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Abstract: Trehalose (Tre) and salicylic acid (SA) are increasingly used to mitigate drought stress in
crop plants. In this study, a pot experiment was performed to study the influence of Tre and SA
applied individually or in combination on the growth, photosynthesis, and antioxidant responses
of sweet basil (Ocimum basilicum L.) exposed to drought stress. Basil plants were watered to 60% or
100% field capacity with or without treatment with 30 mM Tre and/or 1 mM SA. Drought negatively
affected growth, physiological parameters, and antioxidant responses. Application of Tre and/or SA
resulted in growth recovery, increased photosynthesis, and reduced oxidative stress. Application
of Tre mitigated the detrimental effects of drought more than SA. Furthermore, co-application of
Tre and SA largely eliminated the negative impact of drought by reducing oxidative stress through
increased activities of antioxidant enzymes superoxide dismutase, peroxidase, and catalase, as well
as the accumulation of the protective osmolytes proline and glycine betaine. Combined Tre and SA
application improved water use efficiency and reduced the amount of malondialdehyde in drought-
stressed plants. Our results suggested that combined application of Tre and SA may trigger defense
mechanisms of sweet basil to better mitigate oxidative stress induced by drought stress, thereby
improving plant growth.

Keywords: antioxidants; osmolytes; malondialdehyde; hydrogen peroxide; chlorophyll fluorescence;
leaf gas exchange; phenolic compounds

1. Introduction

Under the threat of climate change, crop production is predicted to become more
challenging due to increasing severity of various abiotic stresses [1,2]. Among them,
drought stress is the leading ecological constraint to plant growth. It is the most critical
concern, especially in the face of current scenarios of global warming [1], and it is predicted
to become more frequent in numerous regions of the world [3].

Drought stress triggers an array of molecular, biochemical, physiological, anatomical,
and morphological responses that have negative effects on plant growth and develop-
ment [4–7]. In particular, a reduction in electron transport chain (ETC) activity during
drought stress leads to accumulation of reactive oxygen species (ROS) that are toxic at
elevated levels [8]. These oxidizing compounds react with and damage nucleic acids,
proteins, photosynthetic pigments, and membrane lipids [9]. Plants have natural defense
systems comprising non-enzymatic and enzymatic antioxidants that efficiently ameliorate
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the negative impacts of excessive ROS [9]. Additionally, plants acclimate to ROS-induced
stress by producing various beneficial compatible solutes, such as proline and glycine
betaine [10,11].

Osmoprotectants synthesized by plants play an important role in regulating defense
responses to various abiotic stresses, including drought stress [12,13]. Recently, exogenous
application of osmoprotectants has been widely adopted as an effective, economical, and
eco-friendly strategy to manage various environmental extremes [10,14,15]. Trehalose
(α-D-glucopyranosyl-[1,1]-α-D-glucopyranoside (Tre)) is a crucial non-reducing disaccha-
ride, composed of two glucose units attached through their 1-carbons [16]. It acts as a
cytoprotective agent under unfavorable environmental conditions [17,18]. Its chemical
non-reactivity and high solubility allow it to accumulate to high concentrations without
disrupting normal metabolism [19,20]. Thus, Tre acts as a both an osmoprotectant and a
carbon storage and transport compound [17,18]. The beneficial role of Tre in ameliorating
drought stress is related to its ability to enhance antioxidant systems, improve cellular
redox balance, and promote photosynthesis [14,18,19]. Trehalose is also an osmoprotectant
during dehydration and desiccation stress. It stabilizes biological structures by crystallizing
into a glassy state that resists dehydration [18]. Furthermore, Tre is inexpensive and widely
available, as well as being readily taken up by plants when exogenously applied [14,19–21].
However, it is not yet clear whether this strategy of producing Tre during drought stress is
universal or effective in all plants.

Salicylic acid (SA) is an inexpensive phenolic compound that promotes plant growth
due to its function as a plant hormone [22,23]. The endogenous biosynthesis of SA by
plants changes under drought stress [24]. In view of this, several studies have reported
that exogenous application of SA had a positive effect on plant performance under various
abiotic stresses [25–27].

Sweet basil (Ocimum basilicum L.) is native to subtropical and tropical regions of Africa,
Asia, and South America [28]. It is a popular and valuable horticultural plant that is used
worldwide as a medicinal, ornamental, and culinary herb [29–32]. Sweet basil is marketed
in both dry and fresh forms in the spice and food industries [18] and is used to produce
essential oil on an industrial scale [33]. The oil is rich in phenolics, such as rosmarinic
and caffeic acid [34], and it is used in perfume, cosmetics, and pharmaceuticals [18]. The
oil contains aromatic components and volatile oils with antibacterial, antifungal, and
nematicidal activities, and it is also an insect repellent due to an array of compounds [18].

Basil is an annual, herbaceous plant that grows best in warm and sunny conditions [27].
However, it is quite sensitive to drought stress [27,32]. The objectives of this study were to
investigate whether exogenous application of Tre and SA, individually or in combination,
could ameliorate drought stress by trigging oxidative stress resistance and improve growth
of sweet basil.

2. Materials and Methods
2.1. Experimental Conditions

A pot experiment was conducted in outdoor (ambient) conditions using a commer-
cially available sweet basil (O. basilicum L.) cv. ‘Lime Basil’. Uniform seeds were surface
sterilized by treating with 4% (w/v) sodium hypochlorite for 15 min. Sterilized seeds were
rinsed three times with deionized water. Ten seeds were placed in 1.25 L plastic pots con-
taining a sandy loam soil composed of 60% sand, 29.5% silt, and 10.5% clay by volume with
an electrical conductivity (EC) of 1.88 dS·m−1, pH 7.5, and a saturation percentage of 30%.
After germination, seedlings at the cotyledon stage were thinned to five similarly sized
seedlings per pot. One month after seed germination, plants were exposed to different
watering levels by maintaining 100% (control) or 60% field capacity (FC). Optimum FC
was established on soil saturation percentage. After 20 days of maintaining these two
watering levels, 30 mM Tre and 1 mM SA alone or in combination (Tre + SA) were applied
twice at 5 day intervals. Tween-20 (0.01 mL/L) was added to the Tre and SA solutions
as a surfactant and spreading facilitator. Soil water status was maintained for a further



Plants 2021, 10, 1078 3 of 14

two weeks after the second chemical treatment when plants were harvested. The average
climatic conditions over the entire experiment were 22/17 ◦C day/night temperatures,
16 h photoperiod, and 60–65% relative humidity. The experiment was set in a completely
randomized design with six replications.

