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Abstract Melatonin has emerged as an important signal-
ing molecule that regulates plant responses to environ-
mental stresses. In this research, melatonin was used to
alleviate the adverse effects of oxidative stress induced by
water deficit in Moldavian balm (Dracocephalum mol-
davica) plants and morpho-physiological traits were
investigated. This experiment was conducted as a factorial
arrangement based on completely randomized design with
four replications. Treatments included foliar melatonin
application at four levels O (distilled water), 50, 100 and
150 uM and drought stress 100 (control), 80, 60 and 40%
of field capacity (FC). Higher levels of drought stress at
60% and 40% FC, caused the reduction of plant height,
shoot fresh and dry weight, root length, root fresh and dry
weight, photosynthetic pigments and protein content.
Increased amount of soluble sugar content, malondialde-
hyde content and lipoxygenase activity, non-enzyme
antioxidants (including flavonoid, polyphenol compounds
and anthocyanin), phenylalanine ammonia-lyase and
polyphenol oxidase enzymes activities were also observed
at 60% and 40% FC. Melatonin at 100 pM improved
morphological parameters, photosynthetic pigments and
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protein content under moderate and severe drought stress.
The obtained results suggested that foliar application of
100 uM melatonin also alleviated oxidative burst and
malondialdehyde production in Moldavian balm plant
under moderate and severe drought stress probably through
regulation of secondary metabolism and the enzymes
activity of phenylalanine ammonia-lyase and polyphenol
oxidase.
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Abbreviations

Car carotenoids

Chl chlorophyll

1IDW dry weight

FC field capacity

LOX lipoxygenase
MDA malondialdehyde
Mel melatonin

PAL Phenylalanine ammonia-lyase
PPO Polyphenol oxidase
RDW root dry weight
RFW root fresh weight

RL root length

ROS reactive oxygen species

SDwW shoot dry weight

SFW shoot fresh weight

TBARS thiobarbituric acid reactive substance
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Introduction

Water stress is one of the most important factors in
reducing plant productivity. If drought stress did not occur,
the actual yields would be equal to the potential yields of
the plants (Rai et al. 2012). Drought stress disturbs plant
photosynthesis, reduces chlorophyll content and
cause damage to photosynthetic apparatus, which ulti-
mately leads to oxidative stress and the formation of
reactive oxygen species (ROS). Furthermore, defects in
electron transport system within both mitochondria and
chloroplast result in excessive ROS generation. Water
deficit adaptation and tolerance is the result of physiolog-
ical and biochemical responses which result in tissue water
conservation, maintaining chloroplasts and homeostasis of
ions (Rai et al. 2012); so, understanding these responses
that alleviate the adverse effects of water loss is clearly
important (Guo et al. 2006). If toxic trace radicals are not
quickly removed or inactivated by antioxidant defense
system, they can diminish plant growth and yields as a
result of intensified MDA production, protein degradation
and DNA breakdown and perturbation of cell metabolism
(Polle 2001). To cope with drought-mediated oxidative
stress, plants use either enzymatic anti-oxidative system
such as superoxide dismutase, ascorbate peroxidase, cata-
lase and guaiacol peroxidase or non-enzymatic antioxidant
compounds like glutathione, ascorbic acid, a-tocopherol,
flavonoids, polyphenol compounds, anthocyanin and car-
otenoids (Shi et al. 2007). Flavonoids, polyphenol com-
pounds, anthocyanins and carotenoids are the most
important non-enzymatic antioxidants that scavenge both
free radicals and their excessive production. Flavonoids,
due to a number of hydroxyl groups in their structural
chain, scavenge ROS (Ma et al. 2014). Application of
drought stress raised flavonoids contents and polyphenol
compounds as an antioxidant in Solanum tuberosum
(Watkinson et al. 2006), Cistus clusii (Hernandez et al.
2004) and anthocyanins and carotenoids protect the cell
membrane and prevent chlorophyll degradation in Ara-
bidopsis thaliana (Jung 2004) and Brassica napus (Sang-
tarash et al. 2009) under drought stress.

