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Abstract In the present investigation, the role of salicylic
acid (SA) in inducing salinity tolerance was studied in
Artemisia annua L., which is a major source of the anti-
malarial drug artemisinin. SA, when applied at 1.00 mM,
provided considerable protection against salt stress
imposed by adding 50, 100, or 200 mM NaCl to soil. Salt
stress negatively affected plant growth as assessed by
length and dry weight of shoots and roots. Salinity also
reduced the values of photosynthetic attributes and total
chlorophyll content and inhibited the activities of nitrate
reductase and carbonic anhydrase. Furthermore, salt stress
significantly increased electrolyte leakage and proline
content. Salt stress also induced oxidative stress as indi-
cated by the elevated levels of lipid peroxidation compared
to the control. A foliar spray of SA at 1.00 mM promoted
the growth of plants, independent of salinity level. The
activity of antioxidant enzymes, namely, catalase, peroxi-
dase, and superoxide dismutase, was upregulated by salt
stress and was further enhanced by SA treatment. Arte-
misinin content increased at 50 and 100 mM NaCl but
decreased at 200 mM NacCl. The application of SA further
enhanced artemisinin content when applied with 50 and
100 mM NaCl by 18.3 and 52.4%, respectively. These
results indicate that moderate saline conditions can be
exploited to obtain higher artemisinin content in A. annua
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plants, whereas the application of SA can be used to protect
plant growth and induce its antioxidant defense system
under salt stress.
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Introduction

Salinity is one of the environmental factors limiting soil
fertility and plant production (Silveira and others 2001;
More and others 2004; Khan and Panda 2008). Plants
exposed to salt stress adapt their metabolism to cope with a
changing soil environment. Under stress conditions such as
salinity, drought, and low and high temperature, plants
produce reactive oxygen species (ROS) such as superoxide,
hydrogen peroxide, hydroxyl radical, and singlet oxygen,
which can damage mitochondria and chloroplasts by dis-
rupting cellular structures. ROS are harmful to plant
growth and productivity. They deteriorate membrane
function (Mishra and Choudhuri 1999). Under saline con-
ditions, ROS also limit NO5; ™ uptake and its reduction, thus
affecting nitrogen assimilation and, thereby, plant growth
(Silveira and others 2001). To scavenge ROS, plants syn-
thesize different types of antioxidant compounds or acti-
vate key antioxidant enzymes (Mittler 2002). Hence, the
alleviation of oxidative damage and increased resistance to
salinity and other environment stresses are often correlated
with an efficient antioxidative system (Jaleel and others
2007). Salicylic acid (SA) is a signal molecule or chemical
messenger and its role in the defense mechanism is well
established in plants (Gunes and others 2005; Gautam and
Singh 2009; Syeed and Khan 2010). It plays a significant
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role in salt tolerance in many crops (Singh and Usha 2003;
El-Tayeb 2005; Stevens and others 2006; Gautam and
Singh 2009). Exogenous application of SA has been shown
to influence a range of diverse processes in plants, including
seed germination, stomatal closure, ion uptake and trans-
port, membrane permeability, photosynthesis, and plant
growth rate (Barkosky and Einhellig 1993; Khan and others
2003; Gunes and others 2005; Aftab and others 2010a).
Concerning secondary metabolites, SA (0.5-2.00 mM) has
been reported to increase artemisinin content in Artemisia
annua L. (Pu and others 2009; Guo and others 2010; Aftab
and others 2010a).

Artemisinin, an efficient antimalarial drug, is effective
against multidrug-resistant strains of the malaria parasite
Plasmodium falciparum (Kremsner and Krishna 2004). It
can be extracted from the leafy tissues and flowers of
Artemisia annua plant (Duke and Paul 1993). However, the
concentration of artemisinin in the plant is very low,
ranging from 0.01 to 0.8% (Van Agtmael and others 1999).
Because the chemical synthesis of artemisinin is compli-
cated and not economically feasible in view of the poor
yield of the drug, the intact plant remains the only viable
source of artemisinin production and, therefore, enhanced
production of artemisinin content in the plant is highly
desirable (Abdin and others 2003; Aftab and others 2010a,
b, ¢). Although there are some reports on the response of A.
annua to salinity, few reports address the alleviation of the
damaging effects of salt stress on growth and productivity
of the plant. Prasad and others (1998) found that artemis-
inin yield increased significantly as salinity stress increased
up to 6.0 dS/m, but further increases in salinity decreased
the yield significantly. However, artemisinin content in
vegetative tissues was not influenced by salinity stress.
Qureshi and others (2005), Qian and others (2007), and
Aftab and others (2010d) reported that even though arte-
misinin yield was negatively influenced by salt stress, the
artemisinin content increased. The present research was
undertaken to determine the salt stress-mediated changes in
the growth, photosynthesis, lipid peroxidation, antioxidant
enzymes, and artemisinin content of A. annua and to
explore the role of SA in salt stress mitigation in this
regard.

