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Abstract: The application of exogenously applied salicylic acid plays important roles in improving
the growth, yield, and bioactive compound compositions of different plant species. Curcuma longa
is a medicinal plant that is commonly used as a spice and food additive, and has antioxidant
potential. In this study, an innovative strategy for enhancing active compound production was
investigated by applying a natural plant growth enhancer—namely, salicylic acid (SA)—to C. longa
plants. The experiment was conducted using a complete randomized block design. The effects of
SA on the growth, yield, and chemical compound contents of C. longa were recorded. Our findings
demonstrated that SA significantly improved C. longa growth, yield, and curcuminoid content when
compared to control treatment, with SA at 10−3 M having the greatest effect. The study also indicated
that the increase in the curcuminoid content was accompanied by the overexpression of the curcumin
synthase 1 (CURS1), 2 (CURS2), and 3 (CURS3) genes, as well as the diketide-CoA synthase (DCS)
gene, which have been implicated in the synthesis of curcuminoids.

Keywords: curcumin; high-performance liquid chromatography; elicitation; turmeric

1. Introduction

Curcuma longa L. (Curcuma; turmeric) of the Zingiberaceae family is a widely culti-
vated plant that is grown in warm climates in many regions of the world [1]. It is a perennial
herbaceous plant. The rhizome is the most valuable part of C. longa [2], containing a range of
bioactive compounds in the form of non-volatile curcuminoids (curcumin and dimethoxy-
and bisdemethoxycurcumin) and volatile oils (mono- and sesquiterpenoids) [3]. Turmeric
has long been used as a spice and food additive to improve food’s palatability and storage
stability because of its specific yellow color, taste, and antioxidant potential [4].

Curcuminoids are the most important bioactive constituents of turmeric [5]. Cur-
cuminoids, especially curcumin, have valuable biological activities such as antioxidant,
antitumor, anti-inflammatory, anti-acidogenic, radioprotective, and neuroprotective prop-
erties [6,7]. Analyses of turmeric by genomic and data-mining-based research have de-
tected four type III polyketide synthase genes—namely, diketide-CoA synthase (DCS),
curcumin synthase 1 (CURS1), curcumin synthase 2 (CURS2), and curcumin synthase 3
(CURS3)—which are involved in the curcuminoid biosynthesis pathway in various turmeric
cultivars [8,9]. These genes are differentially associated with different curcuminoid con-
tents [10,11]

Salicylic acid (SA) is a non-enzymatic antioxidant and plant hormone that influences
a variety of physiological processes, including cell division and elongation, as well as
initiating or boosting secondary chemical production in plants [12–17]. It is a member of
the salicylate family of chemicals, which are phenolic compounds with an aromatic ring
and a hydroxyl group that are generated by plants. Seed germination, vegetative growth,
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flowering, fruit output, senescence, stomatal closure, thermogenesis, photosynthesis, respi-
ration, alterations in the alternate respiratory route, glycolysis, and the Krebs cycle are all
affected by the application of SA [18].

Because SA is one of the elicitors involved in plants’ development and production, it
may be applied exogenously to improve secondary metabolite synthesis; thus, the effects
of SA on C. longa were investigated in this study. Salicylic acid was applied to C. longa
plants as a foliar spray to explore its effects on plant development and yield, as well as the
production of active compounds—in particular, that of curcuminoids. The purpose of this
research was to find the most effective strategy to increase the levels of curcuminoids in the
plant rhizomes by employing SA as an elicitor. In addition, the expression of curcuminoid
synthesis genes in the rhizomes was investigated to relate the curcuminoid concentrations
and curcuminoid gene expression levels.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

The experiment was conducted under greenhouse conditions during two successive
seasons in 2020 and 2021 at the Agriculture and Veterinary Research and Training Center,
King Faisal University, Al-Ahsa, Saudi Arabia. During the experiment, the temperature
ranged between 32 and 36 ◦C, relative humidity was 47–56%, and the average photoperiod
was 14 h. Curcuma longa rhizomes provided by Sekem Company, Cairo, Egypt, were planted
on 1 April and harvested on 30 November in both seasons.

The germination was carried out by planting in trays (depth of 1.0–2.0 cm) filled with a
moist mixture of sand and peat moss (1:1 v:v). Turmeric seedlings, 5 cm tall and with three
pairs of leaves, were transplanted into sandy soil (Table 1) and placed 40 × 40 cm2 from
one another. Every two days, all of the plants were watered with groundwater (Table 2).

Table 1. Physical and chemical properties of the experimental soil.