The regulation of antioxidant compounds by exogenous
substances could mediate plant tolerance to drought stress
(Arnao and Hernandez-Ruiz 2014). Melatonin (Mel) is one
of the compounds whose accumulation in plants, may be
indicative of a mechanism for protection of the tissues from
oxidative damage arising from drought stress. Melatonin
(N-acetyl-5-methoxy-tryptamine) is an indole compound
that is naturally synthesized in mitochondria and chloro-
plasts of plants (Zheng et al. 2017). The results of previous
researches indicated the protective role of Mel against
biotic and abiotic stresses such as drought, salinity,
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extreme temperature, excess copper, pathogen attack and
senescence (Manchester et al. 2000; Wang et al. 2013a).
Among all plant growth regulators, Mel has the highest
antioxidant capacity and is recognized as the strongest
molecule with antioxidant properties (Zhang et al. 2014;
Arnao and Hernandez-Ruiz 2014). The antioxidant activity
of Mel is related to directly scavenging of free radicals,
stimulating the synthesis of enzymatic and non-enzymatic
antioxidants and increasing the capacity of mitochondria
electron transfer chains, hence reducing the production of
free radicals and ion leakage (Zhang et al. 2014). Exoge-
nous application of Mel caused the reduction of water
deficit in Cucumis sativus (Zhang et al. 2013), apple (Wang
et al. 2013a), Malus species (Li et al. 2015), Glycine max
(Wei et al. 2015) and Lupinus albus (Arnao and Hernan-
dez-Ruiz 2007). Tan et al. (1993) claimed that Mel acts as
a forefront molecule to overcome the adverse effect of
oxidative stress and other antioxidants acted as a back-up
after Mel.

Dragonhead or Moldavian balm (Dracocephalum mol-
davica) is a herb from Lamiaceae family (Hussein et al.
2006). The effective substances of its vegetative organs are
sedative and appetizing. Its essence is antibacterial and is
consumed in curing stomachache, liver disorders, headache
and flatulence as well as in food industries, soda manu-
facturing and health and make-up industries (Hussein et al.
2006). Although the effects of water stress on crops have
been comprehensively studied, but there are limited
investigations on the behavior of aromatic and medicinal
herbs under drought stress condition. Various environ-
mental factors such as water stress affect growth of phar-
maceutical plants (Letchamo and Gosselin 1996).
Moldavian balm with high susceptibility to drought stress
(Alaei et al. 2013), is an important medicinal and economic
plant. Considering lack of rainfall and occurrence of
drought stress in most regions of Iran, the application of
plant growth promoters (such as melatonin) for production
of optimal yields could be a promising approach which
allows the cultivation of medicinal plants in arid and low
water areas. The main objective of the present experiment
was to investigate the effect of melatonin as a plant growth
regulator on antioxidant defense system and secondary
metabolism of Moldavian balm plant under drought stress.
For completion of the study, some morpho-physiological
traits were also analyzed.

Materials and methods

Plant material and experimental condition

This study was carried out at the research greenhouse of the
Bardsir College of Agriculture, Kerman (29°55'39"N,
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56°34'20"E), Iran in 2016. The experiment was performed
as a completely randomized design in a factorial arrange-
ment with 16 treatments and four replications. Seeds of
Dracocephalum moldavica (Isfahan Seedlings and Seeds
Co.) were grown in plastic pots containing loamy-sandy
soil. During this experiment, greenhouse had the temper-
ature of 25/22 °C (day/night), light/dark period of 14/10 h
and relative humidity of 60%. Plant were irrigated every
day for 5 weeks. After 5 weeks of growth under normal
conditions, three healthy and uniform plants per pot were
selected for foliar application of melatonin and four
watering regimes. After optimizing melatonin concentra-
tions, experimental treatments including 0, 50, 100 and
150 uM of melatonin in distilled water and drought stress
at four levels of 100, 80, 60 and 40% of field capacity (FC)
were applied on plants and Tween-20 was used as a sur-
factant. Approximately 30 cc melatonin was sprayed on
each plant. Melatonin was applied to belonging treatments
two times per week. To reach the desired watering regimes,
pots weight measured every 2 days until the water content
dropped to 80, 60 and 40% of field capacity. When 15% of
plants reached to flowering stage, morphological and
physiological traits were measured. Plant height, shoot
fresh and dry weight, root length, root fresh and dry weight
were measured. To analyze physiological traits, leaf sam-
ples were frozen in liquid nitrogen and stored at — 80 °C
until laboratory experiments.

Estimation of photosynthetic pigments
and carotenoids

The Lichtentaler method (1987) was used to measure
chlorophylls and carotenoids content. 100 mg fresh leaves
of Moldavian balm were extracted in the 80% acetone.
After filtration, its absorption was read by UV-—Visible
Spectrophotometer (SPEKOL-2000, Germany) at wave-
lengths of 646.8, 663.2 and 470 nm.