Materials and Methods

Plant Material, Growth Conditions, Salinity, and SA
Treatments

The pot experiment was conducted on A. annua under
natural conditions in a net house using three concentrations
of NaCl: 50, 100, and 200 mM. Foliar application of SA at
1.00 mM concentration was carried out with and without
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salt stress. Seeds of A. annua were initially surface steril-
ized with 95% ethyl alcohol for 5 min and then washed
thoroughly with double-distilled water (DDW) before
sowing. Each experimental pot (25 cm diameter x 25 cm
height) was filled with 5.0 kg of a homogeneous mixture of
soil and farmyard manure (4:1) prior to sowing seeds.
Physical and chemical characteristics of the soil were as
follows: texture of sandy loam; pH (1:2) 8.0; electrical
conductivity (EC) (1:2) 0.48 m mhos/cm; available N, P,
and K of 97.46, 10.21, and 147.0 mg kg~ soil. Seeds were
sown at a depth of 2 cm. The salinity treatment was applied
when plants attained three to four true leaf stage. To avoid
osmotic shock, the NaCl concentration was increased
gradually using 25 mM of NaCl daily until a final con-
centration of 50, 100, and 200 mM was maintained.
A foliar spray of SA was applied three times (at 1-week
intervals) to the foliage (that is, entire aerial part) on
nonstressed as well as stressed plants starting from the fifth
day of attaining the final salinity treatment. Each pot,
containing a single plant, was considered as one replicate
and there were five such replicates of each treatment. The
experiment was conducted according to a completely ran-
domized block design and sampling for various parameters
was carried out at 150 days after sowing (DAS).

Determination of Growth and Yield Parameters

The plants from each treatment were carefully uprooted
and shoot height was recorded. Plants were washed with
tap water to remove adhering foreign particles. Plant roots
were removed and the individual shoot fresh weight was
recorded. The shoots were dried at 80°C for 48 h and their
dry weights were then recorded. Total leaves of the plants
were weighed to determine leaf yield.

Determination of Photosynthetic Parameters
and Pigments

Net photosynthetic rate (Py) was measured on sunny days
at 11:00 a.m. using fully expanded leaves with the help of
an IRGA (infrared gas analyzer, LI-COR 6400 Portable
Photosynthesis System, LI-COR, Lincoln, NE, USA).
Before carrying out the measurements, the IRGA was
calibrated and zero was adjusted approximately every
30 min during the measurement period. Each leaf was
enclosed in a gas exchange chamber for 60 s. All the
attributes measured by IRGA were recorded three times for
each treatment.

Total chlorophyll content in the fresh leaves was esti-
mated using the method of Lichtenthaler and Buschmann
(2001). For chlorophyll extraction, the fresh tissue from
interveinal leaf area (5 mg) was ground using a mortar and
pestle containing 80% acetone. The absorbance of the
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solution (chlorophyll extract) was recorded at 662 and
645 nm using a spectrophotometer (Shimadzu UV-1700,
Tokyo, Japan).

Assay of Nitrate Reductase and Carbonic Anhydrase
Activity

Nitrate reductase (NR; E.C. 1.6.6.1) activity in the leaf was
determined using the intact tissue assay method of Jawor-
ski (1971). Chopped leaf pieces (200 mg) were incubated
for 2 h at 30°C in a 5.5-ml reaction mixture, which con-
tained 2.5 ml of 0.1 M phosphate buffer, 0.5 ml of 0.2 M
potassium nitrate, and 2.5 ml of 5% isopropanol. The
nitrite that formed subsequently was calorimetrically
determined at 540 nm after azocoupling with sulfanilamide
and naphthylene diamine dihydrochloride. NR activity was
expressed as nM NO, g~! FW h™'.

Carbonic anhydrase (CA; E.C. 4.2.1.1) activity was
measured in fresh leaves using the method described by
Dwivedi and Randhawa (1974). Two hundred milligrams
of fresh leaf pieces were incubated in Petri dishes con-
taining 10 ml of 0.2 M cysteine hydrochloride solution
for 20 min at 4°C. Four milliliters of 0.2 M sodium
bicarbonate solution and 0.2 ml of 0.022% bromothymol
blue were added to each test tube. The reaction mixture
was titrated against 0.05 N HCIl using methyl red as
indicator. The enzyme was expressed as pM CO, kg™'
leaf FW s~

