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ABSTRACT

Aloysia citrodora Palau is a valuable medicinal plant of the family Verbenaceae. This study was conducted to evaluate
potential role of salicylic acid (SA) in reducing the harmful effects of drought stress on A. citrodora plants. SA (0.5
and 1 mM) was used to A. citrodora plants grown under stressed (5, 10, 15 and 20% PEG) and unstressed conditions.
Fresh weight (FW) and relative water content (RWC) significantly decreased under water deficit stress. Increase in
hydrogen peroxide (H20,) and malondialdehyde (MDA) content indicated drought-induced oxidative stress in A.
citrodora. Water deficit stress significantly increased the protein content, proline content and antioxidative enzymes
activities. The exogenous application of SA to drought-stressed plants reduced the content of MDA and H,O; and
increased superoxide dismutase (SOD), peroxidase (POX) and chlorophyll content. It is suggested that SA minimizes
the negative effects of drought stress and could be used for amelioration of drought stress in A. citrodora.
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Introduction

Aloysia citrodora Palau (syn. Lippia citrodora (Palau)
Kunth.), the lemon verbena, a medicinal plant of the
family Verbenaceae, is a perennial shrub or subshrub
reaching to 2 m high. This species is native to South
America, but was introduced into Europe at the end of
the 17" century (1). Lemon verbena leaves are used as
spice due to their lemon flavor. They also are used to

make herbal teas. The major constituents in lemon
verbena oil are citral, nerol and geraniol (2). Recently,
cultivation area of A. citrodora in Iran has been
increased to supply the demand of local markets and
pharmaceutical industries. It is grown in the green-
houses in temperate parts and in the field in subtropical
areas of southern parts of Iran.

Drought stress affects the growth and productivity
of plants by disturbing osmotic balance. Osmotic stress
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affects several physiological and biochemical para-
meters both at the cellular and tissue levels (3). In order
to decrease osmotic potential, osmolyte compounds are
accumulated under drought stress. Three important
groups of these components include nitrogenous com-
pounds, carbohydrates and organic acids (4). The
increase of reactive oxygen species (ROS) levels is one
of the major effects of drought stress. Free radicals
including superoxide radical (O2), hydrogen peroxide
(H202) and hydroxyl radical (OH) cause plant damage
through oxidizing photosynthetic pigments, membrane
lipids, proteins, and nucleic acids (5, 6). To counteract
the damaging effects of ROS, plant cells possess an
antioxidant system consisting of low-molecular-weight
antioxidants, as well as antioxidant enzymes such as
SOD (Super-oxide dismutase), CAT (Catalase), and
POD (per-oxidase) (7).

Salicylic acid (SA) or ortho-hydroxy benzoic acid
is a modulator molecule in plant response to environ-
mental stress (8). Several studies have indicated the
role of SA in resistance to salinity, osmotic and heavy
metal stress in plant species (9-13). Exogenous SA
could regulate the activities of antioxidant enzymes and
increase plant tolerance to abiotic stresses (14, 15).

There is a little information available so far about
the effects of SA and water stress in Verbenaceae.
Lemon verbena is an important medicinal member of
this family. The leaves are reported to possess diges-
tive, antispasmodic, antipyretic, sedative and sto-
machic properties. It has traditionally been used in
infusions for the treatment of asthma, cold, fever,
flatulence, colic, diarrhoea and indigestion (16). The
aim of this study was to investigate the effect of water
deficit on the biochemical and physiological para-
meters of A. citrodora and the possible ameliorating
effect of SA on drought resistance.

Materials and methods

Scions of A. citrodora were obtained during autumn
2011 from Khoraman Pharmaceutical Company in
Lorestan province of Iran. In order to promote rooting,
scions were implanted in sand in a greenhouse with 16
hr light/8 hr dark period per 24 hr and day/night
temperatures of 25/18°C for 45 days. Then, the
seedlings were transferred to plastic pots (18x25 cm)
filled with perlite and maintained under greenhouse
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condition and were nourished in half-strength
Hoagland for two months. Water deficit was applied
using polyethylene glycol (PEG) 6000 in different
concentrations of 0%, 5.0%, 10.0% and 20.0% (equal
to 0, —0.07, —0.13 and —0.49 MPa, respectively)
without and with SA (0.5 and 1 mM). A foliar spray of
SA was applied uniformly to the plants using an
atomizer. The final harvest was performed after 30
days of treatment and leaves were collected.

Growth parameters and RWC

The plants were evaluated 4 weeks after treatment with
SA and PEG in terms of fresh weight (FW). Relative
water content (RWC) of leaves was estimated
according to Wheatherley (17) and based on following
formula:

RWC (%) = [(FW-DW) / (SW-DW)] x 100

Saturated weight (SW) of the plants was determined
by keeping them in de-ionized water at 4°C in the dark
for 24 h, and DW was obtained after oven drying at
45°C for 72 h.

