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Abstract 

Satureja rechingeri Jamzad (known as “Jatra” in Persian), which belongs to the Lamiaceae family, is a rich source 
of essential oil particularly carvacrol, and rosmarinic acid. Drought stress has a detrimental impact on the physiological 
and biochemical parameters of plants, leading to a decline in plant productivity. Melatonin (MT), a new plant growth 
regulator found abundantly in plants, has been found to enhance the plant’s internal resistance to various environ‑
mental stresses. The present study aimed to examine the impact of exogenously applied MT on the agro‑morpholog‑
ical, physio‑biochemical, and phytochemical traits of S. rechingeri plants cultivated under different levels of drought 
stress. The results indicated that plants treated with 200 µM MT obtained the highest plant height, length and width 
of leaf, fresh, dry and drug weight under different drought stress levels. The highest values of relative water content 
(RWC) (93.5%) and chlorophyll content (15.4 mg/g FW) were recorded by MT 200 µM and 100 µM, respectively, 
in 100% FC. Drought stress treatments (40, 60, and 80% FC) without foliar spray of MT significantly enhanced the  H2O2 
content, electrolyte leakage, and malondialdehyde content in leaves, whereas MT treatment under drought stress 
significantly decreased the above parameters. The lowest  H2O2 content (11.5 nmol/g), electrolyte leakage (3.08%), 
and malondialdehyde content (0.78 µM/g) were obtained by 200 µM MT at 100% FC. In contrast, drought stress treat‑
ment increased the total phenol content (TPC), rosmarinic acid (RA), essential oils (EOs) content and yield, and carvac‑
rol. The maximum values of TPC (28.1 mg GAE/g DW), EOs content (3.63%) and yield (0.96%), and carvacrol (95.66%) 
were achieved by 200 µM MT at 40% FC. The highest RA content (7.43 mg GAE/g DW) was recorded in 100 µM MT 
at 40% FC. Thus, foliar spray MT has the potential to enhance plant growth through the mitigation of reactive oxygen 
species (ROS)‑induced oxidative harm, as well as the augmentation of photosynthesis pigments, secondary metabo‑
lites such as phenolics, EOs levels, overall antioxidant scavenging capacity, and the preservation of RWC during peri‑
ods of drought stress.

Keywords Water stress, Essential oil, Oxidative damage, Carvacrol, Rosmarinic acid

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution‑NonCommercial‑NoDerivatives 4.0 
International License, which permits any non‑commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by‑ nc‑ nd/4. 0/.

Chemical and Biological 
Technologies in Agriculture

*Correspondence:
Ghasem Eghlima
gh_eghlima@sbu.ac.ir
Mansour Ghorbanpour
m‑ghorbanpour@araku.ac.ir
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40538-024-00643-4&domain=pdf


Page 2 of 18Dabaghkar et al. Chem. Biol. Technol. Agric.          (2024) 11:112 

Introduction
Today, global demand for the use of medicinal and 
aromatic plants due to their bioactive compounds in 
traditional and modern medicine as well as in vari-
ous pharmaceutical, food, and cosmetic industries is 
expanding dramatically and has an annual commer-
cial value of 1.3 billion dollars [1, 2]. The quantity and 
quality of bioactive compounds in plants are influenced 
by different components such as genetic background, 
weather conditions, soil type, harvest time, plant age, 
and environmental stresses [3]. Drought stress is one 
of the foremost environmental stresses, which is one 
of the major global concerns due to climate change 
and the reduction of underground water resources 
[4]. Drought stress limits plant growth, development, 
and performance [5]. Almost 60% of crops, includ-
ing medicinal plants, are affected by drought stress 
[6]. Drought stress causes physiological disorders such 
as reduction of transpiration and photosynthesis by 
the closing of stomata, biochemical changes including 
production of ROS, protein denaturation, and increase 
of osmotic protectors and antioxidant enzymes [7, 8]. 
Also, drought stress can change the yield of secondary 
metabolites (phenolic compounds, flavonoids, alka-
loids, EOs, and their compounds, etc.) in medicinal 
plants [6]. According to earlier studies, plant growth 
regulators exhibited fundamental and central roles in 
regulating stress signaling as well as the physiological 
and biochemical pathways of plants [9, 10]. Therefore, 
the foliar spray of these compounds can be a valuable 
method to improve crop defense and adaptation to 
environmental stresses, including drought stress [11].

Melatonin (MT) or N-acetyl-5-methoxytryptamine is a 
multifunctional phytohormone that has direct effects in 
enhancing ROS inhibition, improving the function of the 
electron transport chain function, increasing antioxidant 
activity, and protecting antioxidant enzymes against oxi-
dative damage [11–14]. MT improves the adverse effects 
of abiotic stresses in mutant barley [15], rapeseed [16], 
cotton [17], tomato [18], Dracocephalum kotschyi [19], 
horticultural plants [20], and vegetable crops [21]. Sat-
ureja rechingeri Jamzad. is a perennial plant (Lamiaceae), 
which is an endemic species of Iran, whose EOs are rich 
in carvacrol (over 90%) and its extract is rich in phenolic 
compounds, including rosmarinic acid [22]. Due to hav-
ing these bioactive compounds, this plant has biological 
properties such as antiseptic, analgesic, antimicrobial, 
antiviral, antifungal, anti-inflammatory, anticancer, and 
antioxidant activities [23–26]. Many medicines such as 
 Dentol®,  Saturex®, and  Aortodntol® have been produced 
from this plant and new formulations have been prepared 
from this plant such as  Zagrol® for use in the veterinary 
industry. Also, the plant waste is used as animal fodder 
after extracting EOs. So far, no study has been conducted 
to investigate the role of the exogenous application of 
MT on the morphological, functional, and phytochemi-
cal characters (EOs content, carvacrol, and rosmarinic 
acid) and enzyme activity of Satureja rechingeri under 
drought stress. Therefore, this study was conducted to 
investigate the effects of the exogenous application of 
MT on the agro-morphological, biochemical, and phy-
tochemical characteristics of Satureja rechingeri under 
drought stress. The results of this research might be uti-
lized for the cultivation of Satureja rechingeri in dry and 
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low-yielding lands to supply raw materials for the phar-
maceutical and food industries.

Materials and methods
Experimental design and plant materials
S. rechingeri seeds sourced from Pakanbazr Com-
pany in Isfahan, Iran, were planted in cultivation trays 
(61 × 40 mm, depth 76 mm and 200 cc) filled with coco 
peat: perlite (1:1). Seedlings were placed in plastic pots 
with a diameter of 15 cm and a height 20 cm of on sandy 
loam soil (Table  1) after 40  days. The experiment was 
performed in a greenhouse at the Medicinal Plants and 
Drug Research Institute, Shahid Beheshti University, 
Tehran, Iran  (32◦ 43′ 13.7″ N and  51◦ 31′ 42.2″ E) for 
60 days, with a photoperiod of 11 h, light/13 dark, rela-
tive humidity 55–65%, night temperature 16–18  °C and 
daytime temperatures 24–26  °C. The experiment fol-
lowed a completely randomized design (RCD) with two 
factors: irrigation levels (100%, 80%, 60%, and 40% of field 
capacity) and foliar application of MT at concentrations 
of 0, 50, 100, and 200  μM. Each treatment consisted of 
four transplants with three replicates.

Irrigation regimes and MT treatments
Soil FC (field capacity) measurements were carried out 
following the pot experiment according to Pourmeidani 
et al., [27], to determine the amount of water required for 
each irrigation scheme. Five kilograms of soil were placed 
in the oven and dried at 105  ºC for 72  h to obtain dry 
weight. The containers were then filled with dried soil 
from the oven and weighed every two hours for 36 h after 
watering and saturating the soil. A soil sample was taken 
from each container once the weight of the containers 
had stabilized. Equation (1) was utilized to calculate the 
percentage of soil water at field capacity.:

After obtaining the weighted soil moisture values in 
FC, different treatments (100, 80, 60, and 40% FC) were 
calculated. To administer the treatment, the pots were 

(1)

Percentage of water in the soil =
(

soil fresh weight

−soil dry weight

/soil dry weight
)

× 100

weighed every day and the necessary amount of water 
was added to each pot. For the MT exogenous treatment, 
MT was first dissolved in ethanol, then diluted with 
phosphate-buffered saline, and various concentrations 
of 0, 50, 100, and 200  μM were prepared. To enhance 
the consistency of the spray application, two drops of 
Tween-20 were included as a surfactant for every 100 ml 
of solution.

Measurement of agro‑morphological traits
Morphological characteristics like plant height, leaf 
length, and leaf width were measured at the full flow-
ering stage using a ruler and digital caliper. The fresh 
weight of aerial parts immediately after harvesting, was 
measured by a digital scale. Subsequently, the plant 
material was dried at room temperature. The digital 
scale was then employed to measure the dry weight of 
both the aerial parts and the leaves and flowers were 
used to record the drug weight of each plant.