Determination of Electrolyte Leakage and Proline
Content

To assess membrane permeability, electrolyte leakage was
determined using the method of Lutts and others (1995).
Leaf samples were washed three times with DDW to
remove surface contaminants. Young leaf discs were
placed in a vial containing 10 ml of DDW which was
closed and incubated on a rotatory shaker for 24 h. Sub-
sequently, the electrical conductivity (EC;) of the solution
was determined. Samples were then autoclaved at 120°C
for 20 min and the final electrical conductivity (EC,) was
noted after cooling the solution at room temperature.
Electrolyte leakage was calculated as

Electrolyte leakage (%) = (EC;/EC,) x 100

The proline content was estimated using the method of
Bates and others (1973). The leaf material was homogenized
in 3% aqueous sulfosalicylic acid and the homogenate was
centrifuged at 10,000 rpm. The supernatant was used to
estimate the proline content. The reaction mixture,
consisting of 2 ml of acid ninhydrin and 2 ml of glacial
acetic acid, was boiled at 100°C for 1 h. After terminating

the reaction in an ice bath, the proline was extracted with
4 ml of toluene and its absorbance was recorded at 520 nm.

Lipid Peroxidation Rate (TBARS Content)

Oxidative damage to leaf lipids was determined by esti-
mating the content of total 2-thiobarbituric acid reactive
substances (TBARS) expressed as malondialdehyde
(MDA) equivalents. TBARS content was estimated using
the method of Cakmak and Horst (1991). TBARS were
extracted from 0.5 g of chopped fresh leaves ground with
5ml of 0.1% (w/v) trichloroacetic acid (TCA). After
centrifugation at 12,000g for 5 min, a 1-ml aliquot from the
supernatant was added to 4 ml of 0.5% (w/v) tertiary butyl
alcohol (TBA) prepared in 20% (w/v) TCA. Samples were
incubated at 90°C for 30 min. Thereafter, the reaction was
stopped in an ice bath. Samples were centrifuged at
10,000g for 5 min, and absorbance of the supernatant was
recorded at 532 nm using a spectrophotometer. The values
were corrected for nonspecific turbidity by subtracting the
readings obtained at an absorbance of 600 nm. TBARS
content was expressed as nmol g~ ' FW.

Antioxidant Enzymes Assay

A crude enzyme extract was prepared by homogenizing
500 mg of leaf tissue in extraction buffer containing 0.5%
Triton X-100 and 1% polyvinylpyrrolidone in 100 mM
potassium phosphate buffer (pH 7.0) using a chilled mortar
and pestle. The homogenate was centrifuged at 15,000g for
20 min at 4°C. The supernatant was used for the enzymatic
assays.

Catalase (CAT; E.C. 1.11.1.6) activity was measured
according to the method of Chandlee and Scandalios
(1984) with a slight modification. The assay mixture con-
tained 2.6 ml of 50 mM potassium phosphate buffer (pH
7.0), 0.4 ml of 15 mM H,0,, and 0.04 ml of enzyme
extract. The decomposition of H,O, was followed by the
decline in absorbance at 240 nm. Enzyme activity was
expressed in U mg™" protein (U = 1 mM of H,0, reduced
min~" mg~" protein).

Peroxidase (POX; E.C. 1.11.1.6) activity was assayed
using the method of Kumar and Khan (1982). The POX
assay mixture contained 2 ml of 0.1 M phosphate buffer
(pH 6.8), 1 ml of 0.01 M pyrogallol, 1 ml of 0.005 M
H,0,, and 0.5 ml of enzyme extract. The reaction mixture
was incubated for 5 min at 25°C. The reaction was ter-
minated by adding 1 ml of 2.5 N H,SO,4. The amount of
purpurogallin formed was determined by measuring the
absorbance at 420 nm against a reagent blank prepared by
adding the extract after the addition of 2.5 N H,SO, at zero
time. The activity was expressed in U mg~' protein. One
unit of the enzyme activity corresponded to the amount of
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enzyme that caused an increase in the absorbance of
0.1 min~' mg~" protein.

Superoxide dismutase (SOD; E.C. 1.15.1.1) activity was
assayed as described by Beauchamp and Fridovich (1971).
The reaction mixture contained 1.17 x 107°® M riboflavin,
0.1 M methionine, 2 x 107> M KCN, and 5.6 x 107> M
nitroblue tetrazolium salt (NBT) dissolved in 3 ml of
0.05 M sodium phosphate buffer (pH 7.8). Then 3 ml of
the reaction medium was added to 1 ml of enzyme extract.
The mixtures were illuminated in glass test tubes by two
sets of Philips 40-W fluorescent tubes in a single row.
Ilumination was used to initiate the reaction at 30°C for
1 h. Identical solutions that were kept in the dark served as
blanks. The absorbance was read at 560 nm in the spec-
trophotometer against a blank. SOD activity was expressed
as U mg™" protein. One unit is defined as the amount of
change in the absorbance by 0.1 h™' mg™" protein.