Chl.a = (12.25A653.2 _2~79A646.8)

Chlb = (21.21A¢s65—5.1 Aee3n)

Chl. T = Chl.a + Chlb

Car = [(1000A47 — 1.8 Chl.a — 85.02 Chl.b)/198]

Estimation of flavonoid content

Flavonoid was measured spectrophotometrically using
Nogues and Baker (2000) method. 100 mg of dragonhead

leaf tissues were homogenized in 10 ml of acidified
methanol [ethanol: acetic acid, 99:1 (v/v)]. The absorption
intensity was read at 300 nm. Result was reported in terms
of mg/g DW.

Determination of polyphenol contents

The polyphenol compounds was measured by Gao et al.
(2000) method and using folin’s reagent. 100 mg of plant
tissue was homogenized in 1 ml of 80% ethanol. The extract
was stored at room temperature for 24 h (samples were
preferably stored in darkness). Then, the samples were
centrifuged for 10 min in 2000 x g and the supernatants were
used to measure the polyphenols at 765 nm wavelength and
their contents were expressed as mg/g DW.

Determination of anthocyanin content

The Wanger (1979) method was applied to measure the
anthocyanin content. 100 mg of samples were dissolved in
10 mL of acidified methanol (methanol: HCI 99:1 (v/v)).
The extracts were placed in dark room at 25 °C for 24 h;
centrifuged at 2000xg for 10 min, the absorption of
supernatant was read at 550 nm. The extinction coefficient
of 33,000 M~ !Cm™! was used for the calculation of
anthocyanin content.

Determination of soluble sugar content

The soluble sugar content of samples was determined using
an anthrone reagent based on Roe (1955) method. 100 mg
fresh leaf materials were kept in 2.5 ml of alcohol at 95 °C
in incubator for 60 min. After filtration, final volume was
made up to 2.5 ml by adding water. Then 200 pl of each
sample was poured into a test tube and added 5 ml of
anthrone reagent. Afterwards, it was placed in water bath,
at 90 °C for 17 min, and after cooling, the absorbance of
samples was read at 625 nm. Results are expressed as mg
soluble sugar per g DW ™",

Thiobarbituric acid reactive substance (TBARS)

The amount of lipid peroxidation products was measured
according to the procedure of Heath and Packer (1969).
100 mg of the Moldavian balm leaf tissues were homog-
enized in 0.1% TCA (W/V), and centrifuged at
10,000x g for 15 min. 1 ml of supernatant was added to
Sml of 20% TCA (W/V) solution containing 0.5%
2-thiobarbituric acid (TBA) (W/V), and the mixture was
heated for 30 min at 90 °C. Samples were quickly
immersed in ice for 5 min and then re-centrifuged at
10,000x g for 10 min. For MDA measurement, the absor-
bance of the supernatant was read at 532 nm and correction
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for unspecific pigments was performed by deducting the
absorbance of the same samples at 600 nm. The extinction
coefficient (¢) of 155 mM 'em™' was used for determi-
nation of MDA concentration.

Enzyme extraction and activity determination

500 mg leaf samples were homogenized in 50 mM potas-
sium phosphate buffer (pH 7.0) containing 1 mM ethylene
diamine tetra acetic acid (EDTA), 1% soluble polyvinyl
pyrrolidone (PVP) and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF). All extraction steps were carried out on ice at
4 °C. The mixture was centrifuged at 20,000xg for
20 min, and the supernatant applied for assay of the
activity of antioxidant enzymes and protein content.

Total soluble proteins

Protein content was calculated following the method of
Bradford (1976) in which Bovine serum albumin was used
as standard. 5 ml of Bio-Rad reagent was added to the test
tubes containing 100 pl of protein extract, then the
absorption intensity was read at 595 nm.

Lipoxygenase (LOX) activity (EC 1.13.11.12)

The activity of LOX was carried out according to the
method of Minguez-Mosquera et al. (1993). The reaction
mixture contained 100 mM linoleic acid as a substrate,
100 mM acetic acid buffer (pH 6.5) and an enzyme extract.
The absorbance of the reaction was measured at 234 nm
and the activity of LOX was calculated by using the
extinction coefficient of 25,000 M~!Cm~! and LOX
activity was calculated as U/mg protein.

Phenylalanine ammonia-lyase (PAL) activity (EC
4.3.1.5)

PAL activity was measured according to the amount of
phenylalanine conversion to cinnamic acid based on the
method of D’ciinha et al. (1996). The reaction mixture
contained 100 mM Tris—HCl buffer (pH 8.5), 1 mM
2-mercaptoethanol, 50 mM L-Phenylalanine and enzyme
extract. The reaction was terminated by the addition of 6 M
HCI and absorbance of the supernatant was read at 290 nm.