Determination of physio‑biochemical characteristics
Relative water content
To determine the relative water content (RWC) of the 
leaves, first, separated from the upper parts of the plant 
from each experimental unit, and their fresh weight 
was measured. To measure the turgor weight, these 
parts were placed in distilled water for 24 h under light 
intensity, and then, the turgor weight of the sample was 
read. The samples were placed in an oven at 75  °C for 
48 h, and their dry weight was also measured and cal-
culated using Eq. (2) [28]:

Ww is wet weight, Wd is dry weight and Wt is turgor 
weight.

Electrolyte leakage
The method employed by Lutts et al. [29] was utilized to 
measure the electrolyte leakage (EL). To eliminate any 
potential ions present on the leaf surface, the leaves were 
thoroughly washed three times with distilled water. Sub-
sequently, 0.3 g of fresh leaves were divided into smaller 
parts and placed in 10 ml of distilled water. The mixture 
was then incubated at room temperature for 24  h. The 

(2)RWC (% ) = (Ww −Wd/Wt −Wd)× 100

Table 1 Soil physicochemical properties analyzed in this study

EC electrical conductivity, OC organic carbon

Physical texture (%) pH EC (ds/cm) OC (%) N (%) P (mg/kg) K (mg/kg) Ca (meq/l) Mg (meq/l) Cl (meq/l)

Sand Silt Clay

71.43 20.81 7.76 8.2 3.92 0.81 0.06 21.86 235 15.3 11 15
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initial electrical conductivity  (EC1) was determined using 
an EC meter. To ensure the release of all electrolytes, For 
15  min, the samples were subjected to an autoclavation 
at 121 ºC. Following the cooling of the solution, the final 
electrical conductivity of the samples  (EC2) was deter-
mined once again. The calculation of EL was performed 
using the formula (3).:

Chlorophyll content
To determine chlorophyll content, 0.5  g of freshly har-
vested leaves of S. rechingeri were finely ground with 80% 
acetone. The extract was then transferred to a Falcon 
tube, and its volume reached 10  ml with 80% acetone. 
The extracted solution was centrifuged and the absorb-
ance of the extract was determined at 645 and 663  nm 
using a spectrophotometer. Total chlorophyll content was 
calculated based on Eq. 4 and expressed in mg/g of fresh 
weight [30]:

V, volume of solution; A, absorption of light at wave-
lengths of 663 and 645  nm; and W, wet weight of the 
sample (g).

Hydrogen peroxide and malondialdehyde content
Hydrogen peroxide  (H2O2) was quantified utilizing a 
spectrophotometer at 390  nm according to Velikova 
and Loreto method [31]. To measure the concentra-
tion of malondialdehyde (MAD), 0.2  g of fresh leaf was 
crushed with 0.5 ml of 0.1% trichloroacetic acid (TCA). 
The extract was centrifuged for 5 min. 4.5 ml of 20% TCA 
solution containing 5 g of thiobarbituric acid (TBA) per 
100  g was mixed with 1  ml of the supernatant solution 
obtained from the centrifuge. Then, the mixture was 
centrifuged for 10  min at 4000  rpm. The absorbance of 
the solution was measured using a spectrophotometer at 
532 nm, with a red compound (MAD-TBA) in the target 
material for absorption at this wavelength. The absorb-
ance of any other non-specific pigments was assessed at 
600 nm and subtracted from the initial value [32].

Phytochemical analysis
Extraction and determination of the total phenol content
To extract the total phenol concentration, 500 mg of the 
aerial parts of S. rechingeri were powdered and mixed in 
20  ml of 80% methanol and the sonicator (SingenHtw 
Elmasonic-D 78224; Elma Germany) was extracted at 

(3)EL=

(

EC1

EC2

)

× 100

(4)

Chlorophyll content =[(20.2× A645)

+ (8.02× A663)/1000W ]

× V

40  ºC for 20 min. The obtained sample was placed in a 
refrigerated centrifuge (R5702; Eppendorf ) at 3000  rpm 
for 10  min, and the supernatant was kept in the refrig-
erator until analysis. The total phenolic content of S. 
rechingeri extract was measured using the Folin–Ciocal-
teu method. In this test, 300 µl of the extract (1 mg/mL) 
was mixed with 450 µl of 1 M Folin reagent and 270 µL 
of sodium carbonate, deionized water was added, and 
the mixture was placed in a dark condition for 50  min 
at 25 ºC. The absorbance of the samples at a wavelength 
of 765  nm was measured with a spectrophotometer. To 
draw the calibration curve, gallic acid was employed as a 
standard and, the total phenol content was quantified in 
mg gallic acid equivalent/g dry weight [33].

Measurement of rosmarinic acid by high‑performance liquid 
chromatography (HPLC)
Analysis and evaluation of rosmarinic acid content 
using the device of Waters 2695 Alliance HPLC system 
(Wellchron-K1001) equipped with a PDA detector was 
performed. The separation was done using a RP-C18 
chromatography column with an inner diameter of 
4.6  mm and a length of 250  mm (Eurosphr). A mixture 
of acetonitrile (mobile phase A) and phosphoric acid 
(mobile phase B) was used as the mobile phase. The injec-
tion volume was 20 µL, and the temperature was fixed at 
25  °C. The rosmarinic acid standard was prepared from 
Sigma Aldric. To determine the amount of rosmarinic 
acid compound, calibration curves were obtained by 
injecting different concentrations (5, 10, 20, 40, 80, 160, 
380 ppm) of the standard compound. The amount of ros-
marinic acid was expressed in mg/g dry weight.

Antioxidant activity
The antioxidant activity of S. rechingeri extracts using of 
ferric-reducing power (FRAP) was evaluated. The abil-
ity of extracts to reduce ferric ions  (Fe3+) in the presence 
of antioxidants was measured. Fe-TPTZ complex was 
formed by reducing  Fe3+ to  Fe2+ in acidic pH and the 
presence of TPTZ.  FeSO4 was used to draw the stand-
ard curve. 3  ml of FRAP reagent was placed in a Bain-
Marie at 37 °C for 5 min. 100 µL of the sample was added 
and placed in a Bain-Marie at 37  °C for 10 min, and its 
absorbance was measured at 593  nm. The amount of 
antioxidant activity was expressed as the equivalent of 
mM Fe/g dry weight [34].

EOs content and yield
To extract the EO, the dried plants were cleaned to 
remove the excess material. For homogenizing the dried 
plants, the samples were ground and powdered. An 
amount of 30 g powdered plant material was mixed with 
water and distilled using a Clevenger apparatus for three 
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hours. The EO content and yield were calculated using 
Eqs. 4 and 5, respectively:

Determination of carvacrol in EO by GC and GC–MS
Essential oil analysis was done with the Gas Chromatog-
raphy (GC) model Shimadzu 15A.  N2 was used as the 
carrier gas with a velocity (1 ml/min) and DB-5 column 
(30  m length × 0.25  mm inner diameter × 0.25  µm film 
thickness). The column temperature was kept at 60 °C for 
3 min and then increased to 220 °C at a rate of 5 °C/min 
and fixed at 220 °C for 5 min.

GC–MS analyzes were performed using a Hewlett-
Packard 5973 machine equipped with a HP-5MS column 
(30  m length × 0.25  mm inner diameter × 0.25  µm film 
thickness). The column temperature was kept at 60 °C for 
3 min and then increased to 220 °C at a rate of 5 °C/min-
ute and fixed at 220 °C for 5 min. At a flow rate of 1.1 mL 
per minute, helium gas was used as the carrier gas, and 
1  μL of EO samples were injected at separate ratios of 
1:1. The ionization energy was set at 70 eV, the scan time 
was 0.4  s, and the mass range was adjusted between 40 
and 460 amu. The EO compounds were identified using 
the retention index, mass spectra data, literature, and the 
National Institute of Standards and Technology (NIST) 
computer library. Normalizing the surface area and 
ignoring the response coefficients obtained the relative 
percentages of EO components.

Statistical analysis
The statistical analysis was performed using SAS 9.2 
software, employing analysis of variance (ANOVA) as a 
completely randomized design (RCD). The means were 
compared using the least significant difference test (LSD 
test) at a significance level of p ≤ 0.05. Data are presented 
as means ± SE (n = 3). To determine the correlation 
between the different traits, Pearson’s correlation coeffi-
cient was calculated using R Software. All graphical rep-
resentations were created using Microsoft Excel 2016.

Results
Agro‑morphological traits
Plant height, leaf length, leaf width, fresh weight, dry 
weight, and drug weight of S. rechingeri were evaluated in 
MT-treated plants as compared with drought stress. The 
lowest values of these parameters were obtained in 40% 
FC. Exogenous MT treatments significantly increased all 
the evaluated morphological traits in S. rechingeri plants 
under drought stress. The results of ANOVA have shown 

(5)
EO Content (%)=

(

EO weight / dry weight
)

× 100

(6)
EO Yield

(

g/plant
)

= EO content × Total dry weight /100

significant interactions between MT foliar spray and 
drought stress on the plant height, leaf length, and leaf 
width, as well as the fresh weight, dry weight, and drug 
weight (p < 0.01). Exogenous MT application in drought 
conditions was effective on plant height, leaf length, and 
leaf width so that the characteristics were maximized fol-
lowing the I1M4 (65.16 cm, 18.00 mm, and 12.64 mm in 
order) (Table 2). The exogenous MT improved the plant 
height, leaf length, and leaf width by 83.54%, 133.76%, 
and 110.66%, respectively, compared to the conditions 
of drought stress (I1M4). Further, Exogenous MT treat-
ments under the various levels of drought promoted the 
fresh weight, dry weight, and drug weight compared to 
the control (I1M1). In comparison to the control, treat-
ment reduced the effect of drought stress and led to a 
lower reduction in soil characteristics. The highest fresh 
weight (186.66  g/plant) dry weight (89.00  g/plant), and 
drug weight (35.50  g/plant), were found after apply-
ing the I1M4 (100% FC + 200  μM MT). Exogenous MT 
(I1M4) increased the fresh weight, dry weight, and drug 
weight by 38.26%, 45.11%, and 30.99%, respectively, com-
pared to the control (Table 2).