2.2. Leaf Characteristics

Leaf tissue was sampled for chlorophyll (Chl) analysis 4 days before the end of the
experiment. Chlorophyll was extracted and its concentration calculated using the method
and equations described by Arnon [35]. Freshly harvested leaf material was immediately
cut into small pieces (approximately 0.5 cm2) with scissors. Leaf material (approximately
0.5 g per plant) was extracted with 10 mL 80% (v/v) acetone at −4 ◦C for 12 h. The leaf
extract was clarified by centrifugation (ALC centrifuge PK130R) at 14,000× g for 5 min
at room temperature. Absorbance of the extract was recorded spectrophotometrically at
645 and 663 nm (SmartSpecTM Plus, BioRad) for chlorophyll a (Chl-a) and chlorophyll b
(Chl-b), respectively.

The leaf gas exchange parameters net photosynthesis (A; µmol CO2·m−2·s−1), tran-
spiration rate (E; mmol H2O·m−2·s−1), intercellular CO2 concentration (Ci; cm3·m−3), and
stomatal conductance (gs; mmol H2O·m−2·s−1) were recorded using a portable carbon
dioxide (CO2) infrared gas analyzer (GFS-3000FL, Heinz Walz GmbH, Effeltrich, Ger-
many). During measurements, the air temperature was 32.3 to 35.1 ◦C, with a relative
humidity of 61%, ambient pressure of 98.01 kPa, and photosynthetic photonflux density
of 1200 µmol·m−2·s−1. Measurements were taken on young fully expanded leaves on a
sunny day between 10:00 a.m. and 12:30 p.m.

The chlorophyll fluorescence parameters photosystem efficiency (Fv/Fm), photo-
chemical quenching (qP), coefficient of non-photochemical quenching (qN), and non-
photochemical quenching (NPQ) were measured using a chlorophyll fluorometer (FMS2,
Hansa Tech Ltd., King’s Lynn, UK).

2.3. Leaf Total Phenolic Concentration

Total phenolics were measured following Julkenen-Titto [36]. Fresh leaves (0.5 g) were
minced and mixed with 1 mL 80% (v/v) acetone and centrifuged (ALC centrifuge PK130R)
at 12,000× g for 10 min at room temperature. Samples were then incubated in an ice bath
for 15 min. A 100 µL aliquot of the supernatant was mixed with 2 mL of distilled water and
1 mL of Folin–Ciocâlteu’s phenol reagent. After vigorously shaking the mixture, 5 mL of
20% (w/v) Na2CO3 was added, and the final volume was brought to 10 mL with distilled
water. After 20 min at ambient temperature, the absorbance of the solution was recorded
spectrophotometrically at 750 nm following Julkenen-Titto [36].

2.4. Electrolyte Leakage

A fresh leaf of about 200 mg was washed twice with distilled water, cut into small
uniform pieces with scissors, and placed in 10 mL of distilled water. Samples were incu-
bated in a water bath for 2 h at 32 ◦C. The initial electrical conductivity reading (EC1) of
the solution was measured using an electrical conductivity meter (LF 538, WTW GmbH,
Weilheim, Germany). Each sample was then autoclaved at 121 ◦C for 20 min and cooled to
25 ◦C, before the final electrical conductivity (EC2) was measured. Electrolyte leakage was
determined using the formula developed by Dionisio-Sese and Tobita [37].

Electrolyte leakage (%) = (EC1/EC2) × 100.

2.5. Osmolyte Quantification

The concentration of leaf free proline (Pro) was determined as described by Bates
et al. [38], where 0.5 g of fresh leaf material was homogenized in 10 mL 3% (w/v) sulfosali-
cylic acid, and the homogenate was centrifuged at 4000× g for 10 min. A 2 mL aliquot of
supernatant was supplemented with 2 mL of acidic ninhydrin solution (1.26 g of ninhydrin
+ 20 mL of 6 M ortho-phosphoric acid + 30 mL of glacial acetic acid) and 2 mL of glacial
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acetic acid. The mixture was incubated at 100 ◦C for 60 min. After incubation, 4 mL of
toluene was added and mixed by shaking for extraction. The chromophore-containing
toluene was aspirated and cooled to room temperature. The absorbance was recorded
spectrophotometrically at 520 nm (SmartSpecTM Plus, BioRad). Proline concentration was
calculated by comparing with standard curve constructed using known concentrations
of Pro.

Glycine betaine (GB) concentration in leaves was measured following the methodology
of Grieve and Grattan [39]. For GB extraction, 0.5 g of leaf tissue was homogenized in
20 mL of distilled water at room temperature and then incubated at 4 ◦C overnight. The
extracts were clarified by centrifugation at 10,000× g for 5 min at ambient temperature. A
1 mL aliquot of supernatant was diluted with 1 mL of 2 N H2SO4 and 0.2 mL of 1 M KI3.
Samples were cooled for 1.5 h in an ice bath before adding 2.8 mL of distilled water and
6 mL of 1,2-dichloroethane in periodic crystals. After phase separation, the upper aqueous
phase was discarded, and the absorbance of the lower organic phase was read at 365 nm
(SmartSpecTM Plus spectrophotometer, BioRad, Hercules, CA, USA). The concentrations
of GB were determined against a standard curve following Grieve and Grattan [39].

