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Thymus vulgaris L. commonly known as Thyme or Garden Thyme, is important medicinal herb used for their wide-ranging
therapeutic properties. Agriculture practices of thyme plants influence their growth and biochemical composition. Here, we
have evaluated the effects of two production systems and irrigation with saline water on growth, physiological characteristics
and antioxidant capacity of T. vulgaris. Two levels of salinity stress (50 and 150 mM) were applied for 2 and 4 weeks under
shade enclosure or open field. The results showed that NaCl-treated plants grown in shade enclosure showed reduced total dry
weight and relative water content, photosynthetic characteristics and leaf pigments when compared to full sunny conditions.
However, the shade conditions enhanced glucose and fructose accumulation mainly after a short period of NaCl stress
application. The reduction of Ca?* and K* was lower in NaCl-stressed plants grown under open-field conditions. Besides,
under sunny conditions, plants showed significant increase in malondialdehyde (MDA) and H20: contents. Our results
demonstrated that these plants in open field have higher contents of reduced ascorbate (ASC) and reduced glutathione (GSH)
than plants grown in shade enclosure, which could be related to enhanced activity of APX and GR. An increase in superoxide
dismutase (SOD) and catalase (CAT) activity was also recorded. Moreover, activities of dehydroascorbate reductase (DHAR),
monodehydroascorbate reductase (MDHAR) were mainly dependent on the intensity of NaCl stress.
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Light is one of the most important environmental
factors and plays a critical function in plant
development and metabolism®. Additionally, light is
indispensable  for  photosynthesis and photo-
morphogenesis. Besides, the changes in irradiance
have an impact on plant growth, morphology and
anatomy, various aspects of physiology and cellular
biochemistry, and also flowering time and plant
productivity?.  Furthermore, light influence the
response of plants to several stresses such as salinity.
Light and salinity stresses activate common responses,
which mostly operate at the biochemical level, to
electively counter the oxidative damage®. High
sunlight and root-zone salinity may also alter
photosystem Il (PSIl)  photochemistry  and
photosynthetic pigment composition®. Thus, salt stress,
as rated through ecophysiological metrics, is reduced

*Correspondence:
Phone: +216 97 901 249
E-mail: ahlem18zrig@yahoo.fr

by low light or shading. The low light (shade) may
improve the physiological response of plants to salinity
compared to unshaded plants, which could be due to
the energy channeled for regulation of the internal
ionic conditions i.e. for a higher uptake of Ca?" and
Mg?*, while, the high light improved the salt tolerance
in several plants®.

Response mechanisms of plants to either excess soil
salinity or high solar radiation have been investigated
in great details over the past three decades. It is
important to know how plants survive when exposed to
the concomitant action of root zone salinity stress and
high solar irradiance. One of the serious causes was the
oxidative stress and ion imbalances, which results in
osmotic stress, and generation of reactive oxygen
species (ROS). Plants have evolved complex
mechanisms that reduced oxidative and osmotic stress
generated by salinity’. These mechanisms included
ionic and osmotic balances adjustments and the turgor
maintenance by synthesizing osmoprotectants. Such
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osmoprotectants include low molecular weight, highly
soluble compounds, such as soluble sugars and
proline?. Furthermore, these soluble compounds play a
role in the stabilization of enzymes and/or proteins and
in protecting cell membrane integrity against the
denaturing effect of stress conditions on cellular
functions. Plants also develop an efficient antioxidative
system including enzymatic and non-enzymatic
mechanisms* for protecting plants against negative
effects of excess light energy* and salinity stress®. The
non-enzymatic mechanisms involve low molecular
weight  antioxidants  (ascorbate,  glutathione,
carotenoids), whereas the enzymatic antioxidant
mechanisms involve the activity of superoxide
dismutase (SOD, EC 1.15. 1.1), guaiacol peroxidase
(GPX, EC 1.11.1.9), catalase (CAT, EC 1.11.1.6) and
enzymes of ascorbate glutathione (AsA-GSH) cycle,
such as ascorbate peroxidase (APX, EC 1.11.1.11), mono-
dehydroascorbate reductase (MDHAR, EC 1.6.5.4),
dehydroascorbate reductase (DHAR, EC 1.8.5.1) and
glutathione reductase (GR, EC 1.8. 1.7)°. The first line
of defence against ROS was the scavenging of
superoxide radicals (O*") by SOD, which results the
formation of H>O; and O,. CAT then transforms H,O>
in the peroxisomes, and by APX in the chloroplasts
into H,0 and O2*. Many works reported APX and POD
activities were much highest in sun leaves under
unstressed conditions. However, they increased in
response to salt stress more in shade leaves®. On the
other hand, the activity of CAT decreased in response
to salt stress more than under high light®.

Thymus vulgaris L. (Thyme or Garden Thyme), a
medicinal plant from Fam. Lamiaceae family, is
cultivated as an aromatic for culinary uses’. It has been
shown to have beneficial expectorant properties, as
well as others, such as antispasmodic, antibacterial,
antifungal, antiviral, antiprotozoal and antioxidant®.
Many factors viz. harvest time, seasonal variations,
drying conditions, etc. may affect the composition of
thyme. It was reported that plants grown in ‘shade-
enclosure’ or ‘open-field’ conditions showed a varying
growth and different responses, partly due to
differences in the microclimates®. Moreover, thyme
plants were cultivated in many countries such as
Tunisia under greenhouse conditions and irrigated with
low quality water with elevated salinity. Thus, in the
current study we explored the response of thyme plants
to salinity under different agriculture systems. Also, we
tried to illustrate the combined effects of salt stress and
light conditions on growth, photosynthetic apparatus

and the antioxidant systems and to understand the
interaction between stress enhancing the carbohydrate
and the antioxidants enzymes.

Material and Methods
Experimental condition and plant material

The present study was performed on one year old
Thymus vulgaris. The plants were cultivated in
perforated 4-L plastic pots containing desert dune-
sand. The plants were obtained from a commercial
nursery. In the nursery, generally plants species were
propagated by rooting the plant cutting from the wild
species. The plant species was first identified by
botanists from the Herbarium of the University of
Gabes. Later, a dry pressed voucher of the plant was
compared with deposited herbarium specimen at the
same University. A set of voucher specimen was
deposited in the herbarium of the Faculty of Sciences
of Gabes, University of Gabes, Tunisia. The plants then
cultivated for two months (April-May) with daily
maximum air temperatures ranging between 29 and
31°C, and relative air humidity ranging between 49 and
60%. They were irrigated every 4 days with a complete
nutrient solution (N, 1.8 mM; P, 0.35 mM; K, 0.64 mM;
Ca, 1.0 mM; Mg, 0.35 mM; S, 0.35 mM; Fe, 0.03 mM;
Zn, 0.4 uM, Mn, 5.0 uM; Cu, 0.1 uM and B, 0.02 mM)**.
The salinity stress was obtained by adding NaCl to the
nutrient solution to obtain 50 and 150 mM of total ion
concentrations. Control treatment did not have NaCl.
To avoid osmotic shock, concentration of the nutrient
solution was increased by 50 mM per day till reaching
the target salinity levels. Plants in full sun received a
daily dose of 1800 to 2000 uM m=2 s? in the photo-
synthetically active radiation (PAR). Shade plants were
exposed to a daily dose of 500 to 700 uM m2 s in the
PAR. Temperature maxima/minima were averaged
29/14 and 25/19°C in full sun and shade, respectively.
From the moment when the final concentration of NaCl
was obtained for the most severe stress level, the
concentrations of nutrient solutions were kept constant
for the following four weeks. Eight plants of each
treatment were harvested during morning time
(between 9 to 11 a.m. local time) after two and four
weeks. Plants were immediately frozen in liquid
nitrogen and stored at -80°C for biochemical analyses.