Determination of Endogenous ROS Production

The content of H,O, in the leaves was determined
according to the method of Mukherjee and Choudhuri
(1983). Fresh leaves (0.5 g) were homogenized using a
cold mortar and pestle in precooled acetone (5 ml) and the
homogenate was centrifuged at 12,000g for 5 min. One
milliliter of the supernatant was mixed with 0.1 ml of 5%
Ti(SO4), and 0.2 ml of 19% ammonia. After a precipitate
was formed, the reaction mixture was centrifuged at
12,000g for 5 min. The resulting pellet was dissolved in
3 ml of 2 M H,SO, and the absorbance was read at 415 nm
using a spectrophotometer. The H,O, concentration was
calculated according to a standard curve of H,O, that was
prepared by using H,O, ranging from O to 10 pM.

Singlet oxygen (O, ) production was measured as
described by Able and others (1998) with some modifica-
tions. The reduction of XTT [2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carbo-xanilide] in the pres-
ence of O, was monitored. The fresh leaves (0.5 g) were
homogenized with 1 ml of 50 mM Tris—HCI buffer (pH
7.5) and centrifuged at 12,000g for 15 min. The reaction
mixture contained 50 mM Tris—-HCl buffer (pH 7.5),
100 pl of supernatant, and 0.5 mM XTT. The reduction of
XTT was determined by measuring the absorbance at
470 nm using a spectrophotometer. The quantity of O,~
was determined using the molar extinction coefficient (¢) of
2.16 x 10* M~ em™".

Artemisinin Extraction and Estimation
Dry leaf material (1 g) was used for the estimation of
artemisinin that was modified to a compound Q,¢ and

quantified using a high-performance liquid chromatogra-
phy (HPLC) method (Zhao and Zeng 1986). A standard
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curve was prepared using 1 mg of standard artemisinin
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in 1 ml
of HPLC-grade methanol to make the stock solution.
Artemisinin was extracted with 20 ml of petroleum ether
using a shaker maintained at 70 rpm for 24 h. After 24 h,
solvent was decanted and pooled and 20 ml of petroleum
ether was again added; this step was repeated three times.
Petroleum ether fractions were pooled and concentrated
under reduced pressure and residues defatted with CH;CN
(10 ml x 3). Precipitated fat was filtered and the filtrate
concentrated under reduced pressure. Residues were dis-
solved in 1 ml of methanol. A 100-pl aliquot of each sample
of each treatment was added to 4 ml of 0.3% NaOH. The
samples were incubated in a shaking water bath maintained
at 50°C for 30 min and then cooled and neutralized with
glacial acetic acid (0.1 M in 20% MeOH). The pH (6.8) of
the solution was maintained. Derivatized artemisinin was
analyzed and quantified through a reverse phase column
(C18, 5 pm, 4.6 mm, 250 mm) using a premix of metha-
nol:10 mM K-phosphate buffer (pH 6.5) in a 60:40 ratio
having the mobile phase at a constant flow rate of 1 ml/min,
with the detector set at 260 nm. Artemisinin was quantified
against the standard curve of artemisinin.

Statistical Analysis

Each pot was treated as one replicate and all the treatments
were replicated five times. The experiment was conducted
according to a simple randomized complete block design.
Data were analyzed statistically using SPSS statistical
software v. 17 (SPSS Inc., Chicago, IL, USA). Mean values
were compared statistically by Duncan’s multiple-range
test (DMRT) at p < 0.05.

Results and Discussion

Various NaCl treatments lowered the values of growth
attributes in the present study (Table 1). Maximum growth
inhibition was caused by 200 mM of NaCl (Table 1). The
salt-induced reduction in growth parameters in A. annua
plants is in agreement with the reports published earlier
regarding different crops (Prasad and others 1998; Qureshi
and others 2005; Qian and others 2007; Athar and others
2008; Siddiqui and others 2008; Khan and others 2010;
Aftab and others 2010d). Salinity has been shown to reduce
the imbibition of water by roots because of lowered
osmotic potentials of the substrate, and to cause changes in
metabolic activities leading to the reduction in plant growth
(Meneguzzo and others 1999; Jaleel and others 2007). The
overall reduction in the growth of A. annua plants might be
ascribed to the ill effect of salt stress on the various
physiological processes such as photosynthesis, nutrient
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Table 1 Effect of salicylic acid (SA) and different concentrations of salinity (NaCl) and SA on growth and yield attributes of Artemisia annua L.