2.6. Determination of Hydrogen Peroxide

The methodology developed by Velikova et al. [40] was used to determine hydrogen
peroxide (H2O2). Fresh leaf material (200 mg) was crushed under liquid nitrogen followed
by homogenizing in 1.5 mL 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was
centrifuged at 12,000× g for 15 min at 4 ◦C. A 0.5 mL aliquot of supernatant was supple-
mented with 0.5 mL of 10 mM potassium phosphate (pH 7) and 1 mL of 1 M KI, followed
by vortex mixing. The H2O2 concentration was determined by reading the absorbance at
390 nm (SmartSpecTM Plus spectrophotometer, BioRad) and using a standard curve.

2.7. Determination of Malondialdehyde

Malondialdehyde (MDA) concentration was measured to estimate lipid peroxidation
using the protocol developed by Heath and Packer [41]. Briefly, 0.25 g of minced leaf
sample was mixed in 5 mL of 0.5% (w/v) thiobarbituric acid. The mixture was incubated at
95 ◦C in a water bath for 50 min and then cooled in an ice bath. The MDA concentration
in the supernatant was determined by measuring absorbance at 600 nm and 532 nm
(SmartSpecTM Plus spectrophotometer, BioRad).

2.8. Antioxidant Enzyme Extraction and Assay

Fresh leaf material (0.5 g) was homogenized in a chilled mortar and pestle con-
taining 5 mL of ice-cold 50 mM sodium phosphate buffer, pH 7.8, containing 2% (w/v)
polyvinylpyrrolidone and 1.0 mM EDTA. The homogenate was centrifuged (Z 306; HERMLE
Labortechnik, Wehingen, Germany) at 10,000× g for 20 min at 4 ◦C. The supernatant was
stored at −20 ◦C, and catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD)
activities were determined as described below.

Catalase and Peroxidase activity were estimated using the method of Chance and
Maehly [42]. Superoxide dismutase activity was assayed using the method of Van Rossum
et al. [43].

2.9. Plant Vegetative Characteristics

At the termination of the experiment, six plants from each treatment were uprooted
carefully for growth analysis. After washing with tap water, plants were divided into shoot
and root portions. Shoot and root length and fresh mass were measured. Plant parts were
placed separately in paper bags and dried at 70 ◦C for 72 h before measuring dry mass.
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2.10. Statistical Analyses

All data were subjected to analysis of variance (ANOVA) using XLSTAT program,
version 2014 (Addinsoft, New York, NY, USA). Mean separation for significant differences
was done using Duncan’s multiple-range tests at the p < 0.01 level.

3. Results
3.1. Plant Growth Responses

Shoot length in well-watered sweet basil treated with Tre or SA alone was about 5%
longer than in untreated control plants (Figure 1). Combining Tre + SA had a synergistic
effect, producing plants with shoots that were 16% longer than in the untreated control.
Drought stress (60% FC) reduced both shoot and root length by about 50% (Figure 1).
The shoots of drought-stressed plants sprayed with Tre or SA were about 20% longer,
compared to unsprayed drought-subjected plants. Moreover, roots were about 30% longer
in drought-subjected seedlings treated with Tre or SA, compared to untreated drought-
stressed plants. The combined application of Tre + SA to drought-stressed plants resulted
in shoots and roots that were 39% and 36% longer, respectively, than in unsprayed drought-
stressed plants.Plants 2021, 10, x FOR PEER REVIEW 6 of 15 
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Figure 1. Shoot and root lengths (A,B), fresh and dry weight (C–F), of sweet basil (Ocimum basilicum) 

after foliar application of trehalose and salicylic acid individually or in combination during drought 

stress. One month old seedlings were watered to 100% (control, open bars) or 60% (drought, filled 

bars) field capacity (FC) for 20 days. Trehalose (Tre) and/or salicylic acid (SA) were then applied 

twice with a 5 day interval between applications. The watering conditions were maintained for an 

additional 2 weeks until plants were harvested. Data are the means ± SE (n = 6). Different letters 

above the bars represent significant differences according to Duncan’s multiple-range test at the p < 

0.01 level. 

3.2. Leaf Chlorophyll Concentration and Leaf Gas Exchange 

Leaf Chl-a concentration in plants grown at 100% FC increased by 6%, 4%, and 14% 

after application of Tre, SA, and Tre + SA, respectively (Table 1). Drought stress caused a 

decline in Chl-a by 43% compared to the control. However, supplementing drought-

stressed plants with Tre or SA increased Chl-a concentration by 43% and 28%, respec-

tively, relative to untreated drought-stressed plants. The combined application of Tre + 

Figure 1. Shoot and root lengths (A,B), fresh and dry weight (C–F), of sweet basil (Ocimum basilicum)
after foliar application of trehalose and salicylic acid individually or in combination during drought
stress. One month old seedlings were watered to 100% (control, open bars) or 60% (drought, filled
bars) field capacity (FC) for 20 days. Trehalose (Tre) and/or salicylic acid (SA) were then applied
twice with a 5 day interval between applications. The watering conditions were maintained for an
additional 2 weeks until plants were harvested. Data are the means ± SE (n = 6). Different letters
above the bars represent significant differences according to Duncan’s multiple-range test at the
p < 0.01 level.
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Shoot fresh mass and dry mass were reduced 34% and 77%, respectively, in drought-
stressed seedlings compared to control plants (Figure 1). Drought-stressed seedlings treated
with Tre or SA had enhanced shoot fresh and dry mass compared to drought-stressed
plants that were left untreated. The combined application of Tre + SA to drought-stressed
seedlings increased shoot fresh mass by 37% compared to drought-stressed plants that
were left untreated (Figure 2), and it increased shoot dry mass by 71% (Figure 1).
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Figure 2. Leaf concentrations of proline (A), glycine betaine (B), and total phenolics (C) in sweet 
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Figure 2. Leaf concentrations of proline (A), glycine betaine (B), and total phenolics (C) in sweet basil
(Ocimum basilicum) after foliar application of 30 mM trehalose (Tre) and/or 1 mM salicylic acid (SA)
during drought stress. One month old seedlings were watered to 100% (control) or 60% (drought)
field capacity for 20 days. Tre and/or SA were then applied twice with a 5 day interval. The watering
conditions were maintained for an additional 2 weeks until plants were harvested. Data are the
means ± SE (n = 6). Different letters above the bars indicate significant differences according to
Duncan’s multiple-range test at the p < 0.01 level.