Pigments content

For measurement of pigments content including
chlorophylls (Chla and Chlb) and carotenoids, fresh
leaves (0.2 g) were homogenized in 90% acetone using
a pestle and mortar, then absorbance was measured by
spectro-photometer (18).

Malondialdehyde content

Malondialdehyde (MDA) content was measured
according to Heath and Packer method (19) as lipid
peroxidation indicator. Fresh leaves (0.5 g) were
homogenized in 2 ml of 0.1% (w/v) trichloroacetic acid
(TCA) and centrifuged at 10,000xg for 10 min in 25°C
and then 2 ml of 0.5% thiobarbituric acid (TBA) in 20%
TCA was added to 1 ml supernatant. After getting
prepared, this mixture was heated at 95°C for 30 min
and centrifuged at 10,000xg for 10 min. The
absorbance of the supernatant was recorded at 532 nm
and 600 nm. The MDA contents were measured by 155
mM~! cm™! as extinction coefficient.

Proline content

Proline content was measured according Bates et al.
(20). Fresh material (0.5 g) was homogenized in 5 ml
sulfosalicylic acid (3%) and then was centrifuged at
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13000 rpm for 20 min. Two ml of supernatant was
mixed with acid ninhydrin (2 ml) and glacial acetic acid
(2 ml) and then was boiled at 100°C for one hour. The
reaction mixture was extracted with 4 ml toluene and
the absorbance was recorded at 520 nm.

H.O, content

H20: levels were measured according to Velikova et al.
(21). 0.2 g of fresh leaves was homogenized in ice bath
by 5 ml 0.1% (w/v) TCA, centrifuged at 12,000xg for
15 min, and 0.5 ml of the supernatant was added to 0.5
ml of 10 ml potassium phosphate buffer (pH 7.0) and 1
ml of 1 M KI. The absorbance of the supernatant was
measured at 390 nm. The content of H.O. was
measured by a standard curve.

Antioxidant enzyme activity

For estimation of total protein content and enzyme
activity, leaf material was homogenized at 4°C with 1
M Tris-HCI (pH 7.5). The homogenate was centrifuged
at 1324 xg for 30 min at 4°C. Supernatant was kept at
—70°C and used for protein determination and enzyme
assays. The protein content was determined according
to Bradford’s method (22) using bovine serum albumin
as a standard.

SOD (E.C. 1.15.1.1)

SOD activity was measured according to method
described by Giannopolitis and Ries (23). The reaction
solution contained 13 mM methionine, 75 uM NBT, 75
uM riboflavin, 50 mM sodium phosphate buffer (pH
7.5),0.1 mM EDTA, and 100 ul of enzyme extract. The
reaction mixture was irradiated for 16 min, and
absorbance was read at 560 nm against the non-
irradiated blank. One unit of SOD activity was defined
as the amount of enzyme that is required for 50%
inhibition of NBT reduction as monitored at 560 nm,
and the activity were expressed as unit per milligram of
protein.

POX (E.C. 1.11.1.7)

POX activity was measured according to the method of
Abeles and Biles (24), in a reaction mixture consisting
of 0.4 ml H,0; (3%), 0.2 ml 20 mM benzidine, 4 ml of
0.2 M acetate buffer (pH= 4.8), and 50 pl enzyme
extract. The increase of absorbance was recorded at
530 nm. The POX activity was defined as 1 umol of

benzidine oxidized per minute per milligram protein (U
mg ).

Polyphenol oxidase (PPO; E.C. 1.14.18.1)

PPO activity was determined at 40°C by the method
described in Raymond et al. (25). The reaction solution
contained 2.5 ml of 0.2 M sodium phosphate buffer (pH
6.8), 0.2 ml pyrogallol 20 mM, and 100 pl enzyme
extract. The activity of this enzyme was recorded at 430
nm. The PPO activity was defined as pmol of
pyrogallol oxidized per minute per milligram protein
(U mg™! [protein]).

Statistical analysis

Each experiment was repeated three times and the data
were analyzed by using either one- or two-way analysis
of variance (ANOVA) using SPSS (version 20). Means
were compared by Duncan’s test at 0.05 level of
confidence.

Results

Water deficit stress significantly reduced FW of A.
citrodora plants when compared with control (P <
0.05). Under 10% and 20% PEG, FW showed 28.95%
and 35.29% decrease as comparing to control,
respectively. Treatment of 1mM SA increased this
parameter in both stressed and unstressed plants, while
concentration of 0.5 mM SA increased FW only in
control plants (Fig. 1a). The improvement in growth
under SA treatment was higher (49.16%) at 5% PEG
than other concentration. Drought stress significantly
decreased RWC and SA treatment increased this
parameter, especially in 1 mM SA (Fig. 1b). There was
a significant interaction among drought and SA, for
FW and RWC (Table 1).