Morphometric measurements, ion contents and gas exchange
At the end of the experiment, eight plants were
individually harvested and divided into roots, stems
and leaves. After measuring their total fresh weight,
all plant organs were oven-dried at 80°C for 48 h for
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dry wt. analysis. Plant growth was estimated by
determining the dry wt. of leaves, stems and roots. For
ion analyses, dry leaves (1.0 g) were extracted with
20 mL of 0.1 M HNOs. After filtration, Na*, K*, Mg,
Ca**, Fe?* contents were determined with an atomic
absorption spectrometer (Avanta, GBC, Australia). Net
photosynthetic rate (A), stomatal conductance (gs) and
transpiration rate (E) of four fully expanded leaves of
each treated plants was determined with a portable
photosynthesis system (LCp prop, ADC, UK) under
natural conditions (PAR was 800-1200 mM m2 s and
air temperature was 20-30°C).

Leaf relative water content and water and osmotic potentials

To evaluate water status of plants, four fully
exposed leaves of each plants were used to measure the
leaf relative water content (%RWC). The RWC was
calculated according the following equation % RWC =
100 x [(FW-DW)/(TW-DW)]. Where, FW is fresh
weight, DW is dry weight, and TW is turgid weight
determined after soaking the leaf samples in distilled
water for 24 h at 4°C in a refrigerator. Dry weight was
measured after oven-drying the samples for 48 h at
80°C. Pre-dawn leaf water potential (¥Yw) was
measured on four median leaves with petiole with a
Scholander pressure chamber (PMS, Albany, OR,
USA) using a standard methodology*!. The osmolality
was measured with a vapour pressure osmometer
(Wescor 5520, Logan, UT, USA), the osmolality
values were converted to osmotic potential (Yx) by the
van’t Hoff equation: Wn= —CiRT, where ci = weight
concentration of solute, R is a gas constant = 8,31
JmoLtK?, and T is temperature in °C*2. Turgor
potential (Wp) was calculated as the difference between
osmotic potential (Yr) and water potential (Yw) values
(Wp=Yw — ¥n).
Extraction and analysis of carbohydrate

Sugars were extracted and analyzed using
Alasalvar et al.™* method. The extraction was done for
100 mg of frozen leaves in 2 mL acetonitrile/water
(1:1, v/v) for 2 min. The extract was kept in a water
bath at 55-60°C for 15 min and then filtered over a
Whatman No. 541 filter paper. Samples filtrates were
then used for the determination of the sugar contents
using HPL.C chromatography. A mixture of acetonitrile
and HPLC grade water at a ratio of 75:25 (v/v) was
used as the mobile phase. Column temperature and
injection volume were set at 30°C and 20 pL,
respectively. The mobile phase (filtered through a 0.45 uM
Millipore filter and degassed prior to use) was a mixture
of acetonitrile and HPLC grade water at a ratio of

75:25 (v/v) at 1 mL-min~'. Identified sugars were
quantified on the basis of peak areas and comparison
with a calibration curve obtained with the corresponding
standards ranging 1-10 mg/100 mL of acetonitrile/
water (1:1, v/v). Sugars were expressed as milligrams
per 100 g of fresh weight (mg/100 g FW).

Determination of chlorophylls and carotenoids

Leaf chlorophyll and carotenoids contents were
determined according to Arnon'4. Briefly, fresh leaves
(0.5 g) were ground to a fine powder in liquid nitrogen
and homogenized for 30 s in 5 mL of 95.5% acetone.
The pigments’ concentrations were estimated from
absorbance at 647 nm and 664 nm and a solution of 95.5%
acetone was used as a blank. Pigment concentrations
were calculated as follows: Chl a (mg/g FW) = [12.7 x
(A664)-2.69 x (A647)] x (0.5%5), Chl b (mg/g FW) =
[22.9 x (A647) -4.69 x (A664)] x (0.5%5).

Total carotenoids were extracted in duplicates®®.
Frozen leaf tissue (1.0 g) was briefly extracted with
acetone and shaken with diethyl ether and 10% NaCl.
Two phases were obtained, the lipophilic phase was
washed with Na>SO4 (2%), saponified with 10% KOH
in MeOH, and the pigments were subsequently extracted
with diethyl ether, evaporated and then made up to 25
mL with acetone. Total carotenoids were estimated at
450 nm in a UNICAM Helios- spectrophotometer
(Cambridge, UK), and expressed as mg of 3-carotene
equivalent per g fresh weight, taking into account the
molar absorption coefficient (¢1% cm) of 2560.

Quantification of oxidative stress markers

MDA (lipid peroxidation) was assayed according to
Hodges et al.*®. Leaves tissue was homogenized in 80%
ethanol (MagNALyser, Roche, Vilvoorde, Belgium) and
incubated with thiobarbituric acid (TBA) to produce
pinkish red chromogen TBA-malondialdehyde (TBA-
MDA). Absorbance at 440, 532 and 600 nm was
measured, and MDA content was calculated and
expressed as nmoL/g fresh tissue. For quantification of
H>0,, 50 mg of leaves tissues were homogenized in
50 mM phosphate buffer (pH = 6.5) and was measured
by the FOX1 (ferrous oxidation-xylenol orange)
method'’. NADPH oxidase was assayed according to
Sarath et al.’®, measuring NADPH-dependent super-
oxide generation as the reduction rate of NBT into
monoformazan (£530=12.8 mM 'cm™')

Determination of antioxidants levels

Reduced ascorbate (ASC) and reduced glutathione
(GSH) were quantified by HPLC (Reversed-Phase
HPLC of Shimadzu, Hai Zhonglu, Shanghai) following
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the methodology described by Sinha et al.’®. Leaf
tissue was homogenized under liquid nitrogen using a
mortar and pestle. The resulting powder was thawed on
ice in a 6% metaphosphoric acid (MPA) solution (0.5 mL
MPA/100 mg wet tissue). After homogenization, the
samples were centrifuged at 14000 rpm for 12 min.
About 100 pL of the supernatant was added to 300 puL
eluent (2 mM KCI, pH 2.5). The antioxidants were
separated on HPLC by injecting 10 uL onto a Polaris
C18-A column with a 1.0 mL/min flow rate®.

