of gibberellins, 
leading to postponed plant growth. Additionally, MeJA may 
negatively interact with other hormones involved in growth 
regulation, including auxin, cytokinins, and brassinoster-
oids (Cappellari et al. 2019). It has been recommended that 
MeJA can inhibit the cell division cycle, especially in mito-
sis (Świa̧tek et al. 2002). According to a number of studies, 
the use of plant hormones such as MeJA and jasmonic acid 

in the absence of environmental stresses exerts an inhibi-
tory impact on the growth of the plant (Pessarakli 1994; 
Ueda and Saniewski 2006; Zhao et al. 2007). A considerable 
decline was observed in the shoot dry weight of Hypericum 
hirsutum and Hypericum maculatum (Coste et al. 2011) and 
Hypericum (Wang et al. 2015) when treated with jasmonic 
acid. It was reported that the reduction in the biomass might 
be owing to membrane lipoxidation induced by elicitor treat-
ments. In their experiment, Ma et al. (2014) found that MeJA 
improves water use efficiency through decreasing stomatal 
conductance. Furthermore, MeJA could enhance the stabil-
ity of the cell membrane, while reducing oxidative stress 
through increasing antioxidant capacity. MeJA increased 
the RWC by maintaining moisture within the plant tissue 
(Miranshahi and Sayyari 2016). Previous research repre-
sented an inverse relationship between electrolyte leakage 
and CAT activity in plants that were treated with MeJA 
(Khalvandi et al. 2019).

In the present research,  TiO2 NPs and SA could increase 
total chlorophyll content. Similarly, Morteza et al. (2013) 
reported the positive impact of  TiO2 NPs on the photosyn-
thetic pigments of maize (chlorophyll a, chlorophyll b, total 
chlorophyll content, and carotenoids contents). In the current 
study, treatment of plants with MeJA led to a decrease in the 
total chlorophyll content, and MeJA elicitation increased the 
TPC. This is a possibility that SA increases flavonoid and 
phenolic compounds by increasing the activities of pheny-
lalanine ammonia-lyase (PAL) and chalcone synthase. Our 
results revealed that the phenolic content increased in plants 
treated with  TiO2 NPs. In line with our findings, the use of 
nano-sized ZnO and CuO particles in Glycyrrhiza glabra 
seedlings positively affected secondary metabolite produc-
tion (Oloumi et al. 2015). It is extensively accepted that 
elicitors increase secondary metabolite biosynthesis through 
activating the signal transduction pathway and specific genes 
(Ali et al. 2019). In addition, it was reported that SA induce 
the genes involved in the biosynthetic pathway of phenolic 
compounds (Thulke and Conrath 1998, Li et  al. 2016), 
increases the activity of the PAL enzyme, eliminates free 
radicals, and prevents cell membrane damage (Bagal et al. 
2012). Khanam and Mohammad (2018) associated the ben-
eficial impact of SA on the synthesis of secondary metabo-
lites with an improvement in the peltate gland number and 
growth characteristics. MeJA application could increase 
secondary metabolites, including phenolics, alkaloids, and 
terpenes in medicinal and aromatic plants (Cappellari et al. 
2019). According to Saeed et al. (2017), MeJA can interact 
with the surface receptors of plant cells, triggering a cascade 
of plant defense reactions due to the transcription of various 
vital secondary metabolism genes, including the PAL gene. 
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They further indicated that MeJA had a stimulating impact 
on the production of phenolic compounds.

MeJA could improve lithospermic acid B and RA in the 
hairy root cultures of Salvia miltiorrhiza (Xiao et al. 2009; 
Zhang et al. 2014). Additionally, MeJA application in the 
hairy root cultures of Coleus forskohlii and Coleus blumei, 
as well as the cell cultures of Agastache rugosa Kuntze, 
could increase the accumulation of RA (Xiao et al. 2009; 
Kim et al. 2013). An enhancement in the RA content was 
observed with the application of the MeJA-treated cells of 
Lithospermum erythrorhizon (Mizukami et al. 1993). Fur-
ther, MeJA increased RA, chlorogenic acid, caffeic acid, and 
cinnamic acid contents in Mentha spicata (Yousefian et al. 
2020). The increase of flavonoids and phenolic compounds 
by using SA and MeJA highlighted the inductive impact 
of elicitors on the metabolic pathways of phenylpropanoids 
(Mendoza et al. 2018).

In the current study, the treatment of plants with MeJA, 
SA, and  TiO2 NPs could significantly improve the DPPH-
scavenging activity. The activities of antioxidant enzymes 
could be altered relying on the type and concentration of 
NPs. In plants treated with  TiO2 NPs, ROS overproduction 
may result in inducing antioxidant machinery to scavenge 
ROS (Castiglione et al. 2014). However, in our experiment, 
the application of  TiO2 NP led to an increase in the content 
of proline as a component of the antioxidant defense system, 
reducing ROS production. Furthermore, the production of 
ROS under stress conditions can be controlled by the activi-
ties of antioxidant enzymes, including POX, superoxide 
dismutase (SOD), and CAT (Ghabel and Karamian. 2020). 
Ramadan et al. (2022) have recently reported the positive 
impact of  TiO2 NPs on CAT activity in Helianthus annuus.