Content of chlorophyll a, b, total chlorophyll, and
carotenoids increased in all concentrations of PEG
when compared with control (Fig. 2). The concentra-
tion of 1 mM SA remarkably increased these
parameters in both stressed and unstressed plants. SA
(1 mM) application enhanced 37.66%, 81.31% and
48.64% total chlorophyll in three levels of drought as
compared without SA, respectively. The improvement
effect of SA treatment on carotenoid was prominent at
10% (3.93 fold) with comparison to other concentra-
tions of drought.
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Table 1. Results of two-way analysis of variance (ANOVA) in A. citrodora.

Independent variable

Dependent variable Drought SA DroughtxSA
Fresh weight 23.188*** 7.175** 2.213*
RWC 8.033*** 25.611*** 3.750**
Protein content 6.537*** 12.417%** 2.672*
Proline content 42.827*** 33.103*** 4.003**
H202 content 79.744%** 54.237*** 25.070***
MDA content 18.534*** 10.624*** 1.571™
SOD activity 3.954* 5.922* 1.196"
POX activity 10.580*** 12.656*** 6.817***
PPO activity 18.090*** 10.520*** 11.357***
chlorophyll a 104.193*** 156.914*** 81.875***
chlorophyll b 124.510*** 329.421*** 122.498***
Total chlorophyll 224.324%** 283.156*** 162.652***
Carotenoid 314.315%** 300.159*** 166.440%**
501 a B0 mM SA 00.5mMSA B1mMSA

Fresh weight (g plant™)

PEG (%)

Figure 1. Effect of drought and SA treatment on fresh weight (a) and RWC (b) in A. citrodora plants. Different letters

above columns indicate a significant difference at P < 0.05 using Duncan multiple range test.
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Figure 2. Change in content of chlorophyll and carotenoid in A. citrodora under drought stress and SA treatment.
Different letters above columns indicate a significant difference at P < 0.05 using Duncan multiple range test.

Drought stress caused a significant increase in protein
content and the application of SA declined this content
(Fig. 3a). Proline content was remarkably increased by
77.48%, 336.79% and 724.24% in the plants under
drought as compared to control. A signi-ficant increase
of proline content was observed in SA-treated plants.
SA-induced proline content was much higher at 20%
(26.68%) than other concentrate-ions of PEG (Fig. 3b).

It was found that drought causes a significant rise of
MDA production in A. citrodora (Fig. 3c). Exo genous
application of SA showed a decrease in MDA content
in stressed plants but there was no significant

difference between 0.5 and 1 mM SA treatments. H,0-
content considerably increased with increasing stress
and SA application significantly reduced H,O; level
under water deficit stress (Fig. 3d). SA treatment
caused 3-fold decrease H20: content at 20% PEG.

The activities of antioxidant enzymes significantly
heightened in response to drought stress. Maximum
activity of POX was noticed at low level of drought
(5%) but high activity of SOD and PPO were at high
level of drought (20%). SA application had an additive
effect on the activities of antioxidant enzymes in
unstressed and stressed plants (Fig. 4).
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Figure 3. Effect of SA application on protein (a), proline (b), MDA (c) and H20: (d) content in A. citrodora under
drought stress. Different letters above columns indicate a significant difference at P < 0.05 using Duncan multiple

range test.

16 MO mMSA 005mMSA @1 mMSA

a

protein)

POX activity (U mg

=2

0.4

de

=
&
e
=
=

’—“:

SOD

0

0.04 4

~

0.03

0.02 4

c-e
da-f

PPO activity (U mg ' protein)

0.01 4

PEG (%)

Figure 4. POX activity (a), SOD activity (b), and PPO activity (c) under drought and SA treatment in A. citrodora.
Different letters above columns indicate a significant difference at P < 0.05 using Duncan multiple range test.
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Discussion

Drought stress declined growth in A. citrodora. A
similar decrease in growth has been previously ob-
served under drought stress in Populus kangdingensis
(26) and wheat (27). The SA treatment ameliorated
adverse effect of water deficit on growth and improved
growth in this plant. Based on our results, SA treatment
had more effect on stress tolerance at low stress
conditions. Our result is consistent with the findings in
wheat (28) that stated decreased biomass under drought
stress compensated by SA. Hussain et al. (29) also
found that exogenous SA application was very ef-
fective in reducing adverse effects of drought stress in
sunflower. The increase of growth by SA treatment in
drought-stressed plants could be due to the protective
role of SA in membrane integrity and regulation of ion
uptake (30). RWC was reduced under drought stress in
agreement with results obtained in barley (31), wheat
(32), rice (33) and Nigella sativa (34). SA treatment
caused in-creased RWC under drought which was
similar to Farooq et al. (35) observations. SA caused
increased accumulation of compatible osmolytes in
plants and after that increase in water uptake.