Polyphenol oxidase (PPO) activity assay
(EC1.14.18.1)

Haplin and Lee (1987) procedure was used. The reaction
mixture consisted of 0.2 M Tris buffer (pH 7.6), 0.02 M
pyrogallol and 100 pl of the enzyme extract. PPO activity
was expressed as change in absorbance at 412 nm.
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Statistical analysis

Statistical analysis were accomplished via one-way
ANOVA followed by LSD test to compare whether the
means were significantly different, taking p value of <
0.05 as significant. Computations and statistical analysis
were done using SAS and MSTATC.

Results

Foliar application of 100 pM Mel was more effective than
the other concentrations of Mel (50 and 150 uM) espe-
cially under moderate and severe drought stress conditions.
According to the results, we focused on the best concen-
tration of Mel (100 uM).

Plant height

The results of analysis of variance showed that Mel,
drought stress and the interaction of Mel treatments and
drought levels caused a significant (p < 0.01) effect on
plant height (Table 1). There was no significant difference
between control and all concentrations of Mel under nor-
mal condition (Fig. 1a). Exogenous application of 100 pM
Mel markedly alleviated the adverse effects of drought
stress on plant height (Fig. la). The concentration of
100 pM Mel had significant difference compared with non-
treated Moldavian balm plants and other doses of Mel
under moderate (60% FC) and severe (40% FC) drought
stress conditions (Fig. 1a).

Shoot fresh and dry weight

The response of shoot fresh weight (SFW) to the interac-
tion of Mel concentrations and drought levels was signifi-
cant (p < 0.01) (Table 1). Water deficit had a significant
effect on shoot dry weight (SDW) of Dracocephalum
moldavica (Table 1). The highest level of drought stress
(40% FC) caused a reduction of 81.6% and 80% in SFW
and SDW as compared to control respectively (Fig. 1b, c),
but the concentration of 100 uM Mel increased SFW and
SDW approximately 61.1% and 60.5% compared with non-
treated plants under mentioned drought level (Fig. 1b, c).

Root length (RL), root fresh weight (RFW) and root
dry weight (RDW)

RL, RFW and RDW reduced by increasing of drought
stress and as shown in Table 1, the effect of water deficit
on these mentioned traits was significant (p < 0.01). RL,
RFW and RDW reduced from 12.35 cm, 3.08 g and
0.617 g under normal condition to 6.2 cm, 1.47 g and
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Table 1 Mean squares (MS) for morphological parameters containing plant height, shoot fresh weight (SFW), shoot dry weight (SDW), root
length (RL), root fresh weight (RFW) and root dry weight (RDW) of Dracocephalum moldavica

Sources of variance Degree of freedom MS

Plant height SFW SDW RL RFW RDW
Melatonin 217.4" 46.07" 3517 407" 0.279" 0.008"
Drought stress 1698.5™ 738.2" 56.04" 79217 517 0.231"
Melatonin x drought stress 9 40.85™ 7.5 0.567™ 0.995™ 0.068™ 0.002"
Error 48 12.28 3.3 0.337 0.838 0.051 0.002
CV% 7.47 10.78 12.54 8.44 8.57 8.59

** * and ns denote significant differences at 0.01, 0.05% levels, and not significant respectively

0.283 g at the highest drought level respectively (Fig. 1d-
f). Interaction between drought stress and Mel treatment
indicated that foliar application of 100 uM Mel statistically
showed the highest RL, RFW and RDW in contrast with
control and other concentrations of Mel under drought
stress of 60% and 40% FC (Fig. 1d—f).

Estimation of photosynthetic pigments
and secondary metabolites

Drought stress had a significant effect on chlorophyll a
(Chl a), chlorophyll b (Chl b) and carotenoids (Car), fla-
vonoid, polyphenols and anthocyanin contents of Molda-
vian balm plants (Table 2). Water stress at the level of 40%
FC decreased Chl a, Chl b and Car by approximately 48.4,
73.15 and 90.2% compared to non-treated plants respec-
tively (Fig. 2a—c). Exogenous application of 100 uM Mel
was more effective on photosynthetic pigments under
severe drought stress condition (Fig. 2a—c). The highest
Flavonoid content was recorded for 100 uM Mel compared
with the other concentrations of Mel and plants which were
sprayed with distilled water under 60% and 40% FC
(Fig. 2d). The application of 100 pM Mel caused an
increment of 17.68% and 15.8% in polyphenol compounds
compared with non-treated Moldavian balm plants under
drought stress of 60% and 40% FC, respectively (Fig. 2e).
The difference in anthocyanin content was not statistically
significant between 50 and 100 uM Mel, while both were
significantly higher than control and 150 pM Mel under
60% and 40% FC (Fig. 2f). The greatest increase in
anthocyanin content was observed in the concentrations of
50 uM and 100 pM Mel as 7.9% and 8.5% compared to
non-treated plants under severe drought stress respectively

(Fig. 2f).
Soluble sugar content
The effect of different levels of drought stress on soluble

sugar content was significant (Table 3). Increment of
drought stress from 100 to 40% FC led to increase of

soluble sugar (Fig. 3a). Highest level of drought stress
caused an increase of 60.73% in soluble sugar content in
comparison with control (Fig. 3a). The difference in sol-
uble sugar wasn’t statistically significant between control
and Mel treatment at any concentrations under both normal
and stress conditions (Fig. 3a).