Physio‑biochemical traits
Relative water content
Relative water content (RWC) serves as a crucial indica-
tor of plants̕ survival capacity and the status of water in 
their leaves. The data in Fig.  1A demonstrates a signifi-
cant decrease in RWC as water levels declined from 100% 
FC to 40% FC. The lowest values (51.40%) were achieved 
by the combined effect between 40% FC and the absence 
of MT. The highest values (93.50%) were recorded by 
100% FC and foliar application of MT at 100 µM.

Electrolyte leakage
Electrolyte leakage (EL) is a crucial parameter for exam-
ining the plant’s reaction to water deficiency, aiming to 
assess cellular membrane injury. As presented in Fig. 1B, 
an incremental rise in EL was observed as the level of 
drought stress increased from 100 to 40% FC. Without 
MT treatment, the irrigation control group at 100% FC 
exhibited a lower EL of 3.08%. Conversely, the irrigation 
treatment at 40% FC displayed the highest EL value of 
39.40% without MT intervention. However, a conspicu-
ous decline in EL proficiency was observed with the rise 
in MT concentration.

Chlorophyll content
The total chlorophyll content of S. rechingeri leaves 
was negatively impacted by drought stress, as pre-
sented in Fig. 2. Chlorophyll content varied from 6.80 to 
15.40 mg/g FW. The chlorophyll content decreased when 
the leaves underwent drought stress (80–40% FC) in 
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contrast to the control group with 100% FC, without the 
application of MT treatment. In contrast, various levels 
of MT demonstrated a significant reduction in the detri-
mental impact caused by the decrease in irrigation water 
from 100 to 80% FC, along with an increase in total chlo-
rophyll content compared to the control group, particu-
larly noticeable at a concentration of 100 µM of MT.

Hydrogen peroxide and malondialdehyde
Compared with the control treatment of 100% FC, 
drought stress treatments (40, 60, and 80% FC) without a 
foliar spray of MT significantly enhanced the ROS  (H2O2) 
content in leaves (Fig.  3A). In contrast, MT treatment 
under drought stress significantly decreased the ROS 
 (H2O2) content in the leaves, especially at 200 µmol com-
pared with 100% FC. Therefore, it is shown in Fig. 3B that 
the reduction of irrigation water rates from 100 to 80% 
FC significantly increases the content of malondialde-
hyde (MDA) content in the leaves of S. rechingeri plants. 
Regarding the interaction effects between drought stress 
treatments and MT foliar application, it could be seen 
that at 40% FC treatment along with MT treatment, there 
was a significant increase in MDA production relative to 
the control. However, an increase in MT concentration 
reduced MDA production in S. rechingeri plants.

Phytochemical markers
Total phenol content
In plants subjected to drought stress, the total phenol 
content was significantly higher. However, the application 
of MT increased their production (Fig. 4A). The highest 
values (28.10 mg GAE/g DW) of TPC were achieved by 
200  µM, and the lowest values (11.20  mg GAE/g DW) 
were recorded with 100% FC in the absence of MT. The 
content of total phenol increased by 150.89% with the 
application of MT under drought stress.

Rosmarinic acid
S. rechingeri is rich in phenolic compounds, mainly ros-
marinic acid (RA) (Fig. 5). The content of RA is presented 
in Fig.  4B. The highest content (7.43  mg/g DW) of RA 
was observed in 40% FC and 100 µM MT treatments. In 
100% FC, the lowest RA content (2.10  mg/g DW) was 
found in the absence of MT application.

EOs content and yield
The findings indicated that the level of EOs content 
increased as the drought stress level and MT concentra-
tion rose. The plants treated with 200 µM MT and 40% 
FC exhibited the highest EOs content (3.63%), whereas 
those treated with 100% FC without MT showed the 

Table 2 Mean comparison of interaction effects of drought stress and melatonin application on growth traits of S. rechingeri 

I1, I2, I3, and I4: irrigation at 100%, 80%, 60%, and 40% field capacity (FC), respectively. M1, M2, M3, and M4: 0, 50, 100, and 200 μM melatonin, respectively. Means 
with the same letter(s) within column are not significantly different at p < 0.05 using the LSD test

Treatment Plant height (cm) Leaf length (mm) Leaf width (mm) Fresh w(g/plant) Dry weight (g/
plant)

Drug 
weight (g/
plant)

I1M1 55.13d 12.66f 8.63d 135.00e 61.33e 27.10d

I2M1 46.50g 10.66g 7.65e 102.00j 47.00h 20.50h

I3M1 40.50h 8.65h 6.65fg 83.33m 38.66j 16.50j

I4M1 35.50i 7.70i 6.00g 65.00o 30.00l 13.30l

I1M2 58.33c 14.35de 9.68c 154.03c 72.00c 29.00c

I2M2 53.50de 12.33f 8.65d 125.00g 59.33f 23.86e

I3M2 49.83f 10.00g 7.60e 93.00l 44.76i 18.34i

I4M2 47.36g 8.30hi 6.65fg 73.33n 35.30k 14.50k

I1M3 61.50b 17.00b 10.66b 165.60b 78.00b 31.16b

I2M3 57.50c 14.66d 9.33cd 145.00d 68.66d 28.24cd

I3M3 52.83e 12.66f 7.65e 113.00h 54.50g 22.75fg

I4M3 47.16g 10.33g 7.00ef 99.00k 47.50h 19.50h

I1M4 65.16a 18.00a 12.64a 186.66a 89.00a 35.50a

I2M4 61.50b 15.66c 10.66b 154.10c 73.00c 30.33b

I3M4 57.50c 13.66e 9.65c 155.00c 62.53e 25.95e

I4M4 52.50e 12.66f 7.60d 108.00i 52.66g 21.91g

LSD 1.64 0.95 0.99 2.12 1.87 1.12

Mean 52.64 12.44 8.59 120.79 57.11 23.65
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lowest content (2.12%) (Fig. 6A). The EOs yield is influ-
enced by both leaf yield and EOs content. The plants 
exposed to 100% FC and 200 µM MT produced the high-
est EOs yield (0.96 g/plant), while those treated with 40% 
FC and 50  µM MT had the lowest yield (0.44  g/plant) 
(Fig. 6B).

Carvacrol in the EO
Carvacrol is the main component of the EOs of S. 
rechingeri (Fig.  7). The maximum content of carvacrol 
(95.66%) was observed in 40% FC and 200 µM MT. The 
minimum content of carvacrol (81%) was measured in 
100% FC without MT treatment (Fig. 8A). At the maxi-
mum drought level, MT application increased the car-
vacrol percentage by approximately 18.09%, compared 

Fig. 1 Effect of melatonin treatment on relative water content (A) and electrolyte leakage (B) of S. rechingeri plants under drought stress. The mean 
comparisons were performed using the LSD test at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3). Means followed by the same 
letter(s) are not significantly different
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to the control. By increasing MT concentrations and 
drought stress, the results indicated a higher level of 
carvacrol.

Antioxidant activity
The FRAP assay was employed to examine the antioxi-
dant activity capacity. The results in Fig.  8B indicate a 
noteworthy enhancement in antioxidant activity capac-
ity under drought stress compared to the control plants. 
Various levels of exogenous MT were found to augment 
the antioxidant activity capacity under drought-stress 
conditions. The most substantial increase in antioxidant 
activity capacity was observed in plants treated with 40% 
FC and 200 µM MT. In comparison, the lowest value was 
recorded in plants subjected to 100% FC without MT.

Correlation analysis
The results for the correlation between agro-morphologi-
cal, physio-biochemical, and phytochemical traits (Fig. 9) 
revealed that the total phenol content had positive and 
significant correlations with the carvacrol (r = 0.94), 
EOs content (r = 0.81) and antioxidant activity (r = 0.93). 
The traits of total phenol content (r = 0.94), antioxidant 
activity (r = 0.81), rosmarinic acid (r = 0.95), and EOs 
content (r  = 0.91) showed a positive and significant cor-
relation with carvacrol content. Also, a positive and sig-
nificant correlation was observed between rosmarinic 
acid and total phenol content (r = 0.96), carvacrol con-
tent (r = 0.95), EOs content (r = 0.85), and antioxidant 

activity (r = 0.87). Drug weight as an important eco-
nomic trait had a positive and significant correlation with 
plant height (r = 0.94), leaf length (r = 0.98), leaf width 
(r = 0.96), fresh weight (r = 0.99), and dry weight (r = 0.99) 
and had a negative and significant correlation with the 
relative water content. The final function of each medici-
nal plant in terms of the desired metabolites is obtained 
from the function of the medicinal organ of the plant. 
Because the secondary metabolites (including carvacrol 
and rosmarinic acid) of S. rechinjeri are mainly obtained 
from drug weight, therefore, any factor that causes 
increasing the drug weight in this plant can be effective 
in the production of more metabolites. Therefore, these 
attributes can be considered by plant breeders.