Based on some reports, SA could increase the activity of 
POX, SOD, and CAT in Oryza sativa and Zea mays (Guo 
et al. 2007; Krantev et al. 2008). High levels of antioxidant 
enzymes exert an essential role in inhibiting free radicals 
and decreasing oxidative damage. In an experiment, the 
total phenolic compound was significantly higher in MeJA-
treated plants and led to higher DPPH free radical scaveng-
ing activities (Kim et al. 2006). MeJA has a role in the signal 
transduction pathway in oxidative stress by increasing CAT, 
POX, and SOD activities (Abdelgawad et al. 2014). Simi-
larly, MeJA could increase SOD, POX, and CAT activities 
in peanut, arabidopsis, and rapeseed seedlings (Jung 2004; 
Kumari et al. 2006).

In the present research, MeJA, SA, and  TiO2 NPs could 
significantly influence the content of terpenoids. Previous 
reviews demonstrated that  TiO2 NPs increase the photo-
synthetic capacity of plants by directly affecting chloro-
phyll and indirectly by the content of other factors, result-
ing in progress in glucose synthesis (Ahmad et al. 2018). 

Glucose is a suitable precursor for the synthesis of EOs, 
especially monoterpenes (Croteau et al. 1972). The applica-
tion of  TiO2 NPs exerted a positive impact on EO produc-
tion through enhancing the expression of enzymes that were 
involved in the biosynthesis of monoterpenes (Ahmad et al. 
2019). In their study, Ahmad et al. (2018) reported that an 
increase in the concentration of menthol could be because 
of an increase in the expression of the menthone reductase 
enzyme, decreasing menthone to menthol. Generally, better 
plant performance (Chen et al. 2014), improved photosyn-
thesis (Zhang et al. 2015), higher expression involved in 
terpenoids biosynthesis (Ahmad et al. 2018), and increased 
density of oil glands were found to be associated with the 
use of  TiO2 NPs.

The positive effect of  TiO2 NPs on EO production has 
been reported in Salvia officinalis (Ghorbanpour 2015), 
Rosmarinus Officinalis (Golami et al. 2018), and Vetiveria 
zizanioides (Shabbir et al. 2019). In a study on Mentha pip‑
perita, Ahmed et al. (2018) found an increase in the amount 
of menthol, menthyl acetate, and menthone within the foliar-
applied  TiO2 NPs compared to control. The foliar applica-
tion of SA and MeJA could increase the thymol amount and 
the other components of EO in Salvia officinalis (Yadegari 
2018). Moreover, SA increased the amount of EO in Salvia 
macrosiphon (Rowshan et al. 2010).

The increase in EO by SA is probably due to greater 
uptake of nutrients by the roots, increased vegetative growth, 
and increased photosynthetic activity of the plant, along 
with alterations in the population of glands producing EOs 
in flowers and leaves (Gharib 2006). Likewise, higher oil 
yields in MeJA-treated basil plants could be attributed to an 
increase in plant growth, improvement in nutrient uptake, 
and changes in the biosynthesis of monoterpenes and leaf 
oil gland population (Talebi et al. 2018).

Conclusion

Overall, plant elicitation, due to its promising role in crop-
growing systems, can be considered an essential strategy. 
Based on our observations, SA is more effective in enhanc-
ing physiological characteristics in  TiO2 NP-treated plants, 
while phenolic compound, antioxidant activity, and impor-
tant constitutents of EO were noticeably improved with the 
application of MeJA. The results of the current study con-
firmed the positive impacts of  TiO2 NPs on improving the 
biochemical and morphological properties of the plant.

Acknowledgements This study received financial support from 
Ferdowsi University of Mashhad, Ministry of Science, Research, and 
Technology, Iran (grant number 350426).



 Physiol Mol Biol Plants

1 3

Declarations 

Conflict of interest The authors of this study declare that they have 
no conflict of interest.

References

Abdelgawad Z, Khalafaallah AA, Abdallah M (2014) Impact of methyl 
jasmonate on antioxidant activity and some biochemical aspects 
of maize plant grown under water stress condition. Agric Sci 
5(12):1077. https:// doi. org/ 10. 4236/ as. 2014. 512117

Ahmad B, Jaleel H, Shabbir A, Khan MMA, Sadiq Y (2019) Con-
comitant application of depolymerized chitosan and GA3 modu-
lates photosynthesis, essential oil and menthol production in 
peppermint (Mentha piperita L.). Sci Hortic 246:371–379. 
https:// doi. org/ 10. 1016/j. scien ta. 2018. 10. 031

Ahmad B, Shabbir A, Jaleel H, Khan MMA, Sadiq Y (2018) Efficacy 
of titanium dioxide nanoparticles in modulating photosynthesis, 
peltate glandular trichomes and essential oil production and 
quality in Mentha piperita L. Curr Plant Biol 13:6–15. https:// 
doi. org/ 10. 1016/j. cpb. 2018. 04. 002

Ali M, Mujib A, Gulzar B, Zafar N (2019) Essential oil yield esti-
mation by Gas chromatography–mass spectrometry (GC–MS) 
after Methyl jasmonate (MeJA) elicitation in in vitro cultivated 
tissues of Coriandrum sativum L. 3 Biotech 9(11):1–16. https:// 
doi. org/ 10. 1007/ s13205- 019- 1936-9

Bagal UR, Leebens-Mack JH, Lorenz WW, Dean JF (2012) The 
phenylalanine ammonia lyase (PAL) gene family shows a gym-
nosperm-specific lineage. In: BMC genomics, vol 3. Springer, 
pp 1–9. https:// doi. org/ 10. 1186/ 1471- 2164- 13- S3- S1

Bakry B, EL-Hariri D, Sadak M, EL- Bassiouny H (2012) Drought 
stress mitigation by foliar application of salicylic  acid in two 
linseed varieties grown under newly reclaimed sandy soil. J Appl 
Sci Res 8(7):3503–3514