Protein content

Implication of Mel and drought stress had significant effect
on protein content (p < 0.05 and p < 0.01, respectively)
(Table 3). Increased drought stress level alleviated the
adverse effects of water stress on protein content in Dra-
cocephalum moldavica plants which were treated with
100 pM Mel concentration (Fig. 3b). In comparison with
control, exogenous application of 100 pM Mel increased
protein content under moderate and severe drought stress
(14.18% and 12.68%, respectively) (Fig. 3b).

Malondialdehyde (MDA) and lipoxygenase activity
(LOX)

MDA was measured as an indicator of lipid peroxidation
and LOX is an oxidation enzyme that contributes to
oxidation of polyunsaturated fatty acids. Drought stress
and Mel significantly affected MDA content and LOX
activity (p < 0.01) (Table 3). The response of LOX
activity to the interaction of Mel concentrations and
drought levels was significant (Table 3). The data showed
that water stress increased MDA content (Fig. 3c) and
LOX activity (Fig. 4a). The highest and lowest MDA
content (Fig. 3c) and LOX activity (Fig. 4a) was recorded
for drought stress of 40% FC and control, respectively.
The concentration of 100 pM Mel applied through foliar
spray significantly reduced MDA content (Fig. 3c) and
LOX activity (Fig. 4a) especially under moderate and
severe drought stress.
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Fig. 1 Effect of melatonin foliar application on growth characteris-
tics [plant height (a), shoot fresh weight (b), shoot dry weight (c), root
length (d), root fresh weight (e) and root dry weight (f)] of
Dracocephalum moldavica under different levels of drought stress.

Estimation of phenylalanine ammonia-lyase (PAL)
activity and polyphenol oxidase (PPO) activity

As shown in Table 3, the effect of Mel and drought stress
on the activities of PAL and PPO was significant. The
interaction of Mel concentrations with drought stress sig-
nificantly affected PAL activity and PPO activity
(Table 3). Results showed that drought stress caused an
increase of both mentioned traits (Fig. 4b, c¢). The differ-
ence in PAL activity wasn’t statistically significant
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between the concentrations of 50 and 100 uM Mel, while
both were significantly higher than control and the other
concentration of Mel under 40% FC drought stress
(Fig. 4b). PPO activity increased from 0.088 U/mg protein
at normal condition to 6.56 U/mg protein at the highest
level of drought stress (Fig. 4c). No significant difference
was observed between control and all concentrations of
Mel in the activity of PPO under normal and mild drought
stress (Fig. 4c), while foliar application of 100 uM Mel
caused an increase of 18.5% and 6.7% in PPO activity as
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Table 2 Mean squares (MS) for photosynthetic pigments including chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoids (Car), and
secondary metabolites consisting of flavonoid, polyphenols, and anthocyanin of Dracocephalum moldavica

Sources of variance Degree of freedom MS

Chl a Chl b Car Flavonoid Polyphenols Anthocyanin
Melatonin 3 4.68" 151" 0.831" 04317 25.697 0.3"
Drought stress 211.17 78317 47.43™ 15.56™ 922.5™ 81.38™
Melatonin x drought stress 9 0.696™ 0.514" 0.105™ 0.079™ 1.31™ 0.084™
Error 48 0.624 0.215 0.101 0.092 1.15 0.078
CV% 5.1 8.2 9.6 132 53 6.3

** * and ns denote significant differences at 0.01, 0.05% levels, and not significant respectively
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compared to control under moderate and severe water
stress conditions respectively (Fig. 4c).