Discussion
Drought stress represents an important abiotic fac-
tor impacting plant development and biomass yield by 
constraining various physiological, biochemical, and 
molecular pathways such as photosynthesis, protein 
metabolism, and lipid biosynthesis, among others [35]. 
Due to the lack of water around the world, determining 
the exact amount of water needed to produce products 
seems necessary and necessary to avoid possible water 
losses [36]. In this study, the effect of MT was evalu-
ated based on agro-morphological, biochemical, and 
phytochemical traits (especially the content of carvacrol 
in EOs and rosmarinic acid in extract) of S. rechingeri 
under drought stress. The findings indicated a notable 

Fig. 2 Effect of melatonin treatment on chlorophyll content of S. rechingeri plants under drought stress. The mean comparisons were performed 
using the LSD test at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3). Means followed by the same letter(s) are not significantly 
different
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deterioration in all plant growth parameters of drought-
treated plants compared with the control group. This 
outcome could potentially be attributed to the decline in 
photosynthesis, heightened evapotranspiration, reduced 
cell turgidity, restricted  CO2 assimilation caused by sto-
matal closure, and ultimately, hindered cell division 

during periods of drought [37]. The introduction of 
exogenous MT demonstrated a positive impact on plant 
growth under drought stress, accompanied by an eleva-
tion in MT levels (Fig.  10). Particularly noteworthy was 
the significant enhancement in plant height, leaf length, 
leaf width, fresh weight, dry weight, and drug weight 

Fig. 3 Effect of melatonin treatment on  H2O2 content (A) and malondialdehyde (B) of S. rechingeri plants under drought stress. The mean 
comparisons were performed using the LSD test at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3). Means followed by the same 
letter(s) are not significantly different
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observed in the 200  µM MT treatment group, when 
compared to plants subjected solely to drought condi-
tions. In stressful conditions, MT as a strong antioxidant 
helps plants against oxidative stress caused by ROS and 
improves growth traits by increasing the content of chlo-
rophyll and increasing the efficiency of photosynthesis 

[38]. Furthermore, MT enhances plants’ defense mecha-
nisms against environmental stresses, pathogens, and 
pests, thereby decreasing plants’ susceptibility to both 
biotic and abiotic stresses [39]. In the current study, the 
reduction in RWC due to drought stress may be attrib-
uted to the inhibition of water movement from roots to 

Fig. 4 Effect of melatonin treatment on total phenol content (A) and rosmarinic acid (B) of S. rechingeri plants under drought stress. The mean 
comparisons were performed using the LSD test at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3).Means followed by the same 
letter (s) are not significantly different
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shoots, mediated by factors such as mesophyll cell tur-
gidity, low leaf water potential, increased leaf thickness, 
or reduced soil moisture [37–41]. In their study, Cui et al. 
[41] suggested that the application of exogenous MT 
could potentially mitigate the effects of drought stress on 
plants by regulating water balance and cell turgor. The 
assessment of EL was conducted to gauge the impact 
of drought stress on membrane permeability, showing 
an elevation in EL toward the intercellular spaces under 
drought conditions. Conversely, plants treated with 
200  µM MT exhibited reduced EL levels compared to 
the untreated control under drought stress conditions. 
Drought stress-induced lipid peroxidation, triggered by 
the generation of ROS, resulted in membrane perme-
ability, leading to increased EL levels [42]. The severity 
and duration of stress directly correlated with membrane 
damage, while the application of MT alleviated the nega-
tive effects of drought stress on S. rechingeri. Elevated 
levels of  H2O2 were found to promote lipid peroxida-
tion, causing membrane impairment and subsequent 
electrolyte leakage, as reported by Cui et  al. [41]. The 
vulnerability of chlorophyll to water scarcity is notewor-
thy, with specific plant species experiencing a decrease 
in chlorophyll levels in response to drought-induced 
stress [43, 44]. In the present investigation, a reduction 
in chlorophyll content was observed under conditions of 
drought stress. Our observations were substantiated by 
the research outcomes of Campos et al. [45] and Sharma 
et al. [46], which proposed that the application of MT on 
stressed plants resulted in an enhancement of photosyn-
thetic pigment, thereby retarding chlorophyll degrada-
tion and leaf chlorosis. Previous studies examining the 

impact of MT on chloroplast functions have consistently 
demonstrated its beneficial effects under various abiotic 
stress conditions [37, 45–49]. The levels of  H2O2 and 
MDA exhibited a significant increase in response to the 
drought stress treatments, according to the findings of 
the present study. It was observed that the application of 
MT resulted in a decrease in these levels, indicating the 
potential of MT to function as an antioxidant in miti-
gating the damage caused by the accumulation of ROS. 
The generation of superoxide anions in plant cells under 
drought-stress conditions is believed to be modulated 
by MT, either through augmentation of the scavenging 
process or regulation of superoxide anion production, as 
suggested by previous studies [50–52]. Furthermore, MT 
has been shown to enhance the efficiency of  H2O2 scav-
enging in plants subjected to drought stress, as reported 
in various research works [50, 53]. The proficient scav-
enging of ROS mediated by MT in plants experiencing 
drought stress conditions serves to protect the integrity 
of plant cell walls. This protective mechanism is fur-
ther evidenced by the reduced MDA content levels and 
diminished electrolyte leakage observed in plants treated 
with MT under conditions of water deficit [47, 54, 55]. 
Prolonged exposure to stress and heightened produc-
tion of ROS in plant organisms may trigger detrimental 
pathways, such as lipid peroxidation. The quantification 
of MDA is widely acknowledged as a reliable metric for 
assessing lipid peroxidation levels [56]. Within the con-
text of the current investigation, MDA content exhibited 
an escalation in response to drought-induced stress due 
to lipid peroxidation and impairment of the plasma mem-
brane. Nonetheless, the application of MT demonstrated 

Fig. 5 The HPLC–PDA chromatogram of S. rechingeri extract. under treatment of 100 µM MT and 40% FC
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a significant mitigation of the harmful impacts associated 
with drought stress.

Phenolic compounds, such as phenols, represent the 
secondary metabolites typically synthesized under abi-
otic stresses [57]. These compounds are crucial in miti-
gating oxidative damage by detoxifying ROS [35, 37, 

57]. The antioxidant activity of phenolic compounds 
involves the deactivation of lipid ROS or the prevention 
of hydroperoxide decomposition into ROS [46]. Conse-
quently, it is plausible that the upregulation of phenolic 
compound production contributed to ROS scavenging in 
S. rechingeri plants under drought conditions. Our study 

Fig. 6 Effect of melatonin treatment on essential oil content (A) and yield (B) of S. rechingeri plants under drought stress. The mean comparisons 
were performed using the LSD test at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3). Means followed by the same letter(s) are 
not significantly different
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revealed a more excellent total phenol content in plants 
subjected to drought stress compared to control plants. 
These findings align with those of Caser et al. [35], who 
similarly noted an increased total phenol content in 
plants treated with drought compared to controls. Fur-
thermore, the application of exogenous MT served as a 
signaling agent in plants experiencing drought stress, 
leading to a significant increase in synthesizing these sec-
ondary metabolites to improve plant resistance against 
oxidative stress [49].