Characteristic Value

Texture Sandy

Sand % 91.51

Silt % 5.74

Clay % 2.75

Saturation % 23

pH 7.5

Electrical conductivity (EC) (dS/m) 2.2

Organic matter (OM) % 0.05

Total N % 0.014

Available P ppm 3.9

Available K ppm 110

Table 2. Chemical properties and compositions of the irrigation water.

Salinity Level
(ppm)

Cations (meq/L) Anions (meq/L) Sodium
Adsorption Ratio

(SAR)Ca2+ Mg2+ Na+ K+ CO32− HCO3− SO42− Cl−

864 5.72 2.02 7.27 0.38 0.28 2.68 4.03 8.4 3.43

The experiments were arranged in a completely randomized pattern. The plot area
was 120 cm × 160 cm (19.20 m2), every plot had 20 plants, and there were 10 replicates of
each treatment. The study employed distilled water as a control and two concentrations of
SA (10−4 and 10−3 M) (Sigma-Aldrich, Chemie GmbH, Taufkirchen, Germany) as treatment
groups, as described in [19,20]. SA solutions containing the surfactant (0.1% triton) were
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sprayed on the whole foliage three times in the morning (8–9 a.m.) at two-month intervals.
Each time, the volume of sprayed solution was around 50 mL per plant. The control plants
were sprayed with the same amount of deionized water plus 0.1% Triton.

The SA treatments began one month after the transplantation of seedlings from the
germination trays to the soil. After eight months of cultivation, the whole plants were
harvested, and the plant height (cm), number of leaves (n), number of roots and rhi-
zomes/plant (n), dry weight of the leaves, roots, and rhizomes/plant (g), and rhizome
diameter (mm) were recorded using 10 random plants from each treatment group.

2.2. Chemical Analysis
2.2.1. Measurement of Photosynthetic Pigments

The 3rd-bottom fresh leaf was excised from six randomly selected 8-month-old
turmeric plants. The amounts of chlorophyll a and b and carotenoids were measured
with 80% acetone, as described in [21]. The absorbance was measured using an Agilent
8453 UV–Visible spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).

2.2.2. Mineral Composition

Plant leaf samples were dried for 48 h at 60 ◦C 270 days after planting. Dry leaf samples
were crushed and digested with sulfuric acid [22]. The modified micro-Kjeldahl technique
was used to determine the nitrogen content [23]. Calorimetry was used to measure the
content of phosphorus, as reported in [24], and atomic absorption flame photometry was
used to determine the potassium (K) content, as described in [25].

Analysis was performed on soil samples collected at the end of the experiment. Soil
and water analyses were performed as described in [26].

2.3. GC/MS Analysis

One gram of the homogenized air-dried rhizome powder of three randomly selected
turmeric plants from each treatment group (control and 10−3 and 10−4 M SA) planted in both
seasons was added to a 28 mL stoppered culture tube and defatted with 30 mL of ethanol
for one day, with shaking at 100 rpm on a rotary shaker. The extracts were filtered through a
0.2 µm syringe filter, and 2 µL was injected into the GC–MS system. Gas chromatography–
mass spectrometry (GC–MS) was performed at the Department of Chemistry, Faculty of
Science, King Faisal University, using a GC 1310-ISQ mass spectrometer (Thermo Scientific,
Austin, TX, USA) with a TG–35MS direct capillary column (30 m × 0.25 mm × 0.25 µm
film thickness). The separation conditions and method for identification of the separated
components were as described in [27].

2.4. Determination of Curcumin, Bisdemethoxycurcumin, and Demethoxycurcumin Contents by
High-Performance Liquid Chromatography (HPLC)
2.4.1. Instrumentation

The HPLC analysis was performed using a Waters 2690 Alliance HPLC system (Waters,
Milford, MA, USA) equipped with a Waters 996 photodiode array detector (Waters, Milford,
MA, USA).

2.4.2. Preparation of Curcumin, Bisdemethoxycurcumin, and Demethoxycurcumin
Standard Curves

Authentic curcumin (≥99.5%), bisdemethoxycurcumin (≥98%), and demethoxycur-
cumin (≥98%) were purchased from Sigma-Aldrich. A stock solution of 1 mg/mL of three
standards was prepared and diluted in methanol to obtain standard solutions of 10, 20, 30,
40, 50, and 60 µg/mL. All standard solutions were filtered using 0.22 µm syringe filters,
and 10 µL of each standard solution was injected into the HPLC system per run.
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2.4.3. Preparation of C. longa Rhizome Methanolic Extracts

Five grams of the homogenized, air-dried rhizome powder of three randomly selected
turmeric plants from each treatment group (control and 10−3 and 10−4 M SA) planted in
the second season was combined with 50 mL of ethanol for four days using a maceration
technique. All ethanol supernatants collected were combined and placed in a rotary
evaporator (Büchi Labortechnik AC, Flawil, Switzerland) operated at 40 ◦C to remove the
solvent completely. A known weight of the residue (ethanolic extract) was then dissolved
in 5 mL of the mobile phase (0.1% trifluoroacetic acid in water: acetonitrile (50:50%)), and
the solution was filtered using a 0.22 µm syringe filter. For each sample, 10 µL of filtrate
was injected into the HPLC system.