Castiglione MR, Giorgetti L, Cremonini R, Bottega S, Spanò C 
(2014) Impact of TiO2 nanoparticles on Vicia narbonensis 
L.: potential toxicity effects. Protoplasma 251(6):1471–1479. 
https:// doi. org/ 10. 1007/ s00709- 014- 0649-5

Chen H, Seiber JN, Hotze M (2014) ACS select on nanotechnol-
ogy in food and agriculture: a perspective on implications and 
applications. ACS Publ 62(6):1209–1212. https:// doi. org/ 10. 
1021/ jf500 2588

Chen R, Zhang C, Zhao Y, Huang Y, Liu Z (2018) Foliar appli-
cation with nano-silicon reduced cadmium accumulation in 
grains by inhibiting cadmium translocation in rice plants. Envi-
ron Sci Pollut Res 25(3):2361–2368. https:// doi. org/ 10. 1007/ 
s11356- 017- 0681-z

Coste A, Vlase L, Halmagyi A, Deliu C, Coldea G (2011) Effects of 
plant growth regulators and elicitors on production of second-
ary metabolites in shoot cultures of Hypericum hirsutum and 
Hypericum maculatum. Plant Cell Tissue Organ Culture (PCTOC) 
106(2):279–288. https:// doi. org/ 10. 1007/ s11240- 011- 9919-5

Croteau R, Burbott AJ, Loomis WD (1972) Biosynthesis of mono-
and sesqui-terpenes in peppermint from glucose-14C and 14CO2. 
Phytochemistry 11(8):2459–2467. https:// doi. org/ 10. 1016/ S0031- 
9422(00) 88518-0

da Silva S, Moreira CB, Esquibel MA, San Gil RAdS, da Silva Riehl 
CA, Sato A (2014) Effect of salicylic acid on essential oil com-
pounds of Melissa officinalis in vitro plants. Agropecuária Técnica 
35(1):178–184. https:// doi. org/ 10. 3390/ micro organ isms8 020215

del Rosario Cappellari L, Santoro MV, Schmidt A, Gershenzon J, Ban-
chio E (2019) Induction of essential oil production in Mentha x 
piperita by plant growth promoting bacteria was correlated with 

an increase in jasmonate and salicylate levels and a higher den-
sity of glandular trichomes. Plant Physiol Biochem 141:142–153. 
https:// doi. org/ 10. 1016/j. plaphy. 2019. 05. 030

El-Tayeb M (2005) Response of barley grains to the interactive effect 
of salinity and salicylic acid. Plant Growth Regul 45(3):215–224. 
https:// doi. org/ 10. 1007/ s10725- 005- 4928-1

Feng G, Zhang F, Li X, Tian C, Tang C, Rengel Z (2002) Improved 
tolerance of maize plants to salt stress by arbuscular mycorrhiza is 
related to higher accumulation of soluble sugars in roots. Mycor-
rhiza 12(4):185–190. https:// doi. org/ 10. 1007/ s00572- 002- 0170-0

Feizi H, Kamali M,  Jafari L, Rezvani Moghaddam P (2013) Phy-
totoxicity and stimulatory impacts of nanosized and bulk tita-
nium dioxide on fennel (Foeniculum vulgare Mill). Chemosphere 
91(4):506–511.https:// doi. org/ 10. 1016/j. chemo sphere. 2012. 12. 
012

 Fernández-Agulló  A, Pereira E, Freire MS, Valentão P, Andrade  P, 
González-Álvarez J, Pereira J (2013) Influence of solvent on the 
antioxidant and antimicrobial properties of walnut (Juglans regia 
L.) green husk extracts. Ind Crops Prod 42:126–132. https:// doi. 
org/ 10. 1016/j. indcr op. 2012. 05. 021

Gao F, Liu C, Qu C, Zheng L, Yang F, Su M, Hong F (2008) Was 
improvement of spinach growth by nano-TiO2 treatment related 
to the changes of Rubisco activase? BioMetals 21(2):211–217. 
https:// doi. org/ 10. 1007/ s10534- 007- 9110-y

Gharib FA (2006) Effect of salicylic acid on the growth, metabolic 
activities and oil content of basil and marjoram. Int J Agric Biol 
4:485–492

Ghorbanpour M (2015) Major essential oil constituents, total phenolics 
and flavonoids content and antioxidant activity of Salvia officinalis 
plant in response to nano-titanium dioxide. Indian J Plant Physiol 
20(3):249–256. https:// doi. org/ 10. 1007/ s40502- 015- 0170-7

Gohari G, Mohammadi A, Akbari A, Panahirad S, Dadpour MR, Foto-
poulos V, Kimura S (2020) Titanium dioxide nanoparticles (TiO 
2 NPs) promote growth and ameliorate salinity stress effects on 
essential oil profile and biochemical attributes of Dracocepha‑
lum moldavica. Sci Rep 10(1):1–14. https:// doi. org/ 10. 1038/ 
s41598- 020- 57794-1

Golami A, Abbaspour H, Hashemi-Moghaddam H, Gerami M (2018) 
Photocatalytic effect of  TiO2 nanoparticles on essential oil of Ros‑
marinus Officinalis. J Biochem Technol 9(4):50

Gorni PH, Pacheco AC, Moro AL, Silva JFA, Moreli RR, de Miranda 
GR, Pelegrini JM, Spera KD, Junior JLB, da Silva RMG (2020) 
Salicylic acid foliar application increases biomass, nutrient assim-
ilation, primary metabolites and essential oil content in Achillea 
millefolium L. Sci Hortic 270:109436. https:// doi. org/ 10. 1016/j. 
scien ta. 2020. 109436