Enzyme assay

Superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPX), ascorbate peroxidase
(APX), glutathione reductase (GR), glutathione-s-
transferase  (GST), dehydroascorbate reductase
(DHAR) and (MDHAR) were extracted in 50-mM
potassium phosphate buffer (pH 7.0) containing 10%
polyvinyl pyrrolidone (PVP), 0.25% Triton X-100,
0.001M polymethyl sulfonyl fluoride (PMSF) and
0.001M ascorbate. SOD activity was determined
according to Dhindsa et al.?* by measuring the
inhibition of nitroblue tetrazolium (NBT) reduction.
CAT activity was assayed according to Aebi®? by
monitoring the rate of decomposition of H,O; at 240 nm.
APX, DHAR and GR activities were measured
according to Murshed et al.. GST enzyme activity
was measured by the conjugation of GSH with excess
1-chloro-2,4-dinitrobenzene (CDNB) at 340 nm. GPX
activity was assayed by measuring the decrease in
NADPH absorbance (340 nm)?*. The soluble protein
content was estimated according to Lowry et al.?.

Statistical analyses

Variance of data was analysed with the GLM
procedure of SAS software for a Randomized Complete
Block design with eight replicates. Where applicable,
means were separated by Duncan’s Test (P <0.05).
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Results
Growth and photosynthetic reactions

Thyme plants grown in open-field showed less
decrease by 0.09% in total dry wt. (TDW) as compared
to those grown in shade-enclosure system after a short
term salt treatment (Table 1) and this reduction rises to
30% after 4 weeks. In shade-enclosure system, salinity
treatment resulted in significant reduction in TDW by
11 and 31% compared to unstressed plants at 50 and
150 mM NacCl, respectively. In open-field, it was 13
and 34%, at 50 and 150 mM NacCl, respectively. After
4 weeks, the reduction in TDW decreased between
control and NaCl treated plants. In addition, our result
showed that the net photosynthetic was higher under
open-field conditions with (1.5 and 4 umoLCO;, after
15 and 30 days, respectively) compared to shade
enclosure conditions. Whereas, the high salinity
decreased net photosynthetic rate (A), stomatal
conductance (gs) and transpiration rate (E) by 34, 46
and 34%, respectively after 15 days of treatment in
plants grown under shade enclosure conditions. While
the reduction in photosynthetic parameters in stressed
plants was less pronounced under open-field
conditions (about 50%). Likewise, at 30 day, the less
decrease in gs and E was observed in leaves of plant
grown in open-field system. In contrast, a high drop in
photosynthesis (74%) in plants grown under the same
growth condition, as compared to control.

The applied growth environments significantly
affected chlorophyll contents. The chlorophyll content
was higher in plants grown under shade enclosure
conditions than open-field conditions (Fig. 1). Short
term of mild salinity stress (50 mM NacCl) reduced Chl a,
Chl b and total chlorophyll contents in plant grown
under shade enclosure by 66, 33 and 50%, respectively.
In contrast, Chla, Chlb and total chlorophyll raised by

Table 1 — Total Dry Weight (TDW), Relative Water content (RWC), Water potential (¥w), Osmotic potential (¥s), turgor potential
(Yp), Photosynthetic rate (A), Stomatal conductance (gs) and transpiration rate (E) of Thymus vulgaris leaves as influenced by Shade
enclosure, Open-field and different NaCl levels

2 weeks 4 weeks
Shade enclosure Open-field Shade enclosure Open field

NaCl (mM) 0 50 150 0 50 150 0 50 150 0 50 150

Total dry wt. (9) 41.23% 36.46° 28.24° 37.51* 3243* 2455° 47.3* 418> 281°¢ 3752 33.72 26.4°
RWC (%) 955* 89.9° 874 88.8% 88.1* 86.82 955° 89.9° 874> 88.8° 88.12 86.82
Yw (MPa) -0.016* -0.05> -0.08° -0.09° -0.16° -0.19° -0.01* -0.05®> -0.08° -0.09* -0.16° —0.19°
¥s (MPa) -1.24* -178> -1.84> -1.63* -1.86° -2.17° -124% -1.78° -1.84° —63* -1.86° -2.17°
Yp (MPa 1.28> 1.722 1772 1.54¢ 1.86° 1.982 1.28P 1,.562 1.662 1.70¢ 1.85P 2.072
A(mol Coom2s?) 138 0.80° 0.91° 159 113> 095 2142 187> 178> 399 146 1.02¢
gs (mmol H20 m?s?) 0.155° 0.0086* 0.0083* 0.011* 0.0086° 0.0081° 0.0077 0.0041° 0.002° 0.0085* 0.0025° 0.0066°
E (mmol H20m?2sY)  0.91° 0.682* 0.596% 0.531* 0.430° 0.272° 0.271*% 0.242® (0.221> 0.891° 0.682®  0.5962

[Different letters indicate significant differences between treatments (Duncan test, P <0.05]
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30, 12 and 25%, respectively in response to mild
salinity stress in plants grown in open-field, as
compared system. Additionally, a different pattern was
observed for mild and severe salinity treatments under
shade enclosure growth conditions, with a decisive,
reduction at the last time point (at 30 day) in severe
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Fig. 1 — Effect of Shade enclosure, Open-field and different NaCl
levels on leaf pigments in leaves of T. vulgaris. [Values are the
means * SE of eight replicates. Different letters indicate significant
differences between treatments according to Duncan’s Multiple
Range Test at P <0.05]

stressed plants compared to control. After 2 weeks,
total carotenoid content increased more significantly in
response to severe stress under shade enclosure growth
conditions. While the amount rose to the higher level
at mild salinity stress in open-field, thereafter it
decreased by severe stress, but still higher as compared
to control. Furthermore, after a long term of salinity
exposure, total carotenoids increase only at moderate
stress under both environmental conditions.

Mineral contents and water relations

Furthermore, the full sun light in open growth
decreased the RWC, potentials (Ww, ¥s and ¥p) and this
decrease was less in thyme plants grown under shade
enclosure. Water (W) and osmotic potential (¥s) were
relatively lower in stressed thyme plants grown in
open-field for long term than stressed thyme plants
grown in shade enclosure system. In contrast, the
turgor potential (¥,) was relatively higher in thyme
plants grown in open field system and exposed to
salinity stress for 4 weeks (Table 1).