Drought stress decreased root fresh and dry mass by 50% and 36%, respectively,
compared to well-watered control plants. Application of Tre and SA alone had little effect
on the fresh or dry mass of roots. However, application of Tre + SA to drought-stressed
plants did enhance root fresh mass (Figure 1), but to a lesser extent than in shoot.
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3.2. Leaf Chlorophyll Concentration and Leaf Gas Exchange

Leaf Chl-a concentration in plants grown at 100% FC increased by 6%, 4%, and 14%
after application of Tre, SA, and Tre + SA, respectively (Table 1). Drought stress caused
a decline in Chl-a by 43% compared to the control. However, supplementing drought-
stressed plants with Tre or SA increased Chl-a concentration by 43% and 28%, respectively,
relative to untreated drought-stressed plants. The combined application of Tre + SA
to drought-stressed plants caused a 61% increase in Chl-a concentration compared to
untreated drought-stressed plants (Table 1).

Table 1. Effect of foliar application of 30 mM trehalose (Tre) and/or 1 mM salicylic acid (SA)
on chlorophyll a (Chl-a) and b (Chl-b), as well as total chlorophyll (Chl), concentrations in sweet
basil seedlings grown under well-watered (control) and drought stress conditions. Values are the
means ± SE (n = 6). Different letters within a column indicate significant differences among means
according to Duncan’s multiple-range test at the p < 0.05 level.

Treatments Chl-a (mg·g−1 FW) Chl-b (mg·g−1 FW) Total Chl (mg g−1 FW)

Control (CK) 1.75 ± 0.006 d 0.56 ± 0.003 d 2.31 ± 0.004 d

CK + Tre 1.87 ± 0.003 b 0.63 ± 0.006 b 2.50 ± 0.003 b

CK + SA 1.82 ± 0.003 c 0.60 ± 0.006 c 2.43 ± 0.007 c

CK + Tre + SA 1.99 ± 0.005 a 0.71 ± 0.009 a 2.70 ± 0.007 a

Drought stress 0.98 ± 0.007 h 0.34 ± 0.005 h 1.33 ± 0.007 h

Drought stress + Tre 1.43 ± 0.004 f 0.45 ± 0.003 f 1.87 ± 0.002 f

Drought stress + SA 1.28 ± 0.005 g 0.40 ± 0.006 g 1.67 ± 0.004 g

Drought stress + Tre + SA 1.60 ± 0.007 e 0.50 ± 0.009 e 2.10 ± 0.012 e

Leaf Chl-b concentration in well-watered (100% FC) plants increased by 13%, 7%, and
25% after exogenous application of Tre, SA, and Tre + SA, respectively (Table 1). Drought
stress caused a marked decline of 39% in Chl-b concentration relative to well-watered
plants (Table 1). Drought-stressed plants treated with Tre or SA had Chl-b concentrations
that were 29% and 15% higher, respectively, than plants subjected to drought alone. The
combined application of Tre + SA to drought-stressed plants caused a 44% increase in the
Chl-b concentration above that of the untreated drought-stressed plants.

Total Chl concentration in Tre, SA, and Tre + SA treated plants watered to 100% FC
was 8%, 5%, and 16% higher, respectively, than in the untreated control plants. Drought
stress caused a 42% decline in total Chl concentration compared to the well-watered control
(Table 1). However, total Chl concentrations in drought-stressed plants treated with Tre or
SA were 41% and 26% higher, respectively, than in the untreated drought-stressed plants.
The application of Tre + SA to drought-stressed plants increased the total Chl concentration
by 57% compared to untreated drought-stressed plants (Table 1).

The application of Tre or SA, alone or in combination, to well-watered plants increased
the leaf gas exchange characteristics A, gs, E, and Ci compared to the untreated control
(Table 2). In contrast, drought stress decreased A, gs, E, and Ci by 49%, 80%, 81%, and 37%,
respectively, compared to the well-watered control. Treatment of drought-stressed plants
with Tre enhanced A by 47%, gs by 139%, E by 88%, and Ci by 26% relative to untreated
drought-stressed plants. The application of SA resulted in a similar level of amelioration of
these parameters. Combining Tre + SA led to increases in A, gs, E, and Ci of 66%, 420%,
160%, and 38%, respectively, compared to untreated drought-stressed plants (Table 2).
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Table 2. Effect of foliar application of 30 mM trehalose (Tre) and/or 1 mM salicylic acid (SA) on leaf gas exchange traits in
sweet basil seedlings grown under well-watered (control, CK) and drought stress conditions. Values are the means ± SE
(n = 6). Different letters within a column indicate significant differences among means according to Duncan’s multiple-range
test at the p < 0.05 level.

Treatments CO2 Assimilation Rate (A)
(µmol CO2·m−2·s−1)

Stomatal Conductance (gs)
(mmol H2O·m−2·s−1)

Transpiration (E)
(mmol H2O·m−2·s−1)

Intercellular CO2 conc. (Ci)
(cm3·m−3)

Control (CK) 6.49 ± 0.13 d 53.00 ± 1.44 d 3.21 ± 0.017 c 222.67 ± 1.38 c

CK + Tre 7.71 ± 0.08 b 74.67 ± 1.38 b 3.89 ± 0.035 a 241.00 ± 2.35 b

CK + SA 7.26 ± 0.05 c 68.17 ± 3.79 c 3.72 ± 0.024 b 235.50 ± 2.09 b

CK + Tre + SA 8.74 ± 0.07 a 88.67 ± 2.79 a 3.98 ± 0.016 a 273.50 ± 2.96 a

Drought stress 3.29 ± 0.08 h 10.67 ± 0.61 g 0.61 ± 0.061 f 141.17 ± 2.15 g

Drought stress + Tre 4.85 ± 0.03 f 25.50 ± 0.81 f 1.13 ± 0.017 e 178.50 ± 3.42 e

Drought stress + SA 4.14 ± 0.02 g 23.83 ± 0.91 f 1.04 ± 0.039 e 169.17 ± 0.95 f

Drought stress + Tre + SA 5.49 ± 0.06 e 44.83 ± 1.19 e 1.57 ± 0.060 d 194.50 ± 2.36 d