Guo B, Liang Y, Zhu Y, Zhao F (2007) Role of salicylic acid in allevi-
ating oxidative damage in rice roots (Oryza sativa) subjected to 
cadmium stress. Environ Pollut 147(3):743–749. https:// doi. org/ 
10. 1016/j. envpol. 2006. 09. 007

 Husain M, Reid J, Othman H, Gallagher J (1990) Growth and water 
use of faba beans (Vicia faba) in a sub-humid climate I. Root and 
shoot adaptations to drought stress. Field Crops Res 23(1):1–17. 
https:// doi. org/ 10. 1016/ 0378- 4290(90) 90093-Q

Jung S (2004) Effect of chlorophyll reduction in Arabidopsis thaliana 
by methyl jasmonate or norflurazon on antioxidant systems. Plant 
Physiol Biochem 42(3):225–231. https:// doi. org/ 10. 1016/j. plaphy. 
2004. 01. 001

Kang HM, Saltveit ME (2002) Chilling tolerance of maize, cucumber 
and rice seedling leaves and roots are differentially affected by 
salicylic acid. Physiol Plant 115(4):571–576. https:// doi. org/ 10. 
1034/j. 1399- 3054. 2002. 11504 11.x

Kardavan Ghabel V, Karamian R (2020) Effects of TiO2 nanoparticles 
and spermine on antioxidant responses of Glycyrrhiza glabra L. 
to cold stress. Acta Bot Croat 79(2):137–147. https:// doi. org/ 10. 
37427/ botcro- 2020- 025

https://doi.org/10.4236/as.2014.512117
https://doi.org/10.1016/j.scienta.2018.10.031
https://doi.org/10.1016/j.cpb.2018.04.002
https://doi.org/10.1016/j.cpb.2018.04.002
https://doi.org/10.1007/s13205-019-1936-9
https://doi.org/10.1007/s13205-019-1936-9
https://doi.org/10.1186/1471-2164-13-S3-S1
https://doi.org/10.1007/s00709-014-0649-5
https://doi.org/10.1021/jf5002588
https://doi.org/10.1021/jf5002588
https://doi.org/10.1007/s11356-017-0681-z
https://doi.org/10.1007/s11356-017-0681-z
https://doi.org/10.1007/s11240-011-9919-5
https://doi.org/10.1016/S0031-9422(00)88518-0
https://doi.org/10.1016/S0031-9422(00)88518-0
https://doi.org/10.3390/microorganisms8020215
https://doi.org/10.1016/j.plaphy.2019.05.030
https://doi.org/10.1007/s10725-005-4928-1
https://doi.org/10.1007/s00572-002-0170-0
https://doi.org/10.1016/j.chemosphere.2012.12.012
https://doi.org/10.1016/j.chemosphere.2012.12.012
https://doi.org/10.1016/j.indcrop.2012.05.021
https://doi.org/10.1016/j.indcrop.2012.05.021
https://doi.org/10.1007/s10534-007-9110-y
https://doi.org/10.1007/s40502-015-0170-7
https://doi.org/10.1038/s41598-020-57794-1
https://doi.org/10.1038/s41598-020-57794-1
https://doi.org/10.1016/j.scienta.2020.109436
https://doi.org/10.1016/j.scienta.2020.109436
https://doi.org/10.1016/j.envpol.2006.09.007
https://doi.org/10.1016/j.envpol.2006.09.007
https://doi.org/10.1016/0378-4290(90)90093-Q
https://doi.org/10.1016/j.plaphy.2004.01.001
https://doi.org/10.1016/j.plaphy.2004.01.001
https://doi.org/10.1034/j.1399-3054.2002.1150411.x
https://doi.org/10.1034/j.1399-3054.2002.1150411.x
https://doi.org/10.37427/botcro-2020-025
https://doi.org/10.37427/botcro-2020-025


Physiol Mol Biol Plants 

1 3

Khalvandi M, Amerian M, Pirdashti H, Keramati S, Hosseini J (2019) 
Essential oil of peppermint in symbiotic relationship with Piri‑
formospora indica and methyl jasmonate application under saline 
condition. Ind Crops Prod 127:195–202. https:// doi. org/ 10. 1016/j. 
indcr op. 2018. 10. 072

Khanam D, Mohammad F (2018) Plant growth regulators ameliorate 
the ill effect of salt stress through improved growth photosyn-
thesis antioxidant system yield and quality attributes in Mentha 
piperita L. Acta Physiol Plant 40(11):188. https:// doi. org/ 10. 1007/ 
s11738- 018- 2769-6

 Kim HJ, Chen F, Wang X, Rajapakse NC (2006) Effects of methyl 
jasmonate on secondary metabolites of sweet basil (Ocimum 
basilicum L.). J Agric Food Chem 54(6):2327–2332. https:// doi. 
org/ 10. 1021/ jf051 979g

Kim DS, Hwang BK (2014) An important role of the pepper pheny-
lalanine ammonia-lyase gene (PAL1) in salicylic acid-dependent 
signalling of the defence response to microbial pathogens. J Exp 
Bot 65(9):2295–2306. https:// doi. org/ 10. 1093/ jxb/ eru109