Salinity stress increased Na* concentration and
decreased noticeably K*, Ca?, Fe? and Mg?
concentrations in thyme leaves grown in shade-
enclosure system after 15 days (Table 2). Thereafter,
the reduction in K*, Ca?*, Fe?* and Mg?* contents were
getting less in leaves of thyme plants grown under
open-field conditions. However, after 30 days, the Na*
content was higher by 72% at 150 mM NaCl under
open-field condition as compared to plants grown in
shade-enclosure. Moreover, Fe?*content declined
sharply by 78% in response to severe salinity (150 mM
NaCl) in plants grown under shade-enclosure

Table 2 — lon concentrations in the leaves of thyme plants grown in Shade enclosure or Open field and fed with increasing
concentrations of NaCl (50 and 150 mM NaCl)

2 Weeks 4 Weeks
Treatment Shade enclosure Open field Shade enclosure Open field
0 326,20+14.9b 1162,44+211,8¢c 385,80+35,7¢ 966,37+222,5¢C
Na 50 364,48+5,1b 2566,81+328,2b 1410,62+22,9b 1190,39+105,2b
(ueq.g-1DW) 150 474,06+131,9a 3873,79+62,9a 6495,19+372,3a 3573,50+1342,1a
0 535,03+13,0a 660,10+40,1a 443,09+43,9a 594,25+7,3a
K 50 253,87+88,6b 645,65+10,9a 383,89+16,5b 399,87+24,9b
(ueq.g-1DW) 150 197,76+42,5¢c 464,71+69,9b 349,74+31,9b 347,95+15,6b
0 4408,95+99,84a 972,42+10,64a 1087,10+10,27a 1002,75+196,63a
Ca 50 1303,22+266,09b 580,98+153,10b 850,51+0,73b 895,43+87,80b
(neq.g-1DW) 150 1178,06+171,56b 360,49+17,49c 796,61+46,22b 788,00+105,04b
0 995,68+ 63,11a 701,85+ 58,68a 1028,81+ 246,41a 595,47+ 10,08a
Mg 50 677,16 98,20b 694,44+ 52,63b 575,93+ 19,56b 591,15+ 3,83a
(ueq.g-1DW) 150 410,43+ 94,92¢ 556,38+ 39,93c 462,80+ 5,400 432,92+ 20,16b
0 1783,75+213,10a 844,80+97,47a 781,27+28,36a 208,78+4,57a
Fe 50 1159,32+160,42ab 815,77+195,47a 204,84+4,92b 99,64+4,39b
(neq.g-1DW) 150 564,96+124,96b 549,55+0,97b 165,41+2,63c 35,75+2,55¢

[Values are the means + SE of eight replicates. Different letters indicate significant differences between treatments (Duncan test)]
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conditions after 30 days and then it raised to 82% under
open-field growth conditions. Whereas, the decrease in
Ca?" leaf content did not rise more than 30% in both
environmental conditions. Sever salinity stress
decreased the K* (41%) and Mg?* (55%) in plants
grown in open-field and in shade enclosure,
respectively.

Carbohydrate contents

After 2 weeks of treatments, the concentration of
glucose increased by mild and severe salinity stress by
55% and 53%, respectively, under shade-enclosure
growth conditions (Fig. 2). While, under open field,
both stress levels exhibited pronounced decrease in the
glucose content as compared to control. After 4 weeks,
the amount of glucose increased sharply especially in
plants grown in open field. After a short-term exposure
to salinity, mild stress did not affect the fructose
content under both environment growth conditions.
However, severe stress decreased  fructose
concentration in shade enclosure, while it was
increasing in open field. However, after 4 weeks, both
salt levels significantly increased the concentration of
fructose in leaves of plants gown in shade-enclosure
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Fig. 2 — Effect of Shade enclosure, OPen-field and different NaCl
levels on carbohydrate content in leaves of T. vulgaris. [Values are
the means + SE of eight rePlicates. Different letters indicate
significant differences between treatments according to Duncan’s
MultiPle Range Test at P <0.05]

system but were lower than open-field growth
conditions. We observed that the salinity stress did not
significantly affect sucrose content after 2 weeks of the
treatment in leaves of plants grown in shade enclosure
system, but it had increased in those grown in open
field by14 and 20% for mild and severe salinity stress,
respectively. After 30 days of treatment, salinity had no
effect on sucrose content. The concentration of starch
increased sharply by severe stress (80%, compared to
control) in shade enclosure system, while, it decreased
in open field system. After 4 weeks, the starch leaf
content decreased with increasing salinity level in both
environmental conditions.

Oxidative stress markers

The malondialdehyde (MDA) content is routinely
used as a measure of membrane lipid peroxidation and
of membrane injury (Fig. 3). The plants treated with
salinity stress showed a progressive decrease of MDA,
after 2 weeks of treatment while it increased at open-
field. Whereas, after 4 weeks of treatments, mild
salinity stress treatment led to a gradual increase in the
MDA levels under shade enclosure growth conditions,
which raised to 28% at severe stress. However, under
open-field condition, mild stress had no effect on
MDA, and it was increased at 150 mM NacCl. In shade
enclosure system, a concomitant increase in H.0-
content was recorded for mild stressed-plants (Fig. 3)
and then decreased by 150 mM NaCl after 2 weeks.
H>O, content decreased in plant grown in open field
system regardless the level salinity stress. After
4 weeks, H,O, content increased at 150 mM NaCl in
plants grown in shade enclosure and at open-field.
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Fig. 3 — Effect of shade enclosure, OPen-field and different NaCl
levels on MDA and H20: content in leaves of T. vulgaris. [Values
are the means + SE of eight rePlicates. Different letters indicate
significant differences between treatments according to Duncan’s
MultiPle Range Test at P <0.05]
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Changes in ROS-scavenging antioxidant enzyme activity

The enzyme activities displayed significant
fluctuations in response to salinity and environment
conditions and showed an obvious time-dependent
change. In shade enclosure, mild stress imposed high
level of SOD enzyme activity and it increased by two
folds after 2 weeks (Fig. 4), relative to that of control.
While, after 4weeks, the activity of SOD decreased
with salinity as compared to control. Though the
induction at enzyme level was relatively less in sunny
conditions as compared to shade enclosure, a much
profound increase in SOD activity at severe stress level
was observed. Thus, the activity of SOD showed a
further increase relative to what in shade enclosure.
Similarly, after 2 weeks, the activity of CAT was
higher in plants grown in shade enclosure system than
in those grown under sunny conditions. More increase
in CAT enzyme activity was observed at severe stress
level. In contrast, open field conditions markedly
increased the activity of CAT enzyme in severe
stressed plants more than shade enclosure condition
(4 folds, as compared to untreated samples) after 4 weeks
(Fig. 4). Likewise, the activity of POX was time-
dependent change (Fig. 4). Compared to shade
conditions, sunny conditions reduced the activity of
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Fig. 4 — Effect of shade enclosure, OPen-field and different
NaCl levels on SOD, CAT and POX activity in leaves of
T. vulgaris. [Values are the means + SE of eight rePlicates.
Different letters indicate significant differences between
treatments according to Duncan’s MultiPle Range Test at P <0.05]