Treatments Shoot length per Root length Shoot dry weight Leaf dry weight
plant (cm) per plant (cm) per plant (g) per plant (g)
Control 85.6 £ 3.21% 29.7 £ 0.94° 114.7 + 4.35° 28.8 + 1.03°
1.00 mM SA 96.2 + 4.87° 362 + 1.13° 129.8 + 5.57* 324 + 1.45°
50 mM NaCl 77.1 + 3.23¢ 26.3 + 0.81¢ 95.6 + 3.17¢ 25.1 + 0.92°
100 mM NaCl 65.7 + 2.21° 22.9 + 0.98° 82.3 4 3.15° 21.2 + 0.84¢
200 mM NaCl 53.5 + 1.14f 157 £ 0.67° 65.8 +2.31¢ 16.4 + 0.59°
50 mM NaCl + SA 88.3 & 3.65" 31.6 + 1.31° 109.2 + 4.08° 27.1 + 1.14%
100 mM NaCl + SA 83.1 &+ 4.11° 27.7 + 0.86 <4 93.4 + 3.89¢ 243 + 0.81°
200 mM NaCl + SA 74.3 + 3.86% 21.3 + 0.79° 743 + 3.23 18.4 + 0.65°

Means within a column followed by the same letter are not significantly different (p < 0.05). The data shown are mean of five replicates == SE

homeostasis, accumulation of compatible solutes, and
activities of antioxidant enzymes. SA, when applied at
1.00 mM, improved the vegetative growth of plants,
thereby increasing the dry matter of plants in both saline
and nonsaline conditions. However, the positive effect of
SA was more pronounced in plants treated with 50 and
100 mM NacCl as compared to 200 mM NaCl (Table 1).
These results are in agreement with those of El-Tayeb
(2005) and Gautam and Singh (2009), who reported that
foliar application of SA at 1.00 and 0.50 mM improved the
growth parameters under salt stress in barley and wheat,
respectively. An increase in growth parameters of salt-
affected plants in response to SA might be related to the
protective role of SA on membranes that might increase the
tolerance of plants to salt stress (Wang and Li 2006; Aftab
and others 2010a). Furthermore, an SA-mediated increase
in dry matter of A. annua seedlings under NaCl stress could
be due to the SA-induced antioxidant function and meta-
bolic activity in plants (Gunes and others 2007).

Salt stress reduced the net photosynthetic rate, stomatal
conductance, and internal CO, concentration, with maxi-
mum reduction observed in plants grown with 200 mM of
NaCl, which caused damage to the leaf tissues (Table 2). A
decline in plant productivity under salt stress is often
associated with reduction in photosynthetic capacity via the
generation of ROS (Ashraf 2004; Noreen and others 2010).
In fact, salt stress hinders photosynthesis at multiple levels,
such as pigments, stomatal functioning, gaseous exchange,
structure and function of thylakoid membrane, electron
transport, and enzyme activities, by hampering the oxida-
tive stress mitigation mechanisms and cellular metabolism
of plants (Sudhir and Murthy 2004). Excessive salt con-
centrations might cause the closure of stomata, thereby
decreasing the partial CO, pressure and internal CO,
concentration and consequently resulting in a decreased net
photosynthetic rate (Bethkey and Drew 1992). SA appli-
cation significantly improved net photosynthesis; this could

be attributed to the role of SA in improving the functional
state of the photosynthetic machinery in plants either by the
mobilization of internal tissue nitrate or by chlorophyll
biosynthesis (Shi and others 2006). Furthermore, SA has
also been reported to enhance photosynthetic capacity in
maize through stimulation of Rubisco activity (Khodary
2004). The SA-enhanced photosynthetic rate under salt
stress found in our study is in agreement with that of some
earlier studies on wheat and maize (Singh and Usha 2003;
Khodary 2004). Chlorophyll content was also reduced in
salt-stressed plants, the most toxic effect being noted at
200 mM NaCl (Table 2). The decrease in chlorophyll
content in salt-affected A. annua plants might be attributed
to the possible oxidation of chlorophyll and other chloro-
plast pigments coupled with instability of the pigment
protein complex under salt stress (Stepien and Klobus
2006).

Salinity stress decreased the activity of NR and CA
measured in the leaves of salt-treated A. annua plants. At
200 mM NaCl, the activities of both enzymes were mini-
mal compared to those of the control and other salt levels
(Table 3). When SA was applied to the plants, NR and CA
activities in the leaves significantly increased. Moreover,
SA almost nullified the effects of stress caused by 50 and
100 mM NaCl and improved the growth to some extent at
200 mM of NaCl (Table 3). These results coincide with the
findings of Nathawat and others (2005), Siddiqui and oth-
ers (2008), and Aftab and others (2010d), who reported a
decreased N uptake and diminished activity of nitrogen-
assimilation enzymes under salinity stress. The increase in
NR activity in A. Annua leaves might be attributed to the
role of SA in stabilizing the plasma membrane, as evi-
denced by Agarwal and others (2005) who used the
membrane stability index in wheat under salt stress.
Membrane stability might, in turn, facilitate the improved
uptake of nutrients, including that of nitrate, which acts as
an inducer of NR (Campbell 1999). The enhancement of
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Table 2 Effect of salicylic acid (SA) and different concentrations of salinity (NaCl) and SA on net photosynthetic rate, stomatal conductance,