3.3. Chlorophyll Fluorescence

Treatment of well-watered plants with Tre or SA, alone or in combination, had little
impact on PSII efficiency (Fv/Fm), PSII quantum yield (ΦPSII), or photochemical efficiency
(qp) (Table 3). However, both Tre and SA treatments caused a decrease in nonphotochemical
quenching (NPQ) (Table 3). When both chemicals were applied together, the decrease in
NPQ was 44% of the value in untreated plants. Drought stress reduced Fv/Fm by 31%,
ΦPSII by 25%, and qp by 31%, compared to control plants, but increased NPQ by 51%.
Application of Tre to drought-stressed plants increased Fv/Fm by 22%, ΦPSII by 20%,
and qp by 18%, and decreased NPQ by 23% relative to untreated drought-stressed plants.
Treating drought-stressed plants with SA enhanced Fv/Fm, ΦPSII, and qp by about 12%
for each and decreased NPQ by 14% relative to untreated drought-stressed plants (Table 3).
The combination of Tre + SA in drought-stressed plants caused an increase in Fv/Fm and
ΦPSII of about 65%, an increase in qp of 35%, and a decrease in NPQ of 28%, compared to
untreated drought-stressed plants (Table 3).

Table 3. Effect of foliar application of 30 mM trehalose (Tre) and/or 1 mM salicylic acid (SA) on chlorophyll fluorescence
parameters in sweet basil seedlings grown under well-watered (control, CK) and drought stress conditions. Values are the
means ± SE (n = 6). Different letters within a column indicate significant differences among means according to Duncan’s
multiple-range test at the p < 0.05 level.

Treatments PSII Efficiency
(Fv/Fm)

PSII Quantum Yield
(FPSII)

Photochemical
Quenching (qp)

Non-Photochemical
Quenching (NPQ)

Control (CK) 0.80 ± 0.008 b 0.61 ± 0.02 b 0.87 ± 0.01 a 0.63 ± 0.01 d

CK + Tre 0.86 ± 0.003 a 0.68 ± 0.01 b 0.91 ± 0.009 a 0.44 ± 0.01 e

CK + SA 0.83 ± 0.007 a 0.63 ± 0.007 b 0.90 ± 0.013 a 0.39 ± 0.01 e

CK + Tre + SA 0.91 ± 0.011 a 0.73 ± 0.02 a 0.94 ± 0.016 a 0.35 ± 0.009 f

Drought stress 0.55 ± 0.004 d 0.46 ± 0.007 d 0.60 ± 0.006 d 0.95 ± 0.004 a

Drought stress + Tre 0.67 ± 0.020 c 0.55 ± 0.007 c 0.71 ± 0.010 c 0.73 ± 0.012 c

Drought stress + SA 0.62 ± 0.007 c 0.51 ± 0.008 c 0.67 ± 0.010 c 0.83 ± 0.025 b

Drought stress + Tre + SA 0.90 ± 0.012 a 0.76 ± 0.013 a 0.81 ± 0.005 b 0.68 ± 0.009 d

3.4. Leaf Free Proline and Glycine Betaine Concentrations

Drought stress increased the leaf free Pro and GB concentrations by 126% and 39%,
compared to the well-watered control plants (Figure 2). Exogenous application of Tre
further increased the leaf free Pro concentration by 38% and GB concentration by 18%
compared to untreated drought-stressed plants. Foliar application of SA increased the Pro
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concentration by 23% and GB concentration by 13% relative to unsprayed drought-stressed
plants. The combination of Tre + SA increased the Pro concentration by 62% and GB
concentration by 46% compared to untreated plants under drought stress. Drought stress
increased total phenolic concentration (TPC) by 33% relative to control plants. However,
exogenous application of Tre, SA, and Tre + SA to drought-stressed seedlings caused a
reduction in TPC of 22%, 28%, and 27%, respectively, compared to untreated drought-
stressed plants (Figure 2).

3.5. Electrolyte Leakage, and Hydrogen Peroxide and Malondialdehyde Concentrations

Drought stress increased malondialdehyde (MDA) and H2O2 concentrations, as well
as electrolyte leakage (EL), by 2.3-fold, 2.7-fold, and 3.2-fold, respectively, compared to the
well-watered control (Figure 3). However, in drought-stressed plants, exogenous applica-
tion of Tre decreased MDA and H2O2 concentrations by 25% and 34%, respectively, and
EL by 32%, relative to the untreated drought-stressed plants. Similarly, application of SA
reduced MDA and H2O2 concentrations by 16% and 34%, respectively, and EL concentra-
tion by 18%, relative to untreated drought-stressed plants. The combined application of
Tre + SA was more effective in alleviating the increases in MDA and H2O2 concentrations
and EL induced by drought stress than the separate applications of the compounds. The
Tre + SA treatment reduced MDA and H2O2 concentrations and EL by 40%, 72%, and 38%,
respectively, relative to untreated drought-stressed plants (Figure 3).Plants 2021, 10, x FOR PEER REVIEW 10 of 15 
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0.01 level. 