POX enzymes regardless the level of salinity. NAPHox
oxidase increased significantly by 50 mM NaCl
under shade enclosure conditions and in sunny
conditions. After 4 weeks of treatment, the activity
of NAPHox oxidase increased with increasing
salinity (36 and 78%, for mild and severe stress,
respectively) in shade enclosure system, but no
effect of stress was observed in thyme plants grown
in open field system (Fig. 5)
Ascorbate-glutathione related enzymes

The APX activity decreased by NaCl stress in short
term under shade enclosure system, relative to what in
control. While, APX showed the highest increase by
35% in 50 mM NaCl in long term (Fig. 5). The 150 mM
NaCl treated plants grown under open filed exhibited
higher activity of APX compared to those grown in
shade enclosure.
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In shade enclosure system, stressed thyme plants
exhibited a higher activity of DHAR and MADHAR
enzymes compared to those grown in open field
system. After 2 weeks, DHAR enzyme activity
decreased with the increase in salinity under shade
enclosure, but it increased in severe stressed plants by
sunny growth condition. Short-term exposure of mild
stress also increased sharply the activity of MDHAR
by 2 and 4 folds in shade enclosure and in sunny
conditions, respectively. Furthermore, after 4 weeks,
severe salt stress increased the activity of DHAR and
MDHAR enzymes mainly in shade enclosure (Fig. 5).

Sunny growth conditions decreased the GPX
enzyme activity independent on applied salinity stress
(Fig. 6). At short term, 150 mM NaCl increased the
activity of GPX enzyme in both environmental
conditions, as compared to control. After long term, the
highest level of NaCl increased the activity of GPX by
50 and 60% under shade enclosure and open field,
respectively, relative to control. Moreover, the activity
of GR was high under open field compared to shade
enclosure. This activity was increased sharply in sunny
conditions by 4 folds at 150 mM NacCl relative to what
in control plants. Furthermore, the activity of GST
enzyme was higher in sunny conditions at short term of
treatment, thereafter; it decreased at 30 days of
treatment relative to what in plants grown under shade
enclosure (Fig. 6). Our data showed that the high
salinity (150 mM) affected the activity of GST enzyme
in shade enclosure system after 15 days. This activity
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was increased sharply in sunny conditions by 2 and 4
folds at 50 and 150 mM NacCl, respectively. In contrast,
after 4 weeks, GST enzyme activity increased with the
increase in salinity stress in thyme leaves grown under
shade enclosure, but it reduced by severe stress in
sunny conditions.

NaCl (mM)

Effect on non-enzymatic antioxidants

The variation in light intensity elicited distinctive
non-enzymatic responses of ascorbate (ASA) and
glutathione (GSH) (Fig. 7) in thyme leaves. For
instance, the plants that experienced full sunlight
exhibited a higher ASA and GSH content than plants
grown in shade enclosure. Furthermore, the salinity
effect was depending on time course of experiment,
since after short term, salinity decreased the ASA
content and increased the GSH content under shade
enclosure. After 4 weeks, the sunny conditions further
increased the contents of ASA (62%) and GSH (78%)
of the 150 mM salt-treated plants when compared to
plants grown in shade enclosure.

Discussion
Compared to shaded leaves, sunny leaves showed less growth
under stress condition

The combination of multiple environmental factors
including light and salinity stress alters plant growth
and metabolism although under cultivated conditions.
The acclimation of cultivated plants under such
conditions at short and long term is not well studied?.
According to our data, the total dry weight was not
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significantly affected by high light relative to plants
grown under shade enclosure without salt treatment.
Under open field conditions, certain plant species do
not grow because light irradiance decreases
photosynthetic rates. Therefore, all plants have their
own optimal light intensity ranges for growth. Light
intensity that is too high or too low impacts
morphology,  photosynthetic  physiology, and
secondary metabolite production. These characteristics
are closely related to medicinal plant productivity such
as T. wvulgaris. Salt stress is one of the major
environmental factors which limit thyme growth and
production®. According to our data, 50 mM NaCl and
150 mM induced moderate (11%) and severe stress
(31%) effects, respectively, on thyme plants biomass
under shade enclosure growth condition. Interestingly,
only after 2 weeks, severe salinity stress reduced the
TDW of sunny thyme leaves more than shaded ones.
In general, this reduction in plant growth could be an
adaptive response to stress®. At fresh weight (FW)
levels, stressed plants also showed less FW due to low
water accumulation?’. Reduced TDW of salt stressed
leaves exposed to sunny conditions was related to
photosynthetic assimilation. Photosynthesis is a major
process in plant dry matter production?’. Furthermore,
the results of the present study showed that the A
decreased under salt stress condition (Table 1). Before
the salt treatment, the leaf photosynthetic parameters
A, gs and E showed significant responses to low light
under shade enclosure. Apparently, A and gs were
decreased in plants grown under shade enclosure
relative to those grown in open field. Whereas, E was
lower in shade enclosure than in open field at 15 and
30 days. Our results showed that the thyme plants
receiving shade treatment exhibited impaired
photosynthetic capacity due to reduce A and gs. Under
salt stress, the A declined further under sunny
conditions and showed a further decrease after 4
weeks. Under such conditions, the treated plants are
predisposed to suffer photoinhibition.

Salt stress increased influx of Na® which could
damage chlorophyll content suggested that reduced
rates of photosynthesis may be due to reduced levels of
Chl, particularly Chla®. Moreover, low gs in stressed
plants reduced the availability of CO, at its fixation
site®C. The decrease in A in internal CO, concentration
and finally inhibition of photosynthesis metabolism are
generally attributed to stomatal limitation. This
conclusion is consistent with the present study, where
the gs values were lower in open-field than shade

enclosure. When plants are exposed to high irradiation
associated with a high vapour pressure deficit, plants
show reduced gs to prevent water loss, which results in
decreased intercellular CO. concentration and
depression of photosynthesis. Reduced photosynthesis
increased oxidative stress when absorbed light energy
exceeds energy use by metabolism. Impairment of
photosynthetic electron utilization, especially when
Calvin—Benson cycle is slowed down by stomata
closure, is a major cause of this stress®.. Decreases in
Chl b content have been suggested to be an indication
of Chlorophyll destruction by excess irradiance®..
Plants grown under shaded conditions are known to
optimize their effectiveness of light absorption by
increasing pigment density per unit leaf area®. Chl b is
usually the main component of light harvesting
chlorophyll protein, therefore the marked increase in
Chl b content in stressed and shaded leaves after a long-
term exposure mild stress demonstrated the thyme
could maximize the light harvesting capacity®.