The extract of S. rechingeri is rich in phenolic com-
pounds, particularly rosmarinic acid (RA) [22]. The 
concentration of RA was influenced by many factors, 
including species, cultivar, stage of growth, and envi-
ronmental circumstances [58]. In our study, drought 
stress notably amplified the RA content. Moreover, the 
application of MT substantially increased the RA con-
tent and heightened the antioxidant capability in the 
leaves of S. rechingeri. In addition, the highest amount 
of rosmarinic acid was observed in Ocimum basili-
cum L. under drought stress [59] and in Dracocepha-
lum kotschyi Boiss. under salt stress [60] at the highest 
concentration of MT. MT as an abiotic elicitor, induces 
the production of ROS, regulates defense responses, 
increases the activity of antioxidant enzymes, and 
increases the accumulation of phenolic compounds 
through stimulation of molecular signal transduction 

and regulation of gene expression which leads to plant 
immune response. This compound triggers the expres-
sion of key genes that lead to the production of Phe-
nylalanine ammonia-lyase (PAL). PAL is an important 
enzyme in the phenylpropanoid pathway and increases 
the accumulation of phenolic compounds including RA 
in plants [60]. These results indicate that MT altered 
the composition of phenolic compounds in plants 
exposed to drought, favoring those with superior anti-
oxidant properties. Consequently, these compounds 
could effectively counteract ROS, leading to a reduc-
tion in electrolyte leakage (EL) levels and hydrogen 
peroxide  (H2O2) content in the leaves of plants treated 
with MT compared with those subjected to drought 
alone. To investigate the beneficial impact of foliar MT 
application on enhancing drought stress tolerance, the 
assessment of antioxidant activity serves as a crucial 
parameter for evaluating ROS scavenger. The FRAP 
assay indicated a rise in activity under conditions of 
drought stress alone and when MT was applied in con-
junction with drought, compared to plants that were 
not subjected to stress. Our findings aligned with those 
of Cui et  al. [41] and Ye et  al. [61], indicating that the 
external application of MT contributed to an increase 
in stress tolerance by enhancing the overall antioxi-
dant capabilities of the plant. Furthermore, we noted 
a positive correlation between the levels of phenolic 

Fig. 7 The GC–MS chromatogram of S. rechingeri essential oil under treatment of 200 µM MT and 40% FC
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compounds and antioxidant activity. These outcomes 
suggest that the predominant portion of the antioxi-
dant activity observed in S. rechingeri stems from the 
phenolic compounds. The antioxidative potential is a 
product of synergistic or antagonistic influences aris-
ing from the interactions between various polyphe-
nolic compositions with one another and with other 

constituents of the food matrix or organism. The aug-
mentation of antioxidant capacity facilitated by MT is 
not only linked to the heightened levels of endogenous 
MT and polyphenolic constituents but also their intri-
cate reactions [62]. The content of EOs and their con-
stituent compounds in different plants is affected by 
environmental and genetic factors [63]. An increase in 

Fig. 8 Effect of melatonin treatment on carvacrol (A) and antioxidant power assay (B) of S. rechingeri plants under drought stress. The mean 
comparisons were performed using the LSD method at p ≤ 0.05 significant level. Data are presented as means ± SE (n = 3). Means followed 
by the same letter(s) are not significantly different
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Fig. 9 Network correlation representation of morphological, biochemical and phytochemical traits of S. rechingeri under melatonin and drought 
treatments. TPC: Total phenol content; CA: Carvacrol; RA: Rosmarinic acid; EOC: Essential oil content; FRAP: Antioxidant power assay; EL: Electrolyte 
leakage; MDA: Malondialdehyde; EOY: Essential oil yield;  H2O2: Hydrogen peroxide; DW: Dry weight; DRW: Drug weight; FW: Fresh weight; LL: Leaf 
length; LW: Leaf weight; PH: Plant height; ChC: Chlorophyll content; RWC: Relative water content

Fig. 10 The multiple mechanisms of melatonin‑induced alleviation of drought sress responses in plants based on the present study’s findings 
and related literature [66]. The negative impacts of drought stress are mainly due to the over‑accumulation of reactive oxygen species [(ROS) 
including superoxide  (O2), hydroxy radical (OH), hydrogen peroxide  (H2O2), and alkoxy radical (RO)], and the inhibition of cellular processes 
like photosynthesis, and catabolic of chlorophyll, resulting in decreased growth and metabolism. The disturbance of cellular redox regulation 
caused by drought stress induces further ROS production. This process is followed by damage to DNA, proteins, and lipids via oxidative burst. 
Several mechanisms behind the exogenous melatonin‑mediated alleviation of drought stress can be discussed: (i) regulates the activation 
of enzymatic and non‑enzymatic (i.e., secondary metabolites such as carvacrol and rosmarinic acid) antioxidants, (ii) enhances the accumulation 
of osmoprotectants through the maintenance of organic compounds such as amino acids, which further affect the retention of water in the leaf 
tissue. Moreover, exogenously applied melatonin may also act directly as an antioxidant agent against ROS and lipid peroxidation, ensuring 
the survival of plants under drought stress conditions
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the EOs content in different Lamiaceae species under 
drought stress has been reported [64]. The external 
application of MT has increased the content of EOs of 
bitter orange [65], rosemary [66], and Salvia species 
[67] in stressful conditions.

Conclusion
According to our findings, the administration of 
MT may serve as an effective strategy to enhance the 
growth of S. rechingeri plants under drought stress. 
Specifically, the application of MT at a concentration 
of 200 µM was found to enhance various morphologi-
cal growth parameters, including plant height, leaf 
length, leaf width, fresh weight, dry weight, and drug 
weight in  situations of limited water availability. The 
application of MT led to improved physiological indi-
cators such as RWC and chlorophyll content during 
water stress. Furthermore, the levels of EL, MDA, and 
 H2O2 generally decreased following MT treatment. The 
phytochemical traits analysis revealed that under water 
stress conditions, the production of secondary metabo-
lites, including TPC, RA, EOs content, EOs yield, and 
carvacrol, exhibited an increase. Furthermore, the 
application of MT treatment further enhanced these 
traits, specifically in drought stress. Our investiga-
tion demonstrated that MT mitigates the impact of 
drought stress predominantly by stimulating the anti-
oxidant defense mechanism in S. rechingeri plants. Fur-
ther research efforts exploring the complexities of this 
method and focusing on clarifying the effects of exter-
nally administered MT on changes in particular molec-
ular and biochemical pathways (including the carvacrol 
biosynthesis pathway) will provide new perspectives on 
the direct and indirect mechanisms of MT ’s effective-
ness in plant systems.

Acknowledgements
The authors gratefully acknowledge the Research Council of Shahid Beheshti 
University and for their support.

Author contributions
YD: conceptualization, methodology, investigation, formal analysis, writing—
original draft. GE:  supervision, conceptualization, methodology, data curation, 
writing—original draft. MBA: conceptualization, methodology, data curation, 
validation, writing—review and editing.  MM: investigation, formal analysis, 
validation, writing. M.G: software, formal analysis, writing—review and editing.

Funding
Not applicable.

Data availability
All data generated or analyzed during this study are included in this article. 
Further enquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate
This manuscript is an original research and has not been published or submit‑
ted in other journals. This study does not involve any human or animal testing.

Consent for publication
All authors listed have read the complete manuscript and have approved 
submission of the paper.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Agriculture, Medicinal Plants and Drugs Research Institute, 
Shahid Beheshti University, Tehran 1983969411, Iran. 2 Department of Horticul‑
ture, Maragheh Branch, Islamic Azad University, Maragheh, Iran. 3 Department 
of Horticulture, Faculty of Agriculture, Ilam University, Ilam, Iran. 4 Department 
of Medicinal Plants, Faculty of Agriculture and Natural Resources, Arak Univer‑
sity, Arak 38156‑8‑8349, Iran. 

Received: 24 May 2024   Accepted: 6 August 2024

References
 1. Li L, Kong D, Fu Y, Sussman MR, Wu H. The effect of developmental and 

environmental factors on secondary metabolites in medicinal plants. 
Plant Physiol Biochem. 2020;148:80–9. https:// doi. org/ 10. 1016/j. plaphy. 
2020. 01. 006.

 2. Ramawat KG, Arora J. Medicinal plants domestication, cultivation, 
improvement, and alternative technologies for the production of high 
value therapeutics: an overview. B Med Plant. 2021. https:// doi. org/ 10. 
1007/ 978‑3‑ 030‑ 74779‑4_1.

 3. Zhu H, Liu C, Qian H. Pharmaceutical potential of high‑altitude plants for 
fatigue‑related disorders: a review. Plants. 2022;11(5):2004. https:// doi. 
org/ 10. 3390/ plant s1115 2004.

 4. Ahmad S, Wang GY, Muhammad I, Farooq S, Kamran M, Ahmad I, Zeeshan 
M, Javad T, Ullah S, Hung JH, Zhou XB. Application of melatonin‑mediated 
modulation of drought tolerance by regulating photosynthetic efficiency, 
chloroplast ultrastructure, and endogenous hormones in maize. Chem 
Biol Technol Agric. 2022;9:5. https:// doi. org/ 10. 1186/ s40538‑ 021‑ 00272‑1.

 5. Hatami M, Hadian J, Ghorbanpour M. Mechanisms underlying toxicity 
and stimulatory role of single‑walled carbon nanotubes in Hyoscyamus 
niger during drought stress simulated by polyethylene glycol. J Hazard 
Mater. 2017;324:306–20. https:// doi. org/ 10. 1016/j. jhazm at. 2016. 10. 064.

 6. Khalid MF, Zakir I, Khan RI, Irum S, Sabir S, Zafar N, Ahmad S, Abbas M, 
Ahmed T, Hussain S. Effect of water stress (drought and waterlogging) on 
medicinal plants. In: Husen A, Iqbal M, editors. Medicinal plants. Singa‑
pore: Springer; 2023.

 7. Ali M, Afzal S, Parveen A, Kamran M, Javed MR, Abbasi GH, Malik Z, Riaz M, 
Ahmad S, Chattha MS. Silicon mediated improvement in the growth and 
ion homeostasis by decreasing Na+uptake in maize (Zea mays L.) culti‑
vars exposed to salinity stress. Plant Physiol Biochem. 2021;158:208–18. 
https:// doi. org/ 10. 1016/j. plaphy. 2020. 10. 040.