3.6. Activity of Antioxidant Enzymes 

Drought stress induced CAT, SOD, and POD activities by 79%, 31%, and 94%, re-

spectively, compared to well-watered control seedlings (Figure 4). Application of Tre fur-

ther increased CAT activity by 21%, SOD activity by 14%, and POD activity by 25% in 

drought-stressed seedlings over untreated drought-stressed seedlings. Foliar application 

of SA increased CAT, SOD, and POD activities by 16%, 12%, and 26%, respectively, com-

Figure 3. Malondialdehyde concentration (MDA) (A), hydrogen peroxide concentration (H2O2) (B), and
electrolyte leakage (EL) (C) of sweet basil (Ocimum basilicum) after foliar application of 30 mM trehalose
(Tre) and/or 1 mM salicylic acid (SA) during drought stress. One month old seedlings were watered
to 100% (control) or 60% (drought) field capacity for 20 days. Tre and/or SA were then applied twice
with a 5 day interval. The watering conditions were maintained for an additional 2 weeks until plants
were harvested. Data are the means ± SE (n = 6). Different letters above the bars indicate significant
differences among means according to Duncan’s multiple-range test at the p < 0.01 level.
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3.6. Activity of Antioxidant Enzymes

Drought stress induced CAT, SOD, and POD activities by 79%, 31%, and 94%, re-
spectively, compared to well-watered control seedlings (Figure 4). Application of Tre
further increased CAT activity by 21%, SOD activity by 14%, and POD activity by 25% in
drought-stressed seedlings over untreated drought-stressed seedlings. Foliar application of
SA increased CAT, SOD, and POD activities by 16%, 12%, and 26%, respectively, compared
to untreated drought-stressed plants. The combined application of Tre + SA increased
CAT activity by 43%, SOD activity by 22%, and POD activity by 60% relative to untreated
drought-stressed seedlings (Figure 4).
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Figure 4. Catalase (CAT) (A), superoxide dismutase (SOD) (B), and peroxidase (POD) (C) activities
in sweet basil (Ocimum basilicum) after foliar application of trehalose (Tre) and/or salicylic acid (SA)
during drought stress. One month old seedlings were watered to 100% (control) or 60% (drought)
field capacity for 20 days. Tre and/or SA were then applied twice with a 5 day interval. The watering
conditions were maintained for an additional 2 weeks until plants were harvested. Data are the
means ± SE (n = 6). Different letters above the bars indicate significant differences among means
according to Duncan’s multiple-range test at the p < 0.01 level.

4. Discussion

Drought stress reduced all the vegetative growth parameters of sweet basil seedlings
that were tested, as earlier reported by Damalas [27]. In the present study, the decreased
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growth of sweet basil under drought was probably due to the disturbance of various
vital metabolic functions associated with chlorophyll biosynthesis, photosynthesis, and
oxidative metabolism.

Application of Tre and/or SA mitigated the drought effects in basil through the
partial recovery of chlorophyll levels and photosynthetic activity. Similar results have
been reported in several plant species, such as sunflower [44], sesame [45], sweet basil [27],
squash [46], Eucalyptus globulus L. [47], and maize (Zea mays L.) [48]. SA and Tre probably
acted through the maintenance of the structural integrity of the thylakoid membrane and
protected PSII from over-excitation and oxidative stress, as clearly shown by the increased
Fv/Fm ratio and the reduced NPQ, especially when Tre and SA were used in combination.
Similar effects were reported in E. globulus [47]. Taken together, our results support a
role for SA and Tre in the protection of photosynthetic apparatus [44] through increased
chlorophyll synthesis and photosynthetic activity, which support increased plant growth
during drought stress.

Electrolyte leakage, H2O2, and MDA are considered to be oxidative stress markers in
plants under extreme environmental conditions. Sweet basil plants subjected to drought
stress showed increased EL, potentially due to increased H2O2 and MDA concentrations,
compared to well-watered control plants. This result was consistent with previous studies
in safflower (Carthamus tinctorius L.) [48] and E. globulus [47]. Spraying the foliage of
drought-stressed sweet basil plants with Tre and/or SA reduced H2O2 and MDA concen-
trations, as well as EL, indicating that Tre and SA alleviate the oxidative stress associated
with drought stress. The results agree with previous studies in Brassica rapa L. [49] and
wheat (Triticum aestivum L.) [50]. SA and Tre are likely to act in membrane protection,
as well as in scavenging toxic reactive oxygen species produced during oxidative stress.
Damalas [27] reported that a distinct characteristic in SA-treated sweet basil was elevated
relative water content (RWC) in leaves. The increased RWC may indicate that SA enhanced
membrane protection during drought stress.

The decrease in the magnitude or concentration of the oxidative stress indicators MDA,
H2O2, and EL after SA and/or Tre application suggested an increase in antioxidant activity
in basil to protect the plant against toxicity due to the production of drought-induced ROS
toxicity. Generally, antioxidant systems in plants involve antioxidant enzymes, such as SOD,
CAT, nonspecific POD, and ascorbate peroxidase, as well as non-enzymatic molecules such
as ascorbate, glutathione, phenols, and osmolytes. In the present study, antioxidant enzyme
activities were induced in response to drought stress and were further induced in stressed
plants by the application of Tre and SA. A similar effect of SA on antioxidant enzyme
activity under drought stress has been reported in safflower [48], B. rapa [49], and wheat [50].
Contrary to the effect on antioxidant enzymes, treatment of drought-stressed plants with
SA and Tre caused a decrease in total phenol concentration. Phenols have been well
documented to protect plants under stress by scavenging hydroxyl radicals [51]. Drought
stress has been reported to either increase or decrease phenol concentrations depending
on plant species [51,52]. The lower concentrations of phenols after the application of Tre
and/or SA in drought-stressed basil suggested that they have only a weak involvement
in tolerance to drought stress in this plant, unlike antioxidant enzymes. The mechanism
through which Tre and SA caused a decrease in the concentrations of phenols needs
further investigation.