According to our results, SA treatment enhanced
chlorophyll content in A. citrodora. Positive effect of
SA on this parameter indicates the involvement of SA
in photosynthesis. Thus, these results explain that SA
likely caused resistance of this plant to stress conditions
by induction of photosynthetic rate. In other studies,
application of SA increased pigments content in
soybean (36), maize (37), wheat (38) and Allium spp.
(39) grown under stress conditions. Similarly, Shi et al.
(40) reported that photosynthetic pigments content had
been reduced significantly under drought stress, and
SA could alleviate this effect by moving the
intracellular nitrate resources or increase of pigment
biosynthesis. Very severe drought conditions cause
limited photosynthesis due to a decline in Rubisco
activity and reduced gas exchange (41). Similarly,
Idrees et al. (42) reported that SA protected
photosynthesis and enhanced Rubisco activity in
treated wheat under water stress.

With increasing PEG concentration, the protein
content increased, while SA treatment decreases this
parameter in drought-stressed plants. Increased pro-
tein content under water deficit stress could be related

to with over-expression of genes involved in the
primarily metabolism, osmoregulation, trans-formers,
protein catalyzers, detoxification and LEA protein (43).
Singh and Usha (44) reported that the protein content
decreased in wheat seedlings under SA treatment.
Among the important amino acids that accumulate in
plant cells under drought stress, proline is the most
important ones. Under drought stress plant could
maintain water absorption by accumulation of com-
patible solutes like proline (45). Proline content was
increased significantly under drought stress and also by
SA (especially at 0.5 mM) that is in agreement with
results obtained in Torreya grandis (46). Proline
accumulation in response to abiotic stresses is widely
reported and may play a role in stress adaptation of
plants (47, 48). Proline is also considered to be
involved in protection of enzymes (49), cellular
structures (50), and to act as a free radical scavenger.
Based on data obtained, the accumulation of this
substance aids to osmotic adjustment in A. citrodora
plants under stress.

In addition to their energetic role, lipids are
important components involved in membrane structure
(51). MDA and other aldehydes contents have been
used for measurement of free radical damage to cell
membranes under drought stress (52). The MDA con-
tent increased also in our plants under drought stress
(Fig. 3c), which is in agreement with the findings of
Niknam et al. (53). MDA content is more applicable to
the plants, which are sensitive to stress than the
resistant plants (54). SA alleviated this effect signi-
ficantly; such effect has been reported also by Gunes et
al. (30). H-0- as a regulatory factor plays an important
role in the genes activation which is involved in the
oxidative stress response. In this study, H»O, content
was increased significantly under drought stress which
is in agreement with Agarwal et al. (55) and Niknam et
al. (53) (Fig. 3d). In addition, under SA treatment this
content decreased significantly which is in contrary
with Rao et al (56) and Chen et al. (57). Water deficit
caused close of stomata and decrease in CO, assimi-
lation (58); subsequently, there was an accumulation of
NADPH, which resulted in the formation of ROS,
causing damage to the membrane system and photo-
synthetic complexes. Overall, the positive effect of SA
on soybean plant growth may be due to maintaining a
balance between production and consumption of ROS.
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Plants are able to protect their tissues from harmful
effects of drought-accumulated ROS using enzymes
such as SOD, CAT and APX (59). Drought tolerance is
often related to a more efficient antioxidative system
(60). Increased activities of POX, SOD and PPO
suggested better tolerance to drought stress under SA
treatment in A. citrodora plants. Furthermore, lower
level of MDA content observed in SA-treated A.
citrodora could be correlated with the increased
activities of antioxid-ative enzymes. Our result is
consistent with the findings in wheat (55) and maize
(61). POX activity was increased under drought stress
and SA treatment (1 mM). Increase in POX activity
was also reported by Zhang et al. (62). Senaratna et al.
(8) stated that in pea and tomato, SA caused an
induction tolerance by activating antioxidant mecha-
nism. Similar findings were presented in other plants
such as SA-treated drought stressed Lycopersicon
esculentum (63). POX plays a key role in decreasing
H20; content, eliminating MDA and maintaining cell
membrane integrity (64). SOD activity was increased
significantly under drought stress and SA treatment
(Fig. 4b). Hassanpour et al. (65) Found that SOD
activity was increased significantly in root and shoot of
Mentha pulegium under drought stress. Singh and Usha
(44) stated that 1 and 2 mM SA increased SOD activity,
while 3 mM SA decreased its activity.

PPO is the major enzyme responsible for oxidation
of phenolic compounds. Phenolic compounds act as an
intermediary ROS acceptor in the vacuole. They are
oxidized to phenoxyl radicals and reduced ascorbate
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