Kim YB, Kim JK, Uddin MR, Xu H, Park WT, Tuan PA, Li X, Chung 
E, Lee J-H, Park SU (2013) Metabolomics analysis and biosyn-
thesis of rosmarinic acid in Agastache rugosa Kuntze treated with 
methyl jasmonate. PLoS ONE 8(5):e64199. https:// doi. org/ 10. 
1371/ journ al. pone. 00641 99

Kováčik J, Grúz J, Bačkor M, Strnad M, Repčák M (2009) Salicylic 
acid-induced changes to growth and phenolic metabolism in Mat‑
ricaria chamomilla plants. Plant Cell Rep 28(1):135–143. https:// 
doi. org/ 10. 1007/ s00299- 008- 0627-5

Krantev A, Yordanova R, Janda T, Szalai G, Popova L (2008) Treat-
ment with salicylic acid decreases the effect of cadmium on photo-
synthesis in maize plants. J Plant Physiol 165(9):920–931. https:// 
doi. org/ 10. 1016/j. jplph. 2006. 11. 014

Kumari G, Reddy A, Naik S, Kumar S, Prasanthi J, Sriranganayakulu 
G, Reddy P, Sudhakar C (2006) Jasmonic acid induced changes 
in protein pattern, antioxidative enzyme activities and peroxidase 
isozymes in peanut seedlings. Biol Plant 50(2):219–226. https:// 
doi. org/ 10. 1007/ s10535- 006- 0010-8

Larue C, Laurette J, Herlin-Boime N, Khodja H, Fayard B, Flank 
A-M, Brisset F, Carriere M (2012) Accumulation, translocation 
and impact of  TiO2 nanoparticles in wheat (Triticum aestivum 
spp.): influence of diameter and crystal phase. Sci Total Environ 
431:197–208. https:// doi. org/ 10. 1016/j. scito tenv. 2012. 04. 073

Lei Z, Mingyu S, Chao L, Liang C, Hao H, Xiao W, Xiaoqing L, Fan 
Y, Fengqing G, Fashui H (2007) Effects of nanoanatase TiO 2 
on photosynthesis of spinach chloroplasts under different light 
illumination. Biol Trace Elem Res 119(1):68–76. https:// doi. org/ 
10. 1007/ s12011- 007- 0047-3

Lichtenthaler HK, Buschmann C (2001) Chlorophylls and carote-
noids: measurement and characterization by UV-VIS spectros-
copy. Curr Protoc Food Anal Chem 1(1):F431–F438. https:// 
doi. org/ 10. 1016/j. cpb. 2018. 04. 002

Li X, Guo H, Qi Y, Liu H, Zhang X, Ma P, Liang Z, Dong J (2016) 
Salicylic acid-induced cytosolic acidification increases the 
accumulation of phenolic acids in Salvia miltiorrhiza cells. 
Plant Cell Tissue Organ Cult (PCTOC) 126(2):333–341. https:// 
doi. org/ 10. 1007/ s11240- 016- 1001-x

Loolaie M, Moasefi N, Rasouli H, Adibi H (2017) Peppermint and its 
functionality: a review. Arch Clin Microbiol 8(4):54

Lopez-Arnaldos T, Lopez-Serrano M, Barcelo AR, Calderon A, 
Zapata J (1995) Spectrophotometric determination of ros-
marinic acid in plant cell cultures by complexation with Fe 2+ 
ions. Fresenius J Anal Chem 351(2):311–314. https:// doi. org/ 
10. 1007/ BF003 21655

Lugojan C, Ciulca S (2011) Evaluation of relative water content in 
winter wheat. J Horticult for Biotechnol 15(2):173–177

Ma C, Wang Z, Zhang L, Sun M, Lin T (2014) Photosynthetic 
responses of wheat (Triticum aestivum L.) to combined effects 

of drought and exogenous methyl jasmonate. Photosynthetica 
52(3):377–385. https:// doi. org/ 10. 1007/ s11099- 014- 0041-x

Malekpoor F, Salimi A, Ghasemi Pirbalouti A (2015) Effects of Jas-
monic acid on essential oil yield and chemical compositions 
of two Iranian landraces of basil (Ocimum basilicum) under 
reduced irrigation. J Herb Drugs (int J Med Herbs) 6(1):13–21

Marslin G, Sheeba CJ, Franklin G (2017) Nanoparticles alter sec-
ondary metabolism in plants via ROS burst. Front Plant Sci 
8(832):1–8. https:// doi. org/ 10. 3389/ fpls. 2017. 00832

Mendoza D, Cuaspud O, Arias JP, Ruiz O, Arias M (2018) Effect of 
salicylic acid and methyl jasmonate in the production of phe-
nolic compounds in plant cell suspension cultures of Thevetia 
peruviana. Biotechnol Rep 19:e00273. https:// doi. org/ 10. 1016/j. 
btre. 2018. e00273

Mingyu S, Fashui H, Chao L, Xiao W, Xiaoqing L, Liang C, Feng-
qing G, Fan Y, Zhongrui L (2007) Effects of nano-anatase  TiO2 
on absorption, distribution of light, and photoreduction activi-
ties of chloroplast membrane of spinach. Biol Trace Elem Res 
118(2):120–130. https:// doi. org/ 10. 1007/ s12011- 007- 0006-z

Miranshahi B, Sayyari M (2016) Methyl jasmonate mitigates drought 
stress injuries and affects essential oil of summer savory. J Agric 
Sci Technol (JAST) 18(6):1635–1645

Mizukami H, Tabira Y, Ellis BE (1993) Methyl jasmonate-induced 
rosmarinic acid biosynthesis in Lithospermum erythrorhi-
zon cell suspension cultures. Plant Cell Rep 12(12):706–709. 
https:// doi. org/ 10. 1007/ BF002 33424