Under salinity, the increase of carotenoids indicated
their potential to detoxify accumulated reactive oxygen
species®®. In the present study, it appeared that the
salinity interacts with high light at short and long term
of treatment enhanced the antioxidant role of
carotenoids. Carotenoids are known to function as
collectors of light energy for photosynthesis and as
quenchers of triplet chlorophyll and O,. Moreover,
they dissipate excess energy via xanthophylls cycle and
can act as powerful chloroplast membrane stabilizers
that partition between light harvesting complexes
(LHCs) and the lipid phase of thylakoid membranes,
reducing membrane fluidity and susceptibility to lipid
peroxidation®!. Because the photosynthetic energy
utilization in sunny growth species is lower than in
shade species, it was assumed that higher antioxidant
protection would be necessary to compensate for
higher light-mediated oxidative stress®.

Osmotic adjustment was a mechanism to adapt salinity stress
in sunny and shaded leaves

To avoid water loss, our stressed plants decreased
0s, E and W\ similar to other stressed species as was
reported in the study of Tounekti et al.®, however in
our study, salinity did not affect RWC value in short
term, highlighting an effective osmotic adjustment, as
previously stated in rosemary plants®. Also, the large
decrease in Ww and Ws under salt stress with few
associated changes in tissue hydration has been
considered as an adaptive strategy of the evergreen
sclerophyllous trees and shrubs to stress. In agreement
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with our results, it was demonstrated that the shade
condition maintained suitable leaf turgor in stressed
plants mainly after a short term of salt stress
exposure®’.

Negative effects of stress on shaded plant leaves
growth after a short period of treatments could be
explained by osmotic effects and ionic imbalances
resulting from nutritional deficiency cations®. The
osmotic effects of salinity stress can reduce growth by
inhibiting cell expansion and cell division. Plants
accumulated higher levels of compatible solutes to
improve salt resistance®. Soluble sugars, including
sucrose, glucose and fructose, have been reported as
compatible solutes, playing an important role in
osmoregulation and as well as scavengers of free
radicals during salinity stress. In the salt-stressed
thyme plants, these solutes could largely contribute to
the osmotic adjustment and ionic balance control®.
Here, we propose that the induced sugars levels such
as fructose, glucose, sucrose and starch allowed the
stressed plants to keep a favourable water relation
under shade enclosure. Besides, our results showed that
the gs and E were declined in response to high light and
salinity levels. In fact, the highest decrease in both
photosynthetic parameters was recorded at 150 mM
under sunny growth conditions after a long term of
treatment. Stomata give plants the ability to regulate
transpiration but also the opportunity to control water
use efficiency (transpiration efficiency)3.

Shaded plants experienced less oxidative damages and more
antioxidants level

The common biochemical response during both
biotic and abiotic stress is enhanced ROS production®.
Rapid and nonspecific reactions of ROS result in
severe cell biochemical changes including lipid
peroxidation and damage to proteins and DNA, which
may lead to cell death. Salt stress is known to cause
lipid peroxidation in several species, which has often
been used as an indicator of stress induced damage at
the cellular level®. Under shade enclosure, thyme
plants can withstand severe salt stress without showing
any hint of oxidative stress. It is worth noting that
chlorophyll loss is an efficient photoprotection
mechanism that finely modulates the amount of light
intercepted by leaves*. Therefore, it is not surprising
that the highest MDA accumulation observed in
150 mM NaCl treated plants in sunny conditions
concomitant with lower A and chlorophyll. In any case,
it becomes clear that with high MDA accumulation,
thyme plants can withstand this salt-induced oxidative

stress, by activating several antioxidants enzymes.
Because the photosynthetic energy utilization in shade
plants is lower than sunny species, it was assumed that
higher antioxidant protection would be necessary to
compensate for higher light mediated oxidative
stress®. There are many potential sources of H,O; in
plant cells, including chloroplasts, mitochondria,
peroxisomes, plasma membrane NADPH oxidase, cell
wall peroxidases, apoplastic oxalate, and amine
oxidase*!. The plasma membrane located NADPH
oxidase is mainly involved in H;O. production in
response to salt stress*. Our findings indicate that
exposure of thyme to moderate salinity in shade
enclosure, induced H20:> accumulation in
concomitance with higher MDA. To maintain a
relatively low ROS concentration, plants have evolved
highly regulated enzymatic and non-enzymatic
mechanisms to keep a balance between ROS
production and detoxification so that the cellular redox
homeostasis can be maintained*?. Increased levels of
antioxidant enzymes activity in plant tissues as a
mechanism of salt-adaptive trait has been reported®.
Thus, by neutralizing the harmful effects of H.0,, SOD
and CAT regulate the steady-state level of H,Op,
thereby preventing the formation of extremely toxic
hydroxyl radicals®*. The decrease in H.0:
concentration in salt-treated plants was associated with
an increase of CAT and SOD, likely as a consequence
of the direct effect of NaCl or the indirect effect
mediated via an increase in levels of H,O,. As POX has
much stronger affinity for H20: than CAT, so it is
believed that POX is associated with H,O; scavenging
under lower concentration, while the en masse H,O»
scavenging is facilitated by CAT*. It was reported that
POX activity plays a major role in the scavenging of
H.0O; at relatively low concentration and acted as fine
regulator for ROS balance®.

The results of this study reveal that in thyme plants,
the POX activity was induced only under shade
enclosure which concomitant with lower concentration
of H,0,. While in sunny conditions, the activity of this
enzyme declined at high salt level. Hence, it seems the
thyme plants were able to induce an efficient
antioxidant response protecting the photosynthesis of
shaded plants after short term exposure to salinity. We
assumed that the thyme exposed to full sunny condition
will be exposed to high temperature than under shade
enclosure. Previous study reported that SOD, CAT and
POX activities decreased significantly at high
temperatures in light, whereas non-enzymatic defences
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increased®, as ASC was observed in our study. This
result suggested a possibility of direct ROS scavenging
role of AsA and GHS in thyme grown high light
through their synthesis by APX and GR, respectively.
The ASC-GSH cycle plays a key role in this defence,
and the components of this cycle are present in
different organelles in plant cells®. One of these
components is ascorbate ASC, a non-enzymatic
antioxidant, which associated with H.O, scavenging
via APX%,

In addition, GSH plays a key role in the
antioxidative defence system in response to salinity.
APX, GR, GSH, and AsA in ascorbate-glutathione
pathway mediate removal of H»O, by transferring
electrons from NADPH to H,O,, utilizing GSH and
AsA as mobile redox buffers. GSH and AsA are
involved in many cellular processes, including their
key roles in plant tolerance and in activation of
enzymes involved in plant growth and
development*,