Discussion

Several environmental factors affect growth, development
and ultimately yield in plants. Water deficit is one of the
environmental stresses that causes adverse effects on plant
growth stages, organs structure and activity; eventually,
causing oxidative stress by disturbing the balance between
the production of ROS and the plant’s antioxidant defense
system (Gholami et al. 2010). In this regard, increasing
plant tolerance to drought stress as an effective strategy can
be the most feasible and economical approach to reduce the
damaging effects of stress. In recent years, researchers
have found that exogenous application of Mel (Mel is
known as an inexpensive and safe substance for the envi-
ronment) can enhance plant tolerance to drought stress (Li
et al. 2015; Zhang et al. 2014). Results showed that plant
height (Fig. 1a) and RL (Fig. 1d) reduced with increasing
of drought stress level. One of the reasons for reduction of
these traits under drought stress conditions could be related
to less water uptake, photosynthesis disruption, decreased
production of hormones and the activity of enzymes. It has
been reported that plants which grow in stressful environ-
ments have shorter stems and roots (Farooq et al. 2009;
Katerji et al. 1994). In this research, different levels of
drought stress in Moldavian balm plants caused a signifi-
cant decrement in root and shoot length. Similar results
were obtained by Agnihotri et al. (2007), Haq et al. (2010)
and Kaydan and Yagmur (2008) under drought stress
conditions. SFW (Fig. 1b), SDW (Fig. 1c), RFW (Fig. le)
and RDW (Fig. 1f) were other parameters which were
reduced under moderate and severe drought stress. Lower
SFW, SDW, FRW and RDW due to limited water uptake
was reported by Yucel et al. (2010) and Radhouane (2007).

Among different strategies which were applied to cope
with drought stress, foliar application has proven to be an
excellent technique and this approach has recently been

Fig. 3 Effect of melatonin foliar application on physio-biochemical p
characteristics [soluble sugar (a), protein content (b) and MDA (c)] of
Dracocephalum moldavica under different levels of drought stress.
The mean comparisons were performed using LSD method at
p < 0.05 significant level. Means (+ SE) followed by the same
letter(s) are not significantly different

used to overcome drought stress condition (Farooq et al.
2009). So that, foliar spraying of Mel especially 100 pM
concentration could mitigate the adverse effects of drought
stress. Our previous study clarified that the maintenance of
high turgor potential and relative water content in plants
which were treated with melatonin compared with
untreated plants prevented the reduction of shoot and root
growth under drought stress. In plants, Mel affected plants
metabolites and stimulated biosynthesis of phytohormones,
facilitated nutrients absorption, stimulating root and shoot
growth and finally lead to enhancement of the quality and
quantity of production. Mel regulated rooting through
induction of auxin and caused an increasing of shoot
growth via the increment of cytokinin production (Arnao
2014). Our results confirm the report that Mel in low-dose
promoted root elongation, vegetative growth and devel-
opment of Glycyrrhiza uralensis (Afreen et al. 2006) and
Prunus avium (Sarropoulou et al. 2012).

In this research, water stress caused the reduction of
photosynthetic pigments and carotenoids, while 100 uM
Mel treatment increased Chl (as the main part of photo-
synthetic structure) and carotenoids in stress condition
(Fig. 2a—c). A possible reason for the reduction of photo-
synthetic pigments under drought stress condition could be
related to the destruction of chloroplast and photosynthetic
apparatus, chlorophyll photo-oxidation, degradation of
chlorophyll synthesis precursors, inhibition of new
chlorophyll biosynthesis, activation of chlorophyll
degrading enzymes including chlorophyllase and hormonal
disturbance (Wang et al. 2013a). On the other hand, Costa
et al. (2005) reported that LOX was one of the enzymes
involved in chlorophyll degradation. The reduction of

Table 3 Mean squares for physio-biochemical traits comprising soluble sugar, protein, MDA and LOX activity and antioxidant enzymes

including PAL and PPO activities of Dracocephalum moldavica

Sources of variance Degree of freedom  MS

Soluble sugar  Protein MDA LOX activity  PAL activity  PPO activity
Melatonin 3 10.73™ 134.9" 0.011" 12677 1727 0.307"
Drought stress 5892.6" 55022 0.435™ 1.701" 159.7"" 96.81""
Melatonin x drought stress 9 1.99™ 76.55™  0.002" 0.267"" 0.082" 0.142"
Error 48 23.34 4451 0.001 0.083 0.034 0.066
CV% 7.8 5.9 8.4 8 29 8.4