Morteza E, Moaveni P, Farahani HA, Kiyani M (2013) Study of 
photosynthetic pigments changes of maize (Zea mays L.) under 
nano TiO2 spraying at various growth stages. Springerplus 
2(1):1–5. https:// doi. org/ 10. 1186/ 2193- 1801-2- 247

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by ascor-
bate-specific peroxidase in spinach chloroplasts. Plant Cell Phys-
iol. https:// doi. org/ 10. 1093/ oxfor djour nals. pcp. a0762 32

Nasiri Y, Zandi H, Morshedloo MR (2018) Effect of salicylic acid 
and ascorbic acid on essential oil content and composition of 
dragonhead (Dracocephalum moldavica L.) under organic farm-
ing. J Essent Oil Bear Plants 21(2):362–373. https:// doi. org/ 10. 
1080/ 09720 60X. 2018. 14533 83

 Oloumi H, Soltaninejad R, Baghizadeh A (2015) The comparative 
effects of nano and bulk size particles of CuO and ZnO on glycyr-
rhizin and phenolic compounds contents in Glycyrrhiza glabra L. 
seedlings. Indian J Plant Physiol 20(2):157–161. https:// doi. org/ 
10. 1007/ s40502- 015- 0143-x

Pérez MGF, Rocha-Guzmán NE, Mercado-Silva E, Loarca-Piña G, 
Reynoso-Camacho R (2014) Effect of chemical elicitors on 
peppermint (Mentha piperita) plants and their impact on the 
metabolite profile and antioxidant capacity of resulting infu-
sions. Food Chem 156:273–278

Pessarakli M (1994) Handbook of plant and crop stress. Dekker, p 
697

Pirbalouti AG, Samani MR, Hashemi M, Zeinali H (2014) Salicylic 
acid affects growth essential oil and chemical compositions of 
thyme (Thymus daenensis Celak.) under reduced irrigation. 
Plant Growth Regul 72(3):289–301. https:// doi. org/ 10. 1007/ 
s10725- 013- 9860-1

Pushpangadan P, Tewari S (2006) Peppermint. In: Handbook of 
herbs and spices. Elsevier, pp 460–481

Rahimi AR, Rokhzadi A, Amini S, Karami E (2013) Effect of salicylic 
acid and methyl jasmonate on growth and secondary metabolites 
in Cuminum cyminum L. J Biodivers Environ Sci 3(12):140–149

Ramadan T, Sayed SA, Abd-Elaal AK, Amro A (2022) The com-
bined effect of water deficit stress and TiO2 nanoparticles on 
cell membrane and antioxidant enzymes in Helianthus annuus L. 
Physiol Mol Biol Plants 28(2):391–409. https:// doi. org/ 10. 1007/ 
s12298- 022- 01153-z

https://doi.org/10.1016/j.indcrop.2018.10.072
https://doi.org/10.1016/j.indcrop.2018.10.072
https://doi.org/10.1007/s11738-018-2769-6
https://doi.org/10.1007/s11738-018-2769-6
https://doi.org/10.1021/jf051979g
https://doi.org/10.1021/jf051979g
https://doi.org/10.1093/jxb/eru109
https://doi.org/10.1371/journal.pone.0064199
https://doi.org/10.1371/journal.pone.0064199
https://doi.org/10.1007/s00299-008-0627-5
https://doi.org/10.1007/s00299-008-0627-5
https://doi.org/10.1016/j.jplph.2006.11.014
https://doi.org/10.1016/j.jplph.2006.11.014
https://doi.org/10.1007/s10535-006-0010-8
https://doi.org/10.1007/s10535-006-0010-8
https://doi.org/10.1016/j.scitotenv.2012.04.073
https://doi.org/10.1007/s12011-007-0047-3
https://doi.org/10.1007/s12011-007-0047-3
https://doi.org/10.1016/j.cpb.2018.04.002
https://doi.org/10.1016/j.cpb.2018.04.002
https://doi.org/10.1007/s11240-016-1001-x
https://doi.org/10.1007/s11240-016-1001-x
https://doi.org/10.1007/BF00321655
https://doi.org/10.1007/BF00321655
https://doi.org/10.1007/s11099-014-0041-x
https://doi.org/10.3389/fpls.2017.00832
https://doi.org/10.1016/j.btre.2018.e00273
https://doi.org/10.1016/j.btre.2018.e00273
https://doi.org/10.1007/s12011-007-0006-z
https://doi.org/10.1007/BF00233424
https://doi.org/10.1186/2193-1801-2-247
https://doi.org/10.1093/oxfordjournals.pcp.a076232
https://doi.org/10.1080/0972060X.2018.1453383
https://doi.org/10.1080/0972060X.2018.1453383
https://doi.org/10.1007/s40502-015-0143-x
https://doi.org/10.1007/s40502-015-0143-x
https://doi.org/10.1007/s10725-013-9860-1
https://doi.org/10.1007/s10725-013-9860-1
https://doi.org/10.1007/s12298-022-01153-z
https://doi.org/10.1007/s12298-022-01153-z


 Physiol Mol Biol Plants

1 3

Rita P, Animesh DK (2011) An updated overview on peppermint (Men‑
tha piperita L.). Int Res J Pharm 2(8):1–10

Rowshan V, Khoi MK, Javidnia K (2010) Effects of salicylic acid on 
quality and quantity of essential oil components in Salvia macro‑
siphon. J Biol Environ Sci 4(11):77–82