 8. Hamidian M, Movahhedi‑Dehnavi M, Sayyed RZ, Almalki WH, Gafur A, 
Fazeli‑Nasab B. Co‑inoculation of Mycorrhiza and methyl jasmonate regu‑
lates morpho‑physiological and antioxidant responses of Crocus sativus 
(saffron) under salinity stress conditions. Sci Rep. 2023;13(1):7378. https:// 
doi. org/ 10. 1038/ s41598‑ 023‑ 34359‑6.

 9. Yoosefzadeh Najafabadi M, Soltani F, Noory H, Díaz‑Pérez JC. Growth, 
yield and enzyme activity response of watermelon accessions exposed to 
irrigation water déficit. J Veg Sci. 2018;24:323–37. https:// doi. org/ 10. 1080/ 
19315 260. 2017. 14193 29.

https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1016/j.plaphy.2020.01.006
https://doi.org/10.1007/978-3-030-74779-4_1
https://doi.org/10.1007/978-3-030-74779-4_1
https://doi.org/10.3390/plants11152004
https://doi.org/10.3390/plants11152004
https://doi.org/10.1186/s40538-021-00272-1
https://doi.org/10.1016/j.jhazmat.2016.10.064
https://doi.org/10.1016/j.plaphy.2020.10.040
https://doi.org/10.1038/s41598-023-34359-6
https://doi.org/10.1038/s41598-023-34359-6
https://doi.org/10.1080/19315260.2017.1419329
https://doi.org/10.1080/19315260.2017.1419329


Page 17 of 18Dabaghkar et al. Chem. Biol. Technol. Agric.          (2024) 11:112  

 10. Hasanuzzaman M, Bhuyan M, Zulfiqar F, Raza A, Mohsin SM, Mahmud JA. 
Reactive oxygen species and antioxidant defense in plants under abiotic 
stress: revisiting the crucial role of a universal defense regulator. Antioxi‑
dants. 2020;9:681. https:// doi. org/ 10. 3390/ antio x9080 681.

 11. Nabaei M, Amooaghaie R, Ghorbanpour M, et al. Crosstalk between 
melatonin and nitric oxide restrains cadmium‑induced oxidative stress 
and enhances vinblastine biosynthesis in Catharanthus roseus (L) G don. 
Plant Cell Rep. 2024;43:139. https:// doi. org/ 10. 1007/ s00299‑ 024‑ 03229‑4.

 12. Heydarnajad GR, Torabi GM, Esmaeilpour B, Padash A, Ghahremanzadeh 
S, Hatami M. Exogenous melatonin differentially affects biomass, total 
carbohydrates, and essential oil production in peppermint upon simulta‑
neous exposure to chitosan‑coated  Fe3O4 NPs. S Afr J Bot. 2023;163:135–
44. https:// doi. org/ 10. 1016/j. sajb. 2023. 10. 038.

 13. Meftahizadeh H, Baath GS, Saini RK, et al. Melatonin‑mediated alleviation 
of soil salinity stress by modulation of redox reactions and phytochemi‑
cal status in guar (Cyamopsis tetragonoloba L.). J Plant Growth Regul. 
2023;42:4851–69. https:// doi. org/ 10. 1007/ s00344‑ 022‑ 10740‑z.

 14. Reiter RJ, Tan DX, Sharma R. Historical perspective and evaluation of the 
mechanisms by which melatonin mediates seasonal reproduction in 
mammals. Melatonin Res. 2018;1(1):59–77. https:// doi. org/ 10. 32794/ 
11250 004.

 15. Li C, Tan DX, Liang D, Chang C, Jia D, Ma F. Melatonin mediates the regula‑
tion of ABA metabolism, free‑radical scavenging, and stomatal behavior 
in two Malus species under drought stress. J Exp Bot. 2015;66:669–80. 
https:// doi. org/ 10. 1093/ jxb/ eru476.

 16. Khan MN, Zhang J, Luo T, Liu J, Rizwan M, Fahad S. Seed priming with 
melatonin coping drought stress in rapeseed by regulating reactive 
oxygen species detoxification: antioxidant defense system, osmotic 
adjustment, stomatal traits and chloroplast ultrastructure perseveration. 
Ind Crops Prod. 2019;140:111597. https:// doi. org/ 10. 1016/j. indcr op. 2019. 
111597.

 17. Hu W, Cao Y, Loka DA, Harris‑Shultz KR, Reiter RJ, Ali S. Exogenous 
melatonin improves cotton (Gossypium hirsutum L.) pollen fertility under 
drought by regulating carbohydrate metabolism in male tissues. Plant 
Physiol Biochem. 2020;151:579–88. https:// doi. org/ 10. 1016/j. plaphy. 2020. 
04. 001.

 18. Zhou R, Wan H, Jiang F, Li X, Yu X, Rosenqvist E. The alleviation of photo‑
synthetic damage in tomato under drought and cold stress by high  CO2 
and melatonin. Int J Mol Sci. 2020;21:5587. https:// doi. org/ 10. 3390/ ijms2 
11555 87.

 19. Mehralian M, Shirani Bidabadi S, Azad M, Nejad Ebrahimi S, Mirjalili MH. 
Melatonin‑mediated alleviation of drought stress by modulation of 
physio‑biochemical and metabolic status in Dracocephalum kotschyi 
Boiss. (Lamiaceae). Ind Crops Prod. 2023;204:117321. https:// doi. org/ 10. 
1016/j. indcr op. 2023. 117321.

 20. Ahmad J, Hayat F, Khan U, Ahmed N, Li J, Ercisli S, Iqbal S, Javed HU, Alyas 
T, Tu P, Chen J. Melatonin: a promising approach to enhance abiotic stress 
tolerance in horticultural plants. S Afr J Bot. 2024;167:66–76. https:// doi. 
org/ 10. 1016/j. sajb. 2023. 10. 045.

 21. Din Muhammad HM, Naz S, Lal MK, Tiwari RK, Ahmad R, Nawaz MA, Das 
R, Altaf MA. Melatonin in business with abiotic stresses in vegetable 
crops. Sci Hortic. 2024;324: 112594. https:// doi. org/ 10. 1016/j. scien ta. 2023. 
112594.

 22. Eghlima G, Shariatipour N, Mirjalili MH, Motallebi‑Azar A, Hadian J. Iden‑
tification of superior clones of Satureja rechingeri Jamzad using progeny 
test. Ind Crops Prod. 2023;205: 117568. https:// doi. org/ 10. 1016/j. indcr op. 
2023. 117568.

 23. Swarup V, Ghosh J, Ghosh S, Saxena A, Basu A. Antiviral and anti‑inflam‑
matory effects of rosmarinic acid in an experimental murine model of 
Japanese encephalitis. Antimicrob Agent Chemother. 2007;51:3367–70.

 24. Yesil‑Celiktas O, Sevimli C, Bedir E, Vardar‑Sukan F. Inhibitory effects of 
rosemary extracts, carnosic acid and rosmarinic acid on the growth of 
various human cancer cell lines. Plant Foods Hum Nutr. 2010;65:158–63. 
https:// doi. org/ 10. 1007/ s11130‑ 010‑ 0166‑4.

 25. Pérez‑Tortosa V, López‑Orenes A, Martínez‑Pérez A, Ferrer MA, Calderón 
AA. Antioxidant activity and rosmarinic acid changes in salicylic acid‑
treated Thymus membranaceus shoots. Food Chem. 2012;130:362–9. 
https:// doi. org/ 10. 1016/j. foodc hem. 2011. 07. 051.

 26. Campos DA, Madureira AR, Gomes AM, Sarmento B, Pintado MM. Opti‑
mization of the production of solid witepsol nanoparticles loaded with 

rosmarinic acid. Coll Surf B Biointerfaces. 2015;115:109–17. https:// doi. 
org/ 10. 1016/j. colsu rfb. 2013. 10. 035.

 27. Pourmeidani A, Jafari AA, Mirza M. Studying drought tolerance in Thymus 
kotschyanus accessions for cultivation in dryland farming and low effi‑
cient grassland. J Rangel Sci. 2017;7(4):331–40.

 28. Ghoulam C, Foursy A, Fares K. Effects of salt stress on growth, inorganic 
ions and proline accumulation in relation to osmotic adjustment in five 
sugar beet cultivars. Environ Exp Bot. 2002;41(1):39–50. https:// doi. org/ 10. 
1016/ S0098‑ 8472(01) 00109‑5.

 29. Lutts S, Kinet JM, Bouharmont J. NaCl‑induced senescence in leaves 
of rice (Oryza sativa L.) cultivars differing in salinity resistance. Ann Bot. 
1996;78:389–98. https:// doi. org/ 10. 1006/ anbo. 1996. 0134.

 30. Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in 
Beta vulgaris. Plant Physiol. 1949;24(1):1.

 31. Velikova V, Loreto F. On the relationship between isoprene emission and 
thermotolerance in Phragmites australis leaves exposed to high tem‑
peratures and during the recovery from a heat stress. Plant Cell Environ. 
2005;28(3):318–27. https:// doi. org/ 10. 1111/j. 1365‑ 3040. 2004. 01314.x.