internal CO,, and total chlorophyll content of Artemisia annua L

Treatments Net photosynthetic rate Stomatal conductance Internal CO, Total chlorophyll
(umol CO, m™“ s (mol m2s7 1) (pmol m2s7h content (mg g_1 FW)
Control 17.8 £ 0.14* 0.38 + 0.002" 309.1 + 3.51° 1.3 & 0.009°
1.00 mM SA 19.2 + 0.18° 0.39 + 0.003 317.0 £ 2.73° 1.4 £ 0.009°
50 mM NaCl 16.1 + 0.13¢ 0.36 £ 0.002° 291.2 + 2.87" 1.2 4+ 0.008¢
100 mM NaCl 14.1 £ 0.15° 0.31 + 0.002¢ 265.1 & 2.15¢ 0.9 + 0.007°
200 mM NaCl 9.4 + 0.14 0.24 + 0.002° 232.6 + 2.31° 1.0 £ 0.008"
50 mM NaCl + SA 18.1 + 0.13° 0.39 + 0.003° 311.4 + 3.08° 1.3 £ 0.009"
100 mM NaCl + SA 17.1 £ 0.11° 0.38 + 0.004° 302.3 + 3.82° 1.2 & 0.008°
200 mM NaCl + SA 153 £ 0.16% 0.36 + 0.003° 284.5 + 3.13¢ 0.9 £ 0.006°

Means within a column followed by the same letter are not significantly different (p < 0.05). The data shown are mean of five replicates £+ SE

Table 3 Effect of salicylic acid (SA) and different concentrations of salinity (NaCl) and SA on NR activity, CA activity, electrolyte leakage, and
proline content of Artemisia annua L

Treatments NR activity (nmol CA activity (umol Electrolyte Proline content
NO,” g"' FW h™!) CO, kg™' FW s7h leakage (%) (mg g~' FW)
Control 3252 + 4.77° 231.8 + 3.71° 9.3 + 0.15° 9.8 + 0.45°
1.00 mM SA 341.6 + 5.14° 24577 + 4.93° 8.5+ 0.12" 8.1 + 061"
50 mM NaCl 314.3 + 4.92° 224.5 + 4.27° 13.3 + 0.18¢ 10.5 &+ 0.72%
100 mM NaCl 289.4 + 4.48¢ 207.4 + 3.78¢ 16.2 + 0.22° 13.3 £ 0.83°
200 mM NaCl 211.3 + 3.74 1525 + 3.20 19.2 + 0.25° 17.5 + 0.91°
50 mM NaCl + SA 331.5 + 4.92° 230.7 + 4.27° 13.8 & 0.18 ¢ 11.2 + 0.53¢
100 mM NaCl + SA 322.6 + 4.48" 221.2 + 3.78° 15.1 + 0.22¢ 12.3 + 0.66°
200 mM NaCl + SA 267.1 + 3.74° 182.3 + 3.20° 157 £ 0.25 13.7 £ 0.73°

NR nitrate reductace, CA carbonic anhydrase

Means within a column followed by the same letter are not significantly different (p < 0.05). The data shown are mean of five replicates + SE

NR activity by SA treatment might have increased the
overall growth and yield of SA-treated A. annua plants
under salt stress (Table 1).