Sadasivam S, Manickam A (2008) Biochemical methods, 8th edn. New 
Age International Publisher, New Delhi

Saeed S, Ali H, Khan T, Kayani W, Khan MA (2017) Impacts of 
methyl jasmonate and phenyl acetic acid on biomass accumu-
lation and antioxidant potential in adventitious roots of Ajuga 
bracteosa Wall ex Benth., a high valued endangered medicinal 
plant. Physiol Mol Biol Plants 23(1):229–237. https:// doi. org/ 10. 
1007/ s12298- 016- 0406-7

Sauvesty A, Page F, Huot J (1992) A simple method for extracting plant 
phenolic compounds. Can J for Res 22(5):654–659

Schonfeld MA, Johnson RC, Carver BF, Mornhinweg DW (1988) 
Water relations in winter wheat as drought resistance indicators. 
Crop Sci 28(3):526–531. https:// doi. org/ 10. 2135/ crops ci1988. 
00111 83X00 28000 30021x

Shabbir A, Khan M, Ahmad B, Sadiq Y, Jaleel H, Uddin M (2019) 
Efficacy of  TiO2 nanoparticles in enhancing the photosynthesis, 
essential oil and khusimol biosynthesis in Vetiveria zizanioides 
L. Nash Photosynthetica 57(2):599–606. https:// doi. org/ 10. 3261/ 
ps. 2019. 071

Singh B, Usha K (2003) Salisylic acid induced physiological and 
biochemical changes in wheat seedling under water stress. Plant 
Growth Regul 39(2):137–141. https:// doi. org/ 10. 1023/A: 10225 
56103 536

Singh A, Singh N, Hussain I, Singh H, Yadav V, Singh S (2016) Green 
synthesis of nano zinc oxide and evaluation of its impact on ger-
mination and metabolic activity of Solanum lycopersicum. J Bio-
technol 233:84–94. https:// doi. org/ 10. 1016/j. jbiot ec. 2016. 07. 010

Singh R, Shushni MA, Belkheir A (2015) Antibacterial and antioxi-
dant activities of Mentha piperita L. Arab J Chem 8(3):322–328. 
https:// doi. org/ 10. 1016/j. arabjc. 2011. 01. 019

Spirling LI, Daniels IR (2001) Botanical perspectives on health pepper-
mint: more than just an after-dinner mint. J R Soc Promot Health 
121(1):62–63. https:// doi. org/ 10. 1177/ 14664 24001 12100 113

Subramanian V, Zhu H,  Wei  B (2006) Nanostructured  MnO2: Hydro-
thermal synthesis and electrochemical properties as a supercapaci-
tor electrode material. J Power Sources 159(1):361–364. https:// 
doi. org/ 10. 1016/j. jpows our. 2006. 04. 012

Świa̧tek A, Lenjou M, van Bockstaele D, Inzé D, van Onckelen H 
(2002) Differential effect of jasmonic acid and abscisic acid 
on cell cycle progression in tobacco BY-2 cells. Plant Physiol 
128(1):201–211. https:// doi. org/ 10. 1104/ pp. 010592

Talebi M, Moghaddam M, Pirbalouti AG (2018) Methyl jasmonate 
effects on volatile oil compounds and antioxidant activity of leaf 
extract of two basil cultivars under salinity stress. Acta Physiol 
Plant 40(2):1–11. https:// doi. org/ 10. 1007/ s11738- 018- 2611-1

Thulke O, Conrath U (1998) Salicylic acid has a dual role in the acti-
vation of defence-related genes in parsley. Plant J 14(1):35–42. 
https:// doi. org/ 10. 1046/j. 1365- 313X. 1998. 00093.x

Ueda J, Saniewski M (2006) Methyl jasmonate-induced stimulation of 
chlorophyll formation in the basal part of tulip bulbs kept under 
natural light conditions. J Fruit Ornamental Plant Res 14(199):210

 Wang J, Qian J, Yao L, Lu Y (2015) Enhanced production of flavo-
noids by methyl jasmonate elicitation in cell suspension culture 

of Hypericum perforatum. Bioresour Bioprocess 2(1):5. https:// 
doi. org/ 10. 1186/ s40643- 014- 0033-5

Xiao Y, Gao S, Di P, Chen J, Chen W, Zhang L (2009) Methyl jas-
monate dramatically enhances the accumulation of phenolic acids 
in Salvia miltiorrhiza hairy root cultures. Physiol Plant 137(1):1–
9. https:// doi. org/ 10. 1111/j. 1399- 3054. 2009. 01257.x

 Yang F, Hong F, You W, Liu C,  Gao F, Wu C,Yang P (2006) Influ-
ences of Nano-anatase  TiO2 on the Nitrogen Metabolism of Grow-
ing Spinach. Biol Trace Elem Res 110(2):179–190. https:// doi. org/ 
10. 1385/ BTER: 110:2: 179

Yadegari M (2018) Foliar application effects of salicylic acid and 
jasmonic acid on the essential oil composition of Salvia offici‑
nalis. Turk J Biochem 43(4):417–424. https:// doi. org/ 10. 1515/ 
tjb- 2017- 0183

Yousefian S, Lohrasebi T, Farhadpour M, Haghbeen K (2020) Effect of 
methyl jasmonate on phenolic acids accumulation and the expres-
sion profile of their biosynthesis-related genes in Mentha spicata 
hairy root cultures. Plant Cell. Tissue Organ Cult (PCTOC) 
142:285–297. https:// doi. org/ 10. 1007/ s11240- 020- 01856-9