The outcomes of the present investigations showed
that ASC and GSH concentrations in thyme grown in
sunny conditions treatments were higher than plants
grown under shade enclosure. We assumed that the
decrease of H.O,and MDA in sunny condition at long
salt stress treatment is due to the important role of ASC
and GSH. The ASC and GSH pool are generally
determined by its rates of not only synthesis but also
regeneration”® and this depends on the different
productions system in this work. According to our
results, it appeared that in open field, the high pool of
GSH content accumulated at short term was due to the
high activity of GR induced by the high light. The high
level of GSH helped in maintaining the levels of
ascorbate by acting as reductant in dehydroascorbate
reductase (DHAR) to ascorbate (AsA) as observed in
the present outcome. Thus, in response to salinity, it is
obvious that the amount of ASC was regenerated by
DHAR under shad enclosure response to lower level of
salt stress (50 mM NaCl). MDHAR and DHAR are two
important enzymes related to the regeneration of ASA
which are equally important in regulating AsA level
and its redox state under oxidative stress condition. The
findings of the present study suggested that improved
GR activity in NaCl treated plants led to optimization
in first time (2 weeks) of MDHAR by way of enhanced
GSH production. Besides, 50 mM NaCl improved the
maintenance of AsA by enhancing the activity of
DHAR in plants grown under shade enclosure.
Overexpression of MDHAR and DHAR has

highlighted the roles of GSH-dependent ascorbate
pools in responses such as stomatal regulation?®.

Interestingly, after a long term, AsA and GSH
content was maintained regardless to their slight
accumulation in shading and NaCl treated plants. In
fact, a slight decrease in AsA content was recorded at
50 and 150 mM NacCl. Likewise, the content of GSH
was not affected with the increase in salt stress in
shading plants thyme. According to the present results,
the thyme plants used the MDHAR and DHAR
enzymes in the first line of defence against oxidative
stress inducted by NaCl under shade enclosure by the
regeneration of AsA at short term. Likewise, the NaCl
treated plants involved both enzymes in salt tolerance
by maintaining a high level of AsA and GSH at long
term. After 4 weeks and in sunny conditions, the
activity of APX and GR was enhanced and the content
of AsA and GSH reached to its higher content mainly
at highest level of salt stress (150 mM). It appeared that
AsA are utilized by APX in ascorbate glutathione cycle
to reduce H.0, to water. Likewise, increase in GSH
concentration was further observed, which might have
contributed to efficient H20, scavenging, lowering lipid
peroxidation through increased activity of GR and
maintaining the optimal concentrations of GSH.

In the present investigation, we suggested that APX
and GR activity were induced by the high salinity and
this increase was enhanced by high light. Nevertheless,
the high activity of GST in the current treatment
appeared to be involved in catalysing the conjugation
of GSH to a wide variety of hydrophobic and
electrophilic compounds to form less- or non-toxic
peptide derivatives. This conjugation reaction is
involved in the detoxification and processing of
various xenobiotics but also endogenous toxic and
nontoxic metabolites, which after glutathionation are
rapidly transported to vacuole*. At the same time, high
GPX activity at long term as response to salinity in
shading plants suggested better tolerance of thyme by
decomposition of H,O, using GSH and converts to
GSSG. Importantly, the light seemed to not improve
the activity of GPX. Such activity was reduced by light
at short and at long term which may be substituted by
APX activity at this time. In the present investigation,
we observed that thyme plants manipulate differently
the enzymes of ascorbate-glutathione pathway
depending on time, salinity and shade or light.
Nevertheless, this study revealed that long-term
changes in foliar enzymes activities correlate more



334

with salinity than light, indicating that salinity is an
important factor modulating antioxidants.

Conclusion

This study has demonstrated that Thyme (Thymus
vulgaris) adapted differently to the shade enclosure and
open-field with or without salinity. The tolerance of
T. vulgaris to moderate and severe salinity stress was
dependent on the concurrent light regime. Under shade
enclosure, improved salt tolerance can be associated
with marked osmotic adjustment by accumulating a
higher level of compatible solutes. The results obtained
suggest that the variation in environmental light
conditions similarly modulated the activity of
antioxidant enzyme and non-enzymatic activities.
Maintaining a high level of antioxidative enzyme
activities, in short and long term, may have contributed
to better protection mechanisms, and to better growth
under salt stress. Interestingly, it appeared that the high
light enhanced the useful to the growers and gardeners
to select best growth condition to maintain a good
quality product of thyme plants, especially in the
Mediterranean area, where low quality waters are very
often used.

Acknowledgment

The authors thank the Deanship of Scientific
Research, Jazan University, for financially supporting
this research project.

Conflicts of interest
Authors have declared no conflict of interests.

References

1 Munns R, Genes and salt tolerance. Bringing them together.
New Phytol, 167 (2005) 645.

2 Vinocur B & Altman A, Recent advances in engineering plant
tolerance to abiotic stress: Achievements and limitations. Curr
Opin Biotechnol, 16 (2005) 123.

3 Mittler RPT, Ascorbate peroxidase. In: Antioxidants and
Reactive Oxygen Species in Plants, (Ed. Smirnoff N; Blackwell
Publishing, Oxford), 2005, 87.

4 Alscher RG, Erturk N & Heath LS,Role of superoxide
dismutases (SODs) in controlling oxidative stress in plants.
J Exp Bot, 53 (2002) 1331.

5 Meloni DA, Oliva MA, Martinez CA & Cambraia J,
Photosynthesis and activity of superoxide dismutase,
peroxidase and glutathione reductase in cotton under salt stress.
Environ Exp Bot, 49 (2003) 69.

6 Zrig A, Ben Mohamed H, Tounekti T, Khemira H, Serrano M,
&Valero D, Effect of rootstock on salinity tolerance of sweet
almond (cv. Mazzetto). South Afr J Bot, 102 (2016) 50.

7 Stahl-Biskup E & Séez F, Thyme the genus thymus. In:
Medicinal and Aromat plant, industrial profiles, (CRC Press,
Taylor and Francis Group, New York), 2002, 330

8

10

11

12

13

14

15

16

17

18

19

20

21

22
23

24

25

26

INDIAN J EXP BIOL, MAY 2020

Ghasemi PA, Hashemi M, & Ghahfarokhi FT, Essential oil and
chemical compositions of wild and cultivated Thymus
daenensis Celak and Thymus vulgaris L. Ind Crops Prod, 48
(2013) 43.

Murillo-Amador B, Nieto-Garibay A, Lopez-Aguilar R, Troyo-
Diéguez E, Rueda-Puente EO & Flores-Hernandez A,
Physiological, morphometric characteristics and yield of
Origanum vulgare L. and Thymus vulgaris L. exposed to open-
field and shade-enclosure. Ind Crops Prod, 49 (2013) 659
Kramer PJ & Brix H, Measurement of water deficit in plants.
UNESCO Arid Zone Res, 25 (1965) 343.

Gucci R, Lombardini L & Tattini M. Analysis of leaf water
relations in leaves of two olive (Olea europaea) cultivars
differing in tolerance to salinity. Tree Physiol, 17 (1997) 13.
Noble CL & Rogers ME, Arguments for the use of
physiological criteria for improving the salt tolerance in crops.
Plant Soil, 146 (1992) 99.