Proline and GB are other multifunction molecules that protect plant membranes
against dehydration and oxidation [53,54]. Proline has many functions under harsh
environmental conditions. The most pronounced of these functions are to protect the
photosynthetic machinery, enzymes, and membranes, to be used as an energy storage
compound, and to provide resistance against cellular dehydration, as well as to act as
a molecular chaperone. Together, these functions contribute to stress tolerance without
damaging cellular structure. Additionally, Pro helps reduce oxidative stress in plants by
enhancing the activities of ROS-scavenging antioxidants that decrease toxic ROS levels [55].
Similarly, GB functions in ROS detoxification, osmoregulation, maintenance of membrane
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integrity, protection of plant photosynthetic apparatus, and modulating stress-related gene
activation [56]. In the present study, Pro and GB levels increased in sweet basil seedlings
subjected to drought stress, and these levels increased further after treatment with Tre
and SA individually or in combination. Treatment with Tre increased Pro accumulation
in various plant species under drought stress [43]. Ibrahim and Abdellatif [55] reported
elevated Pro accumulation in wheat subjected to drought after treatment with Tre. The
application of SA to sweet basil seedlings also enhanced Pro and GB levels under drought
stress. Previous reports are in agreement with the current findings [27,48,49]. According to
Nazar et al. [56], enhanced Pro production via increased γ-glutamyl kinase and reduced
proline oxidase activity after SA application enhanced tolerance to drought stress.

5. Conclusions

The current study documented morpho-physiological and biochemical responses of
sweet basil seedlings to drought stress and demonstrated that foliar application of Tre
and/or SA mitigated the effects of drought stress. Drought stress caused increased produc-
tion of ROS, leading to electrolyte leakage and lipid peroxidation. Applying Tre and/or
SA to drought-stressed seedlings improved physiological characteristics and reduced ROS
accumulation by enhancing the activities of antioxidant enzymes, which alleviated drought
stress and enhanced plant growth. These findings demonstrated the comparative and
combined potential of Tre, which is an osmolytic soluble sugar, and SA, which is a plant
growth regulator, to reduce drought stress. These results will be helpful for developing
strategies to mitigate drought-stress-induced oxidative stress and ultimately yield reduc-
tions in scenarios of climate change and a high demand for food production, especially in
arid and semiarid regions.
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in detection of drought and salinity stress in Basil (Ocimum basilicum L.). Front. Plant. Sci. 2021, 12, 174. [CrossRef]

http://doi.org/10.1007/s11103-020-01077-w
http://www.ncbi.nlm.nih.gov/pubmed/32990920
http://doi.org/10.1038/s41598-021-82264-7
http://doi.org/10.3390/plants10020259
http://www.ncbi.nlm.nih.gov/pubmed/33525688
http://doi.org/10.1111/ppl.13297
http://doi.org/10.1007/s00425-019-03293-1
http://www.ncbi.nlm.nih.gov/pubmed/31776765
http://doi.org/10.1111/ppl.13155
http://doi.org/10.3390/agronomy11030469
http://doi.org/10.1146/annurev-arplant-050718-095929
http://www.ncbi.nlm.nih.gov/pubmed/33428475
http://doi.org/10.3390/ijms17071077
http://doi.org/10.3390/plants9030315
http://doi.org/10.1093/jxb/eraa173
http://doi.org/10.1016/j.jclepro.2020.121982
http://doi.org/10.1186/s12870-017-1207-z
http://www.ncbi.nlm.nih.gov/pubmed/29258443
http://doi.org/10.1016/j.envexpbot.2018.09.013
http://doi.org/10.1016/j.envexpbot.2020.104040
http://doi.org/10.1016/j.envexpbot.2021.104434
http://doi.org/10.1016/j.indcrop.2019.111893
http://doi.org/10.1016/j.indcrop.2019.03.071
http://doi.org/10.1016/j.scienta.2018.11.005
http://doi.org/10.1093/aob/mcf212
http://doi.org/10.3390/plants10020344
http://www.ncbi.nlm.nih.gov/pubmed/33670392
http://doi.org/10.1016/j.scienta.2021.110123
http://doi.org/10.3390/agronomy10070934
http://doi.org/10.1016/j.scienta.2017.01.031
http://doi.org/10.3389/fpls.2021.629441


Plants 2021, 10, 1078 14 of 14

34. Kulak, M.; Jorrín-Novo, J.V.; Romero-Rodriguez, M.C.; Yildirim, E.D.; Gul, F.; Karaman, S. Seed priming with salicylic acid on
plant growth and essential oil composition in basil (Ocimum basilicum L.) plants grown under water stress conditions. Ind. Crop.
Prod. 2021, 161, 113235. [CrossRef]

35. Arnon, D.I. Copper enzyme in isolated chloroplast: Polyphenol oxidase in Beta vulgaris. Plant. Physiol. 1949, 24, 1–15. [CrossRef]
36. Julkenen-Titto, R. Phenolic constituents in the leaves of northern willows: Methods for the analysis of certain phenolics. J. Agric.

Food Chem. 1985, 33, 213–217. [CrossRef]
37. Dionisio-Sese, M.L.; Tobita, S. Antioxidant responses of rice seedlings to salinity stress. Plant Sci. 1998, 135, 1–9. [CrossRef]
38. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207.

[CrossRef]
39. Grieve, C.M.; Grattan, S.R. Rapid assay for determination of water soluble quaternary ammonium compounds. Plant Soil 1983,

70, 303–307. [CrossRef]
40. Velikova, V.; Yordanov, I.; Edreva, A. Oxidative stress and some antioxidant systems in acid rain-treated bean plants: Pro-tective

role of exogenous polyamines. Plant. Sci. 2000, 151, 59–66. [CrossRef]
41. Heath, R.L.; Packer, L. Photoperoxidation in Isolated Chloroplasts: I. Kinetics and Stoichiometry of Fatty Acid Peroxidation. Arch.

Biochem. Biophys. 1968, 125, 189–198. [CrossRef]
42. Chance, B.; Maehly, A. Assay of catalases and peroxidases. Methods Enzym. 1955, 2, 764–775. [CrossRef]
43. Van Rossum, M.W.P.C.; Alberda, M.; Van Der Plas, L.H.W. Role of oxidative damage in tulip bulb scale micropropagation. Plant

Sci. 1997, 130, 207–216. [CrossRef]
44. Kosar, F.; Akram, N.A.; Ashraf, M.; Sadiq, M.; Al-Qurainy, F. Trehalose-induced improvement in growth, photosynthetic

characteristics and levels of some key osmoprotectants in sunflower (Helianthus annuus L.) under drought stress. Pak. J. Bot. 2018,
50, 955–961.