Yu X, Liang C, Fang H, Qi X, Li W, Shang Q (2018) Variation of tri-
chome morphology and essential oil composition of seven Mentha 
species. Biochem Syst Ecol 79:30–36. https:// doi. org/ 10. 1016/j. 
bse. 2018. 04. 016

Zarinkamar F, Zaviehjak AA, Sharifi M, Behmanesh M (2013) Effect 
of salicylic acid on flavonoids, apigenin, anthocyanin and carbo-
hydrate in Matricaria chamomilla L. J Plant Biol 5(17):67–74

Zhang S, Li H, Liang X, Yan Y, Xia P, Jia Y, Liang Z (2015) Enhanced 
production of phenolic acids in Salvia miltiorrhiza hairy root cul-
tures by combing the RNAi-mediated silencing of chalcone syn-
thase gene with salicylic acid treatment. Biochem Eng J 103:185–
192. https:// doi. org/ 10. 1016/j. bej. 2015. 07. 019

Zhang S, Yan Y, Wang B, Liang Z, Liu Y, Liu F, Qi Z (2014) Selective 
responses of enzymes in the two parallel pathways of rosmarinic 
acid biosynthetic pathway to elicitors in Salvia miltiorrhiza hairy 
root cultures. J Biosci Bioeng 117(5):645–651. https:// doi. org/ 10. 
1016/j. jbiosc. 2013. 10. 013

Zhao J, Davis LC, Verpoorte R (2005) Elicitor signal transduction lead-
ing to production of plant secondary metabolites. Biotechnol Adv 
23(4):283–333. https:// doi. org/ 10. 1016/j. biote chadv. 2005. 01. 003

Zhao T-J, Liu Y, Yan Y-B, Feng F, Liu W-Q, Zhou H-M (2007) Iden-
tification of the amino acids crucial for the activities of drought 
responsive element binding factors (DREBs) of Brassica napus. 
FEBS Lett 581(16):3044–3050. https:// doi. org/ 10. 1016/j. febsl et. 
2007. 05. 067

Zheng L, Hong F, Lu S, Liu C (2005) Effect of nano-TiO2 on strength 
of naturally aged seeds and growth of spinach. Biol Trace Elem 
Res 104(1):83–91. https:// doi. org/ 10. 1385/ BTER: 104:1: 083

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); 
author self-archiving of the accepted manuscript version of this article 
is solely governed by the terms of such publishing agreement and 
applicable law.

https://doi.org/10.1007/s12298-016-0406-7
https://doi.org/10.1007/s12298-016-0406-7
https://doi.org/10.2135/cropsci1988.0011183X002800030021x
https://doi.org/10.2135/cropsci1988.0011183X002800030021x
https://doi.org/10.3261/ps.2019.071
https://doi.org/10.3261/ps.2019.071
https://doi.org/10.1023/A:1022556103536
https://doi.org/10.1023/A:1022556103536
https://doi.org/10.1016/j.jbiotec.2016.07.010
https://doi.org/10.1016/j.arabjc.2011.01.019
https://doi.org/10.1177/146642400112100113
https://doi.org/10.1016/j.jpowsour.2006.04.012
https://doi.org/10.1016/j.jpowsour.2006.04.012
https://doi.org/10.1104/pp.010592
https://doi.org/10.1007/s11738-018-2611-1
https://doi.org/10.1046/j.1365-313X.1998.00093.x
https://doi.org/10.1186/s40643-014-0033-5
https://doi.org/10.1186/s40643-014-0033-5
https://doi.org/10.1111/j.1399-3054.2009.01257.x
https://doi.org/10.1385/BTER:110:2:179
https://doi.org/10.1385/BTER:110:2:179
https://doi.org/10.1515/tjb-2017-0183
https://doi.org/10.1515/tjb-2017-0183
https://doi.org/10.1007/s11240-020-01856-9
https://doi.org/10.1016/j.bse.2018.04.016
https://doi.org/10.1016/j.bse.2018.04.016
https://doi.org/10.1016/j.bej.2015.07.019
https://doi.org/10.1016/j.jbiosc.2013.10.013
https://doi.org/10.1016/j.jbiosc.2013.10.013
https://doi.org/10.1016/j.biotechadv.2005.01.003
https://doi.org/10.1016/j.febslet.2007.05.067
https://doi.org/10.1016/j.febslet.2007.05.067
https://doi.org/10.1385/BTER:104:1:083

	Plant elicitation and TiO2 nanoparticles application as an effective strategy for improving the growth, biochemical properties, and essential oil of peppermint
	Abstract 
	Introduction
	Materials and methods
	Plant materials and growth conditions
	TiO2 NP treatment
	SA and MeJA treatments
	Experimental design and treatment
	Growth characteristics
	Leaf relative water content (RWC)
	Membrane stability index (MSI)
	Seed germination
	Sample preparation and extraction
	Analyses of biochemical parameters
	Estimation of total chlorophyll content
	Calculation of total phenolic content (TPC)
	Determination of rosmarinic acid
	Determination of caffeic acid
	DPPH-radical scavenging activity

	Measurement of antioxidant enzyme activities
	Catalase (CAT) activity
	Ascorbate peroxidase (APX) activity
	EO extraction and analysis
	Statistical analysis

	Results
	Growth characteristics
	RWC
	MSI
	Percentage of germination
	Total chlorophyll content
	TPC
	Rosmarinic acid and caffeic acid
	CAT and APX activities
	DPPH-radical scavenging activity
	The EO content

	Discussion
	Conclusion
	Acknowledgements 
	References