 32. Wang F, Zeng B, Sun Z, Zhu C. Relationship between proline and  Hg2+‑ 
induced oxidative stress in a tolerant rice mutant. Arch Environ Contam 
Toxicol. 2009;56(4):723. https:// doi. org/ 10. 1007/ s00244‑ 008‑ 9226‑2.

 33. Slinkard K, Singleton VL. Total phenol analysis: automation and compari‑
son with manual methods. Am J Enol Vitic. 1977;28:49–55. https:// doi. 
org/ 10. 5344/ ajev. 1977. 28.1. 49.

 34. Benzie IFF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a meas‑
ure of “antioxidant power”: the FRAP assay. Anal Biochem. 1996;239(1):70–
6. https:// doi. org/ 10. 1006/ abio. 1996. 0292.

 35. Caser M, Chitarra W, D’Angiolillo F, Perrone I, Demasi S, Lovisolo C, Pistelli 
L, Pistelli L, Scariot V. Drought stress adaptation modulates plant second‑
ary metabolite production in Salvia dolomitica Codd. Ind Crop Prod. 
2019;129:85–96. https:// doi. org/ 10. 1016/j. indcr op. 2018. 11. 068.

 36. Berbel J, Exp´osito A. A decision model for stochastic optimization of 
seasonal irrigation‑water allocation. Agric Water Manag. 2022;262:107419. 
https:// doi. org/ 10. 1016/j. agwat. 2021. 107419.

 37. Hossain MS, Li J, Sikdar A, Hasanuzzaman M, Uzizerimana F, Muhammad 
I, Yuan Y, Zhang C, Wang C, Feng B. Exogenous melatonin modulates 
the physiological and biochemical mechanisms of drought tolerance 
in tartary buckwheat [Fagopyrum tataricum (L.) Gaertn]. Molecules. 
2020;25(12):2828. https:// doi. org/ 10. 3390/ molec ules2 51228 28.

 38. Ren J, Yang X, Ma C, Wang Y, Zhao J. Melatonin enhances drought stress 
tolerance in maize through coordinated regulation of carbon and nitro‑
gen assimilation. Plant Physiol Biochem. 2021;167:958–69. https:// doi. 
org/ 10. 1016/j. plaphy. 2021. 09. 007.

 39. Hern´Andez‑Ruiz J, Giraldo‑Acosta M, El Mihyaoui A, Cano A, Arnao MB. 
Melatonin as a possible natural anti‑viral compound in plant biocontrol. 
Plants. 2023;12(4):781. https:// doi. org/ 10. 3390/ plant s1204 0781.

 40. Rahimi Y, Taleei A, Ranjbar M. Changes in the expression of key genes 
involved in the biosynthesis of menthol and menthofuran in Mentha 
piperita L. under drought stress. Acta Physiol Plant. 2017;39:s11738–2017. 
https:// doi. org/ 10. 1007/ s11738‑ 017‑ 2502‑x.

 41. Cui G, Zhao X, Liu S, Sun F, Zhang C, Xi Y. Beneficial effects of melatonin 
in overcoming drought stress in wheat seedlings. Plant Physiol Biochem. 
2017;118:138–49. https:// doi. org/ 10. 1016/j. plaphy. 2017. 06. 014.

 42. Shi Q, Ding F, Wang X, Wei M. Exogenous nitric oxides protect cucum‑
ber roots against oxidative stress induced by salt stress. Plant Physiol 
Biochem. 2007;45:542–50. https:// doi. org/ 10. 1016/j. plaphy. 2007. 05. 005.

 43. Wang P, Sun X, Li C, Wei Z, Liang D, Ma F. Long‑term exogenous applica‑
tion of melatonin delays drought‑induced leaf senescence in apple. J 
Pineal Res. 2013;54(3):292–330. https:// doi. org/ 10. 1111/ jpi. 12017.

 44. Zhang N, Zhao B, Zhang HJ, Weeda S, Yang C, Yang ZC, Ren S, Guo 
YD. Melatonin promotes water‑stress tolerance, lateral root formation, 
and seed germination in cucumber (Cucumis sativus L.). J Pineal Res. 
2013;54(1):15–23. https:// doi. org/ 10. 1111/j. 1600‑ 079X. 2012. 01015.x.

 45. Campos CN, Ávila RG, de Souza KRD, Azevedo LM, Alves JD. Melatonin 
reduces oxidative stress and promotes drought tolerance in young Coffea 
arabica L. plants. Agric Water Manag. 2019;211:37–47. https:// doi. org/ 10. 
1016/j. agwat. 2018. 09. 025.

 46. Sharma A, Wang J, Xu D, Tao S, Chong S, Yan D, Li Z, Yuan H, Zheng B. 
Melatonin regulates the functional components of photosynthesis, 
antioxidant system, gene expression, and metabolic pathways to induce 

https://doi.org/10.3390/antiox9080681
https://doi.org/10.1007/s00299-024-03229-4
https://doi.org/10.1016/j.sajb.2023.10.038
https://doi.org/10.1007/s00344-022-10740-z
https://doi.org/10.32794/11250004
https://doi.org/10.32794/11250004
https://doi.org/10.1093/jxb/eru476
https://doi.org/10.1016/j.indcrop.2019.111597
https://doi.org/10.1016/j.indcrop.2019.111597
https://doi.org/10.1016/j.plaphy.2020.04.001
https://doi.org/10.1016/j.plaphy.2020.04.001
https://doi.org/10.3390/ijms21155587
https://doi.org/10.3390/ijms21155587
https://doi.org/10.1016/j.indcrop.2023.117321
https://doi.org/10.1016/j.indcrop.2023.117321
https://doi.org/10.1016/j.sajb.2023.10.045
https://doi.org/10.1016/j.sajb.2023.10.045
https://doi.org/10.1016/j.scienta.2023.112594
https://doi.org/10.1016/j.scienta.2023.112594
https://doi.org/10.1016/j.indcrop.2023.117568
https://doi.org/10.1016/j.indcrop.2023.117568
https://doi.org/10.1007/s11130-010-0166-4
https://doi.org/10.1016/j.foodchem.2011.07.051
https://doi.org/10.1016/j.colsurfb.2013.10.035
https://doi.org/10.1016/j.colsurfb.2013.10.035
https://doi.org/10.1016/S0098-8472(01)00109-5
https://doi.org/10.1016/S0098-8472(01)00109-5
https://doi.org/10.1006/anbo.1996.0134
https://doi.org/10.1111/j.1365-3040.2004.01314.x
https://doi.org/10.1007/s00244-008-9226-2
https://doi.org/10.5344/ajev.1977.28.1.49
https://doi.org/10.5344/ajev.1977.28.1.49
https://doi.org/10.1006/abio.1996.0292
https://doi.org/10.1016/j.indcrop.2018.11.068
https://doi.org/10.1016/j.agwat.2021.107419
https://doi.org/10.3390/molecules25122828
https://doi.org/10.1016/j.plaphy.2021.09.007
https://doi.org/10.1016/j.plaphy.2021.09.007
https://doi.org/10.3390/plants12040781
https://doi.org/10.1007/s11738-017-2502-x
https://doi.org/10.1016/j.plaphy.2017.06.014
https://doi.org/10.1016/j.plaphy.2007.05.005
https://doi.org/10.1111/jpi.12017
https://doi.org/10.1111/j.1600-079X.2012.01015.x
https://doi.org/10.1016/j.agwat.2018.09.025
https://doi.org/10.1016/j.agwat.2018.09.025


Page 18 of 18Dabaghkar et al. Chem. Biol. Technol. Agric.          (2024) 11:112 

drought resistance in grafted Carya cathayensis plants. Sci Total Env. 
2020;713: 136675. https:// doi. org/ 10. 1016/j. scito tenv. 2020. 136675.

 47. Liang D, Ni Z, Xia H, Xie Y, Lv X, Wang J, Lin L, Deng Q, Luo X. Exogenous 
melatonin promotes biomass accumulation and photosynthesis of kiwi‑
fruit seedlings under drought stress. Sci Hortic. 2019;246:34–43. https:// 
doi. org/ 10. 1016/j. scien ta. 2018. 10. 058.

 48. Xalxo R, Keshavkant S. Melatonin, glutathione and thiourea attenuates 
lead and acid rain‑induced deleterious responses by regulating gene 
expression of antioxidants in Trigonella foenum-graecum L. Chemosphere. 
2019;221:1–10. https:// doi. org/ 10. 1016/j. chemo sphere. 2019. 01. 029.

 49. Debnath B, Hussain M, Irshad M, Mitra S, Li M, Liu S, Qiu D. Exogenous 
melatonin mitigates acid rain stress to tomato plants through modula‑
tion of leaf ultrastructure, photosynthesis and antioxidant potential. 
Molecules. 2018;23:388. https:// doi. org/ 10. 3390/ molec ules2 30203 88.

 50. Meng JF, Xu TF, Wang ZZ, Fang YL, Xi ZM, Zhang ZW. The ameliorative 
effects of exogenous melatonin on grape cuttings under water‑deficient 
stress: antioxidant metabolites, leaf anatomy, and chloroplast morphol‑
ogy. J Pineal Res. 2014;57:200–12. https:// doi. org/ 10. 1111/ jpi. 12159.