** * and ns denote significant differences at 0.01, 0.05% levels, and not significant respectively
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«Fig. 4 Effect of melatonin foliar application on LOX activity (a) and
antioxidant enzymes including PAL (b) and PPO (c) activities of
Dracocephalum moldavica under different levels of drought stress.
The mean comparisons were performed using LSD method at
p < 0.05 significant level. Means (4 SE) followed by the same
letter(s) are not significantly different. Means (& SE) followed by the
same letter(s) in each column are not significantly different at the 5%
level

carotenoids in drought stress may be related to beta-car-
otene decomposition and the formation of zeaxanthin in the
xanthophyll cycle (Sultana et al. 1999). Melatonin at dif-
ferent concentrations caused the delaying of chlorophyll
loss and leaf senescence compared to control plants (Arnao
and Hernandez-Ruiz 2009). Long-term exogenous appli-
cation of Mel to one-year-old apple trees under water stress
caused delaying leaf senescence, with a significant reduc-
tion in chlorophyll degradation, through the enhancement
of ROS-scavenging enzyme activities (Wang et al.
2013a, b). Similar data was also obtained in the researches
of Zhang et al. (2013) and Sarropoulou et al. (2012). The
induction of carotenoid biosynthesis under drought stress
condition by foliar application of Mel could be due to their
protective role in photosynthetic apparatus, because these
pigments were responsible for scavenging ROS, preventing
lipid peroxidation and ultimately reducing oxidative stress
(Wang et al. 2013a, b; Zhang et al. 2013).

It has been reported that soluble sugars accumulation
during salinity (Juan et al. 2005) and drought (Pinheiro
et al. 2001) stresses is a plant resistance response to protect
macromolecules structures and the stability of DNA in the
cell (Juan et al. 2005). In this study, increasing soluble
sugars content was observed under drought stress (Fig. 3a),
which was consistent with the results of some researchers
in other plants (Pinheiro et al. 2001; Sato et al. 2004).
Exogenous application of Mel caused an increment of
soluble sugars in Prunus cerasus (Sarropoulou et al. 2012).
Water deficit caused the reduction of water potential gra-
dient between roots and their surrounding media. Plants
recruit different mechanisms such as osmotic adjustment
and compatible osmolytes (soluble sugars and proline)
production to enhance their water potential and continuous
water absorption (Rai et al. 2012). The data of this research
and our previous results well illuminated that osmolyte
compounds of Moldavian balm plant which was sprayed
with different concentrations of Mel are not able to miti-
gate the adverse effects of drought stress which causes the
reduction of plant growth. So that, it seems that the pro-
tective role of melatonin on dragonhead plant was attained
through enzymatic and non-enzymatic antioxidant defense
system.

Data presented in Fig. 3b, demonstrated that protein
content decreased under drought stress. The reduction of

protein content was the prevalent phenomenon in drought
stress, because water deficit had a main effect on the
nitrogen metabolism. The reasons for the reduction of
protein content could be related to ROS generation causing
the induction of amino acids oxidation (Hsu and Kao
2003), increased degradation of protein structure (Iturbe-
Ormaexte et al. 1998), inhibition of protein biosynthesis
through the influence of polyribosomes (Hsiao 1970),
reduced efficiency of mechanisms involved in regeneration
of proteins (Rahnama and Ebrahimzadeh 2004) and
decreased activity of nitrate reductase enzyme (Shibli et al.
2007). However, melatonin prevented from excessive
protein degradation (Fig. 3b). The effect of Mel on
increase of nitrate contents and nitrate reductase activity
could be the reason for increment of protein content in Mel
treated plants (Lazar et al. 2013). Mel caused the increment
of protein content in Chara australis (Lazar et al. 2013),
Malus domestica (Wang et al. 2013a) and Vitis vinifera
(Meng et al. 2014).

The results in Moldavian balm plants showed that
drought stress caused significant increase in MDA content
(Fig. 3c) and LOX activity (Fig. 4a). Water stress induced
lipid peroxidation via ROS generation and thus, led to cell
injury and increased electrolyte leakage (Shi et al. 2007).
These results were in agreement with the findings of
Sharma and Shanker (2005) in Oryza sativa and Turkan
et al. (2005) in Phaseolus acutifolia. Reducing relative
water content and induction of water stress in plant raised
the transcription of LOX-related genes, which results in a
higher amount of this enzyme (Turkan et al. 2005).
Increased LOX activity in barley has been reported under
drought stress (Kubis 2006). Mel alleviated the adverse
effect of MDA content (Fig. 3¢) and LOX activity (Fig. 4a)
under drought stress in Dracocephalum moldavica plants.
Several studies have been revealed that the role of Mel as
an inhibitor of lipid peroxidation can be related to its
ability to react with lipid alcoxyl (LOe) and lipid peroxyl
(LOOe) radicals and interrupt the chain of peroxidation (Li
et al. 2012; Sarropoulou et al. 2012; Tan et al. 1993; Zhang
et al. 2013). A protective effect of Mel on the reduction of
MDA content and LOX activity has been reported under
drought stress (Meng et al. 2014; Zhang et al. 2013; Wang
et al. 2013a). Our research findings showed that Mel
through the induction of enzymatic and non-enzymatic
antioxidant mechanisms, made it possible to reduce elec-
trolyte leakage and protected the plant from oxidative
damage.