NaCl-fed plants also showed lower CA activity, which
could be due to low activation of Rubisco that might be
concomitant with reduced net photosynthetic rate, carbon
metabolism, leaf chlorophyll content, and photosynthetic
efficiency, as suggested by Seeman and Critchley (1985).
The activity of CA was improved by SA treatment in both
salt-stressed and stress-free plants (Table 3). These results
are consistent with those of Fariduddin and others (2003)
and Aftab and others (2010a) regarding mustard and
A. annua, respectively. The role of SA in the enhanced
activation of Rubisco and PEP carboxylase under water
stress has been reported previously (Singh and Usha 2003;
Mateo and others 2006). The enhanced activities of the
photosynthetic enzymes in SA-treated plants might have
ultimately resulted in an improved photosynthetic rate and
plant biomass in both stressed and unstressed conditions
(Tables 1 and 2).
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The toxic effect of salinity on electrolyte leakage and
proline accumulation was proportional to the salt concen-
tration applied. The highest concentration (200 mM NaCl)
decreased both parameters to the maximum extent
(Table 3). Electrolyte leakage indicates cell membrane
injury when plants are subject to salinity stress. Hence,
maintenance of the integrity of cellular membranes under
salt stress is considered an integral part of the mechanism
of salinity tolerance (Stevens and others 2006). Salt stress
has also been reported to significantly increase electrolyte
leakage in linseed (Khan and others 2007) and mustard
(Siddiqui and others 2008). In this investigation, the fol-
low-up treatment of SA completely overcame the effects of
salinity in plants grown with 50 or 100 mM NaCl and
partially in plants treated with 200 mM NaCl (Table 3).
These results are in agreement with those of Stevens and
others (2006) regarding tomato and Yildirim and others
(2008) about cucumber. Both studies suggested the SA
facilitated maintenance of membrane functions through
induction of antioxidant mechanisms and elevated ion
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uptake, thereby protecting the plants against the oxidative
damage (El-Tayeb 2005). In the present study, the increase
in proline content in the NaCl-treated plants was noted,
with the highest level being attained with 200 mM of NaCl
(Table 3). However, SA application reduced the proline
content. Because proline is often considered a compatible
solute involved in osmotic adjustment under stress (Azooz
and others 2004), reduction in the level of proline in
SA-treated plants indicates the stress amelioration role of
SA that might be responsible for maintenance of plant
growth under stress.

Oxidative stress was assessed by measuring the lipid
peroxidation rate (TBARS content) when A. annua plants
were exposed to different NaCl concentrations. The
TBARS content and activity of antioxidant enzymes were
significantly enhanced in plants subjected to salt stress. The
highest TBARS content was observed when plants were
supplied with 200 mM of NaCl (Table 4). Mittler (2002)
suggested that membrane damage might be due to high
H,0, levels, which could accelerate the formation of
hydroxyl radicals and, thus, induce lipid peroxidation.
Furthermore, in NaCl-treated plants, the cause of oxidative
stress might be decreased stomatal conductance in response
to an osmotic imbalance and reduced leaf water potential.
Similar to that in the present study, other researchers have
also found an increase in TBARS content under salt stress
in A. annua, Brassica rapa, and Catharanthus roseus
(Qureshi and others 2005; Jaleel and others 2007; Noreen
and others 2010; Aftab and others 2010d, e, 2011). In this
study, the oxidative damage was ameliorated by the
application of SA at 1.00 mM. This was also observed by
Gunes and others (2007) in maize.

There was a higher level of CAT activity in NaCl-
stressed plants, with the most toxic effect caused by
200 mM NaCl (Table 4). POX and SOD activities also
increased in salt-treated plants, with the highest levels
occurring at 200 mM NaCl. Interestingly, SA further

enhanced the activities of the antioxidant enzymes CAT,
POX, and SOD in salt-affected plants, with the highest
activities of POX and SOD observed at 200 mM

(a)
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O, content (p mol min” nu_z'1 protein)

z
g
]

1.00 mM SA

50 mM NaCl

100 mM NaCl

200 mM NaCl

50mM NaCl + SA
100 mM NaCl+ SA
00 mM NaCl + SA

.

Fig. 1 Effect of SA and different concentrations of salinity on H,O,
(a) and O, (b) contents of Artemisia annua L. Bars showing the
same letter are not significantly different at p < 0.05 as determined
by Duncan’s multiple range test. Error bars (T) show SE

Table 4 Effect of salicylic acid (SA) and different concentrations of salinity (NaCl) and SA on TBARS content, CAT, POX, and SOD activities

of Artemisia annua L

Treatments TBARS content CAT activity POX activity SOD activity
(nmol g71 FW) u mg{1 protein) | mg7l protein) u mg,fl protein)
Control 6.3 £ 0.19° 9.6 + 0.218 452 + 0.95° 1.3 £ 0.058
1.00 mM SA 5.2 + 0.28" 15.5 + 0.63° 61.3 + 1.26¢ 1.6 £+ 0.05
50 mM NaCl 7.5 4+ 0.32¢ 13.6 + 0.43° 51.4 + 1.34° 1.9 £ 0.06°
100 mM NaCl 9.4 + 0.44° 14.6 + 0.55°° 59.8 + 0.99¢ 2.4 4 0.07¢
200 mM NaCl 12.5 + 0.84° 18.3 + 0.61¢ 72.5 £ 1.17* 2.8 £ 0.08°
50 mM NaCl + SA 6.9 £+ 0.22¢ 21.6 + 0.83° 62.4 + 1.34° 2.1 £ 0.06¢
100 mM NaCl + SA 7.2 +0.38¢ 18.3 £ 0.74° 67.4 £ 0.97° 25+ 0.07°
200 mM NaCl + SA 8.3 £ 0.34° 163 + 0.71* 81.3 + 1.76* 3.1 £ 0.09°