 51. Liu J, Wang W, Wang L, Sun Y. Exogenous melatonin improves seedling 
health index and drought tolerance in tomato. Plant Growth Regul. 
2015;77:317–26. https:// doi. org/ 10. 1007/ s10725‑ 015‑ 0066‑6.

 52. Gao W, Zhang Y, Feng Z, Bai Q, He J, Wang Y. Effects of melatonin on anti‑
oxidant capacity in naked oat seedlings under drought stress. Molecules. 
2018;23:1580. https:// doi. org/ 10. 3390/ molec ules2 30715 80.

 53. Zhang N, Zhang HJ, Zhao B, Sun QQ, Cao YY, Li R, Wu XX, Weeda S, Li L, 
Ren S, Reiter RJ, Gue YD. The RNA‑seq approach to discriminate gene 
expression profiles in response to melatonin on cucumber lateral root 
formation. J Pineal Res. 2014;56:39–50. https:// doi. org/ 10. 1111/ jpi. 12095.

 54. Ma X, Zhang J, Burgess P, Rossi S, Huang B. Interactive effects of mela‑
tonin and cytokinin on alleviating drought‑induced leaf senescence in 
creeping bentgrass (Agrostis stolonifera). Environ Exp Bot. 2018;145:1–11. 
https:// doi. org/ 10. 1016/j. envex pbot. 2017. 10. 010.

 55. Kabiri R, Hatami A, Oloumi H, Naghizadeh M, Nasibi F, Tahmasebi Z. 
Foliar application of melatonin induces tolerance to drought stress in 
Moldavian balm plants (Dracocephalum moldavica) through regulating 
the antioxidant system. Folia Hortic. 2018;30:155–67. https:// doi. org/ 10. 
2478/ fhort‑ 2018‑ 0016.

 56. Sofo A, Dichio B, Xiloyannis C, Masia A. Effects of different irradiance levels 
on some antioxidant enzymes and on malondialdehyde content during 
rewatering in olive tree. Plant Sci. 2004;166(2):293–302. https:// doi. org/ 10. 
1016/j. plant sci. 2003. 09. 018.

 57. Ahmed IM, Nadira UA, Bibi N, Cao F, He X, Zhang G, Wu F. Secondary 
metabolism and antioxidants are involved in the tolerance to drought 
and salinity, separately and combined, in Tibetan wild barley. Environ Exp 
Bot. 2015;111:1–12. https:// doi. org/ 10. 1016/j. envex pbot. 2014. 10. 003.

 58. Esmaeili H, Hadian J, Rezadoost H, Kanani MR, Mirjalili MH. Variation of 
growth characters and rosmarinic acid content of cultivated Satureja 
rechingeri clones. S Afr J Bot. 2019;124:320–8. https:// doi. org/ 10. 1016/j. 
sajb. 2019. 04. 034.

 59. Bahcesular B, Yildirim ED, Karaçocuk M, Kulak M, Karaman S. Seed priming 
with melatonin effects on growth, essential oil compounds and antioxi‑
dant activity of basil (Ocimum basilicum L.) under salinity stress. Ind Crops 
Prod. 2020;146:112165. https:// doi. org/ 10. 1016/j. indcr op. 2020. 112165.

 60. Vafadar F, Amooaghaie R, Ehsanzadeh P, Ghanadian M, Talebi M, Ghanati 
F. Melatonin and calcium modulate the production of rosmarinic acid, 
luteolin, and apigenin in Dracocephalum kotschyi under salinity stress. 
Phytochemistry. 2020;177: 112422. https:// doi. org/ 10. 1016/j. phyto chem. 
2020. 112422.

 61. Ye J, Wang S, Deng X, Yin L, Xiong B, Wang X. Melatonin increased maize 
(Zea mays L.) seedling drought tolerance by alleviating drought‑induced 
photosynthetic inhibition and oxidative damage. Acta Physiol Plant. 
2016;38:s11738–2015. https:// doi. org/ 10. 1007/ s11738‑ 015‑ 2045‑y.

 62. Xu L, Yue Q, Bian F, Zhai H, Yao Y. Melatonin treatment enhances the 
polyphenol content and antioxidant capacity of red wine. Hortic Plant J. 
2018;4(4):144–50. https:// doi. org/ 10. 1016/j. hpj. 2018. 05. 004.

 63. Bajalan I, Rouzbahani R, Pirbalouti AG, Maggi F. Antioxidant and antibac‑
terial activities of the essential oils obtained from seven Iranian popula‑
tions of Rosmarinus officinalis. Ind Crops Prod. 2017;107:305–11. https:// 
doi. org/ 10. 1016/j. indcr op. 2017. 05. 063.

 64. Askary M, Behdani MA, Parsa S, Mahmoodi S, Jamialahmadi M. Water 
stress and manure application affect the quantity and quality of 

essential oil of Thymus daenensis and Thymus vulgaris. Ind Crops Prod. 
2018;111:336–44. https:// doi. org/ 10. 1016/j. indcr op. 2017. 09. 056.

 65. Sarrou E, Chatzopoulou P, Dimassi‑Theriou K, Therios I, Koularmani A. 
Effect of melatonin, salicylic acid and gibberellic acid on leaf essential 
oil and other secondary metabolites of bitter orange young seedlings. 
J Essent Oil Res. 2015;27(6):487–96. https:// doi. org/ 10. 1080/ 10412 905. 
2015. 10644 85.

 66. Farouk S, Al‑Amri SM. Exogenous melatonin‑mediated modulation of 
arsenic tolerance with improved accretion of secondary metabolite 
production, activating antioxidant capacity and improved chloroplast 
ultrastructure in rosemary herb. Ecotoxicol Environ Saf. 2019;180:333–47. 
https:// doi. org/ 10. 1016/j. ecoenv. 2019. 05. 021.

 67. Bidabadi SS, VanderWeide J, Sabbatini P. Exogenous melatonin improves 
glutathione content, redox state and increases essential oil production in 
two Salvia species under drought stress. Sci Rep. 2020;10(1):1–12. https:// 
doi. org/ 10. 1038/ s41598‑ 020‑ 63986‑6.

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

https://doi.org/10.1016/j.scitotenv.2020.136675
https://doi.org/10.1016/j.scienta.2018.10.058
https://doi.org/10.1016/j.scienta.2018.10.058
https://doi.org/10.1016/j.chemosphere.2019.01.029
https://doi.org/10.3390/molecules23020388
https://doi.org/10.1111/jpi.12159
https://doi.org/10.1007/s10725-015-0066-6
https://doi.org/10.3390/molecules23071580
https://doi.org/10.1111/jpi.12095
https://doi.org/10.1016/j.envexpbot.2017.10.010
https://doi.org/10.2478/fhort-2018-0016
https://doi.org/10.2478/fhort-2018-0016
https://doi.org/10.1016/j.plantsci.2003.09.018
https://doi.org/10.1016/j.plantsci.2003.09.018
https://doi.org/10.1016/j.envexpbot.2014.10.003
https://doi.org/10.1016/j.sajb.2019.04.034
https://doi.org/10.1016/j.sajb.2019.04.034
https://doi.org/10.1016/j.indcrop.2020.112165
https://doi.org/10.1016/j.phytochem.2020.112422
https://doi.org/10.1016/j.phytochem.2020.112422
https://doi.org/10.1007/s11738-015-2045-y
https://doi.org/10.1016/j.hpj.2018.05.004
https://doi.org/10.1016/j.indcrop.2017.05.063
https://doi.org/10.1016/j.indcrop.2017.05.063
https://doi.org/10.1016/j.indcrop.2017.09.056
https://doi.org/10.1080/10412905.2015.1064485
https://doi.org/10.1080/10412905.2015.1064485
https://doi.org/10.1016/j.ecoenv.2019.05.021
https://doi.org/10.1038/s41598-020-63986-6
https://doi.org/10.1038/s41598-020-63986-6

	Exploring the impact of exogenous melatonin on agro-morphological characteristics, carvacrol, and rosmarinic acid production in Satureja rechingeri Jamzad under drought stress
	Abstract 
	Introduction
	Materials and methods
	Experimental design and plant materials
	Irrigation regimes and MT treatments
	Measurement of agro-morphological traits
	Determination of physio-biochemical characteristics
	Relative water content
	Electrolyte leakage
	Chlorophyll content
	Hydrogen peroxide and malondialdehyde content

	Phytochemical analysis
	Extraction and determination of the total phenol content
	Measurement of rosmarinic acid by high-performance liquid chromatography (HPLC)
	Antioxidant activity
	EOs content and yield
	Determination of carvacrol in EO by GC and GC–MS

	Statistical analysis

	Results
	Agro-morphological traits
	Physio-biochemical traits
	Relative water content
	Electrolyte leakage
	Chlorophyll content
	Hydrogen peroxide and malondialdehyde

	Phytochemical markers
	Total phenol content
	Rosmarinic acid
	EOs content and yield
	Carvacrol in the EO

	Antioxidant activity
	Correlation analysis

	Discussion
	Conclusion
	Acknowledgements
	References