Alasalvar C Shahidi F, Liyanapathirana M C & Ohshima T.
Turkish Tombul Hazelnut (Corylus avellana L.) Compositional
Characteristics. J Agric Food Chem 51 (2003) 3790.

Arnon DI, Copper Enzymes in Isolated Chloroplasts.
Polyphenoloxidase in Beta Vulgaris. Plant Physiol, 24 (1949)
1.

Minguez-Mosquera MI & Hornero-Méndez D, Separation and
Quantification of the Carotenoid Pigments in Red Peppers
(Capsicum annuum L.), Paprika, and Oleoresin by Reversed-
Phase HPLC. J Agric Food Chem, 41 (1993) 1616.

Hodges DM, DeLong JM, Forney CF & Prange RK. Improving
the thiobarbituric acid-reactive-substances assay for estimating
lipid peroxidation in plant tissues containing anthocyanin and
other interfering compounds. Planta, 207 (1999) 604.

Jiang ZY, Woollard C & Wolff SP, Hydrogen peroxide
production during experimental protein glycation. FEBS Lett,
268 (1990) 69.

Sarath G, Hou G, Baird LM & Mitchell RB, Reactive oxygen
species, ABA and nitric oxide interactions on the germination
of warm-season C4-grasses. Planta, 226 (2007) 697.

Sinha AK, AbdElgawad H, Zinta G, Dasan AF, Rasoloniriana R
& Asard H, Nutritional status as the key modulator of
antioxidant responses induced by high environmental ammonia
and salinity stress in European sea bass (Dicentrarchus labrax).
PLoS One, 10 (2015) 1

Sinha AK, AbdElgawad H, Giblen T, Zinta G, De Rop M &
Asard H, Anti-oxidative defences are modulated differentially
in three freshwater teleosts in response to ammonia-induced
oxidative stress. PLoS One, 9(2014) 95319

Dhindsa RS, Plumb-dhindsa P & Thorpe TA, Leaf senescence:
Correlated with increased levels of membrane permeability and
lipid peroxidation, and decreased levels of superoxide
dismutase and catalase. J Exp Bot, 32 (1981) 93.

Aebi H, Catalase in vitro. Method. Enzymol, 105 (1984) 121.
Murshed R, Lopez-Lauri F & Sallanon H. Microplate
quantification of enzymes of the plant ascorbate-glutathione
cycle. Anal Biochem, 383 (2008) 320.

Drotar A, Phelps P & Fall R, Evidence for glutathione
peroxidase activities in cultured plant cells. Plant Sci, 42 (1985)
35.

Lowry OH, Rosebrough NJ, Farr AL & Randall RJ, Protein
measurement with the Folin phenol reagent. J Biol Chem, 193
(1951) 265.

Zhu JK, Plant salt tolerance. Trends Plant Sci, 6 (2001) 66.



27

28

29

30

31

32

33

34

35

ZRIG et al.: ENHANCEMENT OF THE ANTIOXIDANT CAPACITY OF THYMUS VULGARIS

Emami Bistgani Z, Hashemi M, Dacosta M, Craker L, Maggi
F& Morshedloo MR, Effect of salinity stress on the
physiological characteristics, phenolic compounds and
antioxidant activity of Thymus vulgaris L. and Thymus
daenensis Celak. Ind Crops Prod, 135 (2019) 311.

Dubey RS, Photosynthesis in plants under stressful conditions,
In: Hand Book of Photosynthesis, (C. R. C. Press, New York,
USA), 2016, 629

Hasegawa PM, Bressan RA, Zhu J-K& Bohnert HJ, Plant
cellular and molecular and molecular responses to high salinity.
Annu Rev Plant Physiol Plant Mol Biol, 51 (2000) 463.
Wittmann C, Aschan G & Pfanz H, Leaf and twig
photosynthesis of young beech (Fagus sylvatica) and aspen
(Populus tremula) trees grown under different light regime.
Basic Appl Ecol, 2 (2001) 145.

Verma S & Mishra SN, Putrescine alleviation of growth in salt
stressed Brassica juncea by inducing antioxidative defense
system. J Plant Physiol, 162 (2005) 669.

Demmig-Adams B & Adams WW, Food and Photosynthesis:
Antioxidants in photosynthesis and human nutrition. Science,
298 (2002) 2149.

Hansen J, Ruedy R, Sato M & Lo K, Global temperature
change. Proc Natl Acad Sci USA, 103 (2006) 14288.

Tounekti T, Vadel AM, Onate M, Khemira H & Munné-Bosch S,
Salt-induced oxidative stress in rosemary plants: Damage or
protection? Environ Exp Bot, 71 (2011) 298.

Mittova V, Guy M, Tal M & Volokita M, Salinity up-regulates
the antioxidative system in root mitochondria and peroxisomes
of the wild salt-tolerant tomato species Lycopersicon pennellii.
J Exp Bot, 55 (2004)1105.

36

37

38

39

40

41

42

43

44

45

335

Chen C, Tao C, Peng H & Ding Y, Genetic analysis of salt
stress responses in asparagus bean (Vigna unguiculata (L.) ssp.
sesquipedalis Verdc.). J Hered, 98 (2007) 655.

Cuin TA & Shabala S, Exogenously supplied compatible
solutes rapidly ameliorate NaCl-induced potassium efflux from
barley roots. Plant Cell Physiol, 46 (2005) 1924.

Mittler R, Abiotic stress, the field environment and stress
combination. Trends Plant Sci, 11 (2006) 15

Hernandez JA & Almansa MS, Short-term effects of salt stress
on antioxidant systems and leaf water relations of pea leaves.
Physiol Plant, 115 (2002) 251.

Munné-Bosch S & Alegre L, Changes in carotenoids, tocopherols
and diterpenes during drought and recovery, and the biological
significance of chlorophyll loss in Rosmarinus officinalis
plants. Planta, 210 (2000) 925.

Gill SS &Tuteja N, Reactive oxygen species and antioxidant
machinery in abiotic stress tolerance in crop plants. Plant
Physiol Biochem, 48 (2010) 909.

Leshem Y, Seri L & Levine A, Induction of
phosphatidylinositol 3-kinase-mediated endocytosis by salt
stress leads to intracellular production of reactive oxygen
species and salt tolerance. Plant J, 51 (2007) 185.

Ahmad P, Azooz MM & Prasad M, Ecophysiology and
responses of plants under salt stress. Springer New York, (2013) 1.
Bela K, Horvath E, Gallé A, Szabados L, Tari | & Csiszar J,
Plant glutathione peroxidases: Emerging role of the
antioxidant enzymes in plant development and stress responses.
J Plant Physiol, 176 (2015) 192.

Abogadallah GM, Antioxidative defense under salt stress.
Plant Signal Behav, 5 (2010) 369.