Means within a column followed by the same letter are not significantly different (p < 0.05). The data shown are mean of five replicates == SE
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Fig. 2 Effect of SA and different concentrations of salinity on artemisinin content (a) and artemisinin yield (b) of Artemisia annua L. Bars
showing the same letter are not significantly different at p < 0.05 as determined by Duncan’s multiple range test. Error bars (T) show SE

NaCl + 1.00 mM SA. CAT activity was the highest at
50 mM NaCl + 1.00 mM SA. The control had the lowest
values for all antioxidant enzymes measured. Under salt
stress, plants are overloaded with ROS, which inhibit
several plant processes and cause damage to plants in
different ways. Thus, to maintain metabolic functions
under stress, scavenging of ROS is essential. ROS scav-
enging depends on detoxification mechanisms provided by
antioxidant enzymes. The increase in the activities of CAT,
POX, and SOD in NaCl-treated A. annua plants has also
been documented by various workers investigating salinity
stress in several plant species (Jaleel and others 2007; Koca
and others 2007; Aftab and others 2010b; Idrees and others
2011). In this regard, CAT and POX appear to play an
essential protective role in scavenging ROS in coordination
with SOD (Jaleel and others 2009). SOD initiates detoxi-
fication of singlet oxygen by producing H,O,, which is
eliminated by its conversion to H,O in subsequent reac-
tions. SA-induced CAT, POX, and SOD activities in salt-
treated A. annua plants indicates that SA can play a critical
role in modulating the cell redox balance, thereby pro-
tecting plants against oxidative damage (Yang and others
2004).

The content of endogenous H,O, and O, was measured
to determine the internal ROS status induced in A. annua
plants upon exposure to salinity treatments. The contents of
both H,O, and O, were higher in plants treated with
various concentrations of NaCl, indicating an increase in
ROS level of the cells in salt-treated plants. The application
of SA further induced the generation of ROS. Maximum
ROS generation occurred with 100 mM NaCl + 1.00 mM

@ Springer

SA, decreasing slightly when a higher concentration of salt
was applied to the soil (Fig. 1a, b). Enhanced ROS pro-
duction in A. annua plants has also been detected in
response to environmental stresses other than salt stress
(Qureshi and others 2005; Ferreira 2007; Guo and others
2010).

In our previous study, we also showed that mild boron
or salt (NaCl) stress might increase H,O, production in
A. annua plants (Aftab and others 2010c, d, e, 2011). Among
the antioxidant enzymes, CAT, POX, and SOD are well-
known ROS scavengers. When the ROS contents exceed
their threshold level under stress, they are scavenged by
these enzymes. SA treatment increased CAT and POX
activities to scavenge the elevated level of ROS in this study.

Artemisinin content and yield increased in A. annua
plants when 50 and 100 mM NaCl were applied, compared
to untreated plants; although 200 mM NaCl caused a
decrease in artemisinin content (Fig. 2a, b). In defense of
our results, Wallaart and others (2000), Ferreira (2007), Pu
and others (2009), and Guo and others (2010) revealed a
direct relationship between ROS and artemisinin content.
In our previous studies also, artemisinin content was sig-
nificantly enhanced upon exposure to boron stress (0.50
and 1.00 mM) and salt stress (50 and 100 mM), but it
decreased when higher concentrations of either stressor
were applied (Aftab and others 2010c, d). From the current
research, it is clear that low levels of salinity (50 and
100 mM) might promote artemisinin biosynthesis (Fig. 2).
According to Pu and others (2009), SA regulates gene
transcription in the artemisinin biosynthetic pathway and
thereby increases artemisinin concentration in A. annua
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leaves. Our results are in agreement with the observations
made by Wallaart and others (2000), Ferreira (2007), Pu
and others (2009), and Guo and others (2010), who advo-
cated that relatively high levels of ROS were produced in
response to various stresses that, in turn, resulted in
enhanced conversion of dihydroartemisinic acid to
artemisinin.

Conclusion

In summary, this study revealed that salt stress had inhib-
itory effects on the growth of A. annua plants. Salinity
stress also promoted lipid peroxidation and production of
antioxidant enzymes in the leaves of A. annua. However, a
comparatively low level of salinity (50 and 100 mM NaCl)
stimulated artemisinin biosynthesis in plants. When SA
was applied exogenously, it ameliorated the toxic effects of
salt, improved the growth attributes, lowered lipid peroxi-
dation, and promoted the production of antioxidant
enzymes. Most importantly, artemisinin content and yield
were higher in SA-treated plants under salt stress. This
SA-induced increase in artemisinin content could be
attributed to the upregulation of some genes associated
with enhanced salt stress tolerance. Therefore, it might be
concluded that SA had stimulatory effects on artemisinin
biosynthesis under salt stress.
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