45. Najafabadi, M.Y.; Ehsanzadeh, P. Photosynthetic and antioxidative upregulation in drought-stressed sesame (Sesamum indicum L.)
subjected to foliar-applied salicylic acid. Photosynthetica 2017, 55, 611–622. [CrossRef]

46. El-Mageed, T.A.; Semida, W.M.; Mohamed, G.F.; Rady, M.M. Combined effect of foliar-applied salicylic acid and deficit irri-gation
on physiological–anatomical responses, and yield of squash plants under saline soil. S. Afr. J. Bot. 2016, 106, 8–16. [CrossRef]

47. Jesus, C.; Meijón, M.; Monteiro, P.; Correia, B.; Amaral, J.; Escandón, M.; Cañal, M.J.; Pinto, G. Salicylic acid application modulates
physiological and hormonal changes in Eucalyptus globulus under water deficit. Environ. Exp. Bot. 2015, 118, 56–66. [CrossRef]

48. Bijanzadeh, E.; Naderi, R.; Egan, T.P. Exogenous application of humic acid and salicylic acid to alleviate seedling drought stress
in two corn (Zea mays L.) hybrids. J. Plant Nutr. 2019, 42, 1483–1495. [CrossRef]

49. La, V.H.; Lee, B.-R.; Zhang, Q.; Park, S.-H.; Islam, T.; Kim, T.-H. Salicylic acid improves drought-stress tolerance by regulating the
redox status and proline metabolism in Brassica rapa. Hortic. Environ. Biotechnol. 2018, 60, 31–40. [CrossRef]

50. Maghsoudi, K.; Emam, Y.; Ashraf, M.; Arvin, M.J. Alleviation of field water stress in wheat cultivars by using silicon and salicylic
acid applied separately or in combination. Crop. Pasture Sci. 2019, 70, 36. [CrossRef]

51. Sharma, A.; Shahzad, B.; Rehman, A.; Bhardwaj, R.; Landi, M.; Zheng, B. Response of Phenylpropanoid Pathway and the Role of
Polyphenols in Plants under Abiotic Stress. Molecules 2019, 24, 2452. [CrossRef]

52. Gharibi, S.; Sayed Tabatabaei, B.E.; Saeidi, G.; Talebi, M.; Matkowski, A. The effect of drought stress on polyphenolic com-pounds
and expression of flavonoid biosynthesis related genes in Achillea pachycephala Rech.f. Phytochemistry 2019, 162, 90–98. [CrossRef]

53. Per, T.S.; Khan, N.A.; Reddy, P.S.; Masood, A.; Hasanuzzaman, M.; Khan, M.I.R.; Anjum, N.A. Approaches in modulating proline
metabolism in plants for salt and drought stress tolerance: Phytohormones, mineral nutrients and transgenics. Plant Physiol.
Biochem. 2017, 115, 126–140. [CrossRef]

54. Annunziata, M.G.; Ciarmiello, L.F.; Woodrow, P.; Dell’Aversana, E.; Carillo, P. Spatial and temporal profile of glycine betaine
accumulation in plants under abiotic stresses. Front. Plant Sci. 2019, 10, 230. [CrossRef] [PubMed]

55. Ibrahim, H.A.; Abdellatif, Y.M. Effect of maltose and trehalose on growth, yield and some biochemical components of wheat
plant under water stress. Ann. Agric. Sci. 2016, 61, 267–274. [CrossRef]

56. Nazar, R.; Umar, S.; Khan, N.; Sareer, O. Salicylic acid supplementation improves photosynthesis and growth in mustard through
changes in proline accumulation and ethylene formation under drought stress. S. Afr. J. Bot. 2015, 98, 84–94. [CrossRef]

http://doi.org/10.1016/j.indcrop.2020.113235
http://doi.org/10.1104/pp.24.1.1
http://doi.org/10.1021/jf00062a013
http://doi.org/10.1016/S0168-9452(98)00025-9
http://doi.org/10.1007/BF00018060
http://doi.org/10.1007/BF02374789
http://doi.org/10.1016/S0168-9452(99)00197-1
http://doi.org/10.1016/0003-9861(68)90654-1
http://doi.org/10.1016/s0076-6879%2855%2902300-8
http://doi.org/10.1016/S0168-9452(97)00215-X
http://doi.org/10.1007/s11099-017-0673-8
http://doi.org/10.1016/j.sajb.2016.05.005
http://doi.org/10.1016/j.envexpbot.2015.06.004
http://doi.org/10.1080/01904167.2019.1617312
http://doi.org/10.1007/s13580-018-0099-7
http://doi.org/10.1071/CP18213
http://doi.org/10.3390/molecules24132452
http://doi.org/10.1016/j.phytochem.2019.03.004
http://doi.org/10.1016/j.plaphy.2017.03.018
http://doi.org/10.3389/fpls.2019.00230
http://www.ncbi.nlm.nih.gov/pubmed/30899269
http://doi.org/10.1016/j.aoas.2016.05.002
http://doi.org/10.1016/j.sajb.2015.02.005

	Introduction 
	Materials and Methods 
	Experimental Conditions 
	Leaf Characteristics 
	Leaf Total Phenolic Concentration 
	Electrolyte Leakage 
	Osmolyte Quantification 
	Determination of Hydrogen Peroxide 
	Determination of Malondialdehyde 
	Antioxidant Enzyme Extraction and Assay 
	Plant Vegetative Characteristics 
	Statistical Analyses 

	Results 
	Plant Growth Responses 
	Leaf Chlorophyll Concentration and Leaf Gas Exchange 
	Chlorophyll Fluorescence 
	Leaf Free Proline and Glycine Betaine Concentrations 
	Electrolyte Leakage, and Hydrogen Peroxide and Malondialdehyde Concentrations 
	Activity of Antioxidant Enzymes 

	Discussion 
	Conclusions 
	References