Upon drought stress imposition, flavonoid, polyphenol
compounds, anthocyanin content (Fig. 2d—f), PAL activity
(Fig. 4b) were increased on both control treatment and
plants which were sprayed with different concentrations of
Mel. Foliar application of 100 pM Mel showed a higher
increasing in secondary metabolites (Fig. 2d—f) and PAL
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activity (Fig. 4b). Polyphenol compounds, anthocyanin and
flavonoid are synthesized from the phenylpropanoid path-
way. These secondary metabolites act as antioxidants and
can scavenge free radicals and other oxidative species
(Syvacy and Sokmen 2004). In plant cells, polyphenol
compounds act as backup of ascorbate—glutathione cycle to
scavenge hydrogen peroxide (Syvacy and Sokmen 2004).
Flavonoids are also potent antioxidants that can decompose
H,0, in vacuole or cell wall, furthermore, flavonoids
directly inhibit oxidative stress by entering into redox
reactions and indirectly by iron chelating (Kreft et al.
2002). Anthocyanins are made at the last point of flavo-
noids biosynthetic pathway and are involved in scavenging
of ROS in environmental stresses (Kreft et al. 2002).
Phenylalanine ammonia-lyase (PAL) is the key enzyme of
the phenylpropanoid pathway, which converts phenylala-
nine into a trans-cinnamic acid by L-deamination reaction.
Cinnamic acid is the first substance for synthesis of sec-
ondary metabolites (Wen et al. 2005). An increasing of
PAL activity and consequently the accumulation of
polyphenol compounds, flavonoids and anthocyanin con-
tent has been reported under biotic and abiotic stresses (Ma
et al. 2014; Wen et al. 2005). PPO activity increased in
Moldavian balm plants which were subjected to drought
stress (Fig. 4c). PPO activity enhanced in Sesamum indi-
cum under drought stress (Fazeli et al. 2007). The con-
centration of 100 pM Mel-applied plants had significantly
higher levels of secondary metabolites by induction of PAL
and PPO activities compared to only drought-stressed ones
(Fig. 4b, c). Our findings were identical with the results of
Szafranska et al. (2012) in Vigna radiata. It has been
reported that PPO in chloroplasts of mesophilic cells plays
a crucial role in regulating the Mehler reaction and oxygen
level on thylakoids membrane in plastids. Therefore, it can
be expected that PPO reduces the risk of ROS generation
by oxidizing oxygen (Vaughn et al. 1988). Thipyapony
et al. (2004) reported that enhanced PPO activity caused to
protect the Chlorophyll contents and polyphenol com-
pounds. The results of Kostopoulou et al. (2015) showed
that application of Mel increased phenolic compounds,
anthocyanin and PPO activity along with reducing oxida-
tive stress because PPO could act as non-destructive sink
for extra light energy.

Conclusion

Drought stress triggered oxidative damage in Moldavian
balm plant through excessive generation of ROS and
exogenous Mel, greatly improves the dehydration toler-
ance through elevated activities of antioxidant systems
under drought stress. Under drought stress conditions,
direct function of melatonin as an antioxidant caused
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chemical detoxification, membrane stabilization and
repaired membrane fluidity. Indirect action of melatonin
as a stimulator of enzymatic and non-enzymatic antioxi-
dant defense system and the growth response of Mel as
plant growth regulator depended on its concentration
which in low dose incited shoot and root growth. Also,
Mel as a bio-stimulator prevented chlorophyll degradation
as well as elevated photosynthetic pigments, protein
content and biomass. It seems that the concentration of
100 uM Mel caused an increase of morphological traits,
photosynthetic pigments and protein content, while
reduction of MDA content and LOX activity. Finally, in
contrast with control, 100 uM Mel decreased the adverse
effects of oxidative damage via enhancement of non-en-
zyme antioxidants (polyphenol compounds, flavonoid and
anthocyanin) and the enzyme activities of PAL and PPO.
All different concentrations of melatonin had no signifi-
cant effect on soluble sugar content (as a osmoregulator).
Based on our results, it seems that melatonin alleviates
drought stress mostly through activating antioxidant
defense system in Moldavian balm plant rather than other
regulatory pathways such as osmoprotection and soluble
sugar content. Further researches concerning details of the
method and focus on elucidating the influence of exoge-
nous melatonin on changes in the specific molecular and
biochemical pathways will provide new information about
the direct and indirect mechanisms of melatonin activity
in plants.
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