2.4.4. HPLC Analysis Conditions

The HPLC separation and quantitation were performed at ambient temperature with a
C18 Inertsil (4.6 mm × 250 mm, 5 µm) column. The mobile phase was prepared by mixing
0.1% trifluoroacetic acid in water with acetonitrile (50:50%). The flow rate was maintained
at 1.5 mL/min. All determinations were performed at ambient temperature (25 ◦C), at a
wavelength of 420 nm. The mobile phase was filtered using a 0.45 micrometer membrane
filter (Millipore, Milford, MA, USA), and was degassed by vacuum prior to use.

2.5. Analysis of CURS1, -2, and -3 and DCS Gene Expression by Real-Time Reverse Transcriptase
Polymerase Chain Reaction (Real-Time RT-PCR)
2.5.1. Total RNA Preparation and cDNA Synthesis

Rhizomes were collected from four randomly selected 8-month-old plants of each
treatment group (control and 10−3 and 10−4 M SA) (second season) and stored at −80 ◦C
until RNA extraction was performed. RNA was extracted from the frozen rhizome samples
using an RNeasy Mini Kit (Qiagen Cat. No. 74104) according to the manufacturer’s protocol.
The quantity and quality of the extracted total RNA from each sample were analyzed using
a NanoDropTM 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).
Additionally, cDNA synthesis was performed using the ReadyScriptTM cDNA synthesis
mix (Sigma-Aldrich Cat. No. RDRT) according to the manufacturer’s protocol. The reaction
was incubated at 25 ◦C for 5 min, followed by 30 min of incubation at 42 ◦C, and a final
heating to 85 ◦C for 5 min.

2.5.2. Real Time RT-PCR and Curcuminoid Gene Expression Analysis

A real-time PCR containing 2 µL of the cDNA reaction mixture, 0.3 µM concentrations
(final concentrations) of each forward and reverse primer (Table 3), 12.5 µL of SYBR Green
PCR Master Mix (QuantiTech SYBR Green PCR Kit, Qiagen Cat. No. 204143, Germantown,
MD, USA), 1 µL of RNase inhibitor, and RNase-free water, at a final volume of 25 µL
was set up. Primers for the target (CURS1, -2, and -3 and DCS) and housekeeping (Actin)
genes were designed according to the gene sequences available at GenBank (Table 3). The
real-time reaction was performed using an Applied Biosystems 7500 Real-Time PCR System
under the following conditions: 95 ◦C initial heating for 10 min, followed by 45 cycles of
95 ◦C for 20 s and 60 ◦C for 1 min. PCR was performed in duplicate, in addition to the
non-template control (NTC) and cDNA template negative. The specificity of the amplified
product was verified by performing melting curve analyses at the end of the amplification
cycles. The relative expression of the CURS1, -2, and -3 and DCS genes was quantified
using the 2−∆∆CT method [28], by normalizing the CURS1, -2, and -3 and DCS (target) gene
expression with that of the Actin (reference) gene relative to the untreated control.
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Table 3. Sequences of forward and reverse primers for real-time RT-PCR.

Gene Primers Sequence Amplicon
Length (bp)

GenBank
Accession Number References

Diketide-CoA
synthase

(DCS)

5′-GTGCTGTTCATCCTGGACGAG-3′

(forward primer) 21
AB495006.1 [8]5′-CAACAGCACGCCCCAGTCGA-3′

(reverse primer) 20

Curcumin synthase
1

(CURS1)

5′-CATCATTGACGCCATCGAAGC-3′

(forward primer) 21
AB495007.1 [8]5′-TCAGCTCATCCATCACGAAGTACAC-3′

(reverse primer) 25

Curcumin synthase
2

(CURS2)

5′-TCGGGATCAAGGACTGGAACAAC-3′

(forward primer) 23
AB506762.1 [8]5′-TGTTGCCGAACTCGGAGAAGAC-3′

(reverse primer) 22

Curcumin synthase
3

(CURS3)

5′-TGGAGCCCTCCTTCGACGACC-3′

(forward primer) 21
AB506763.1 [8]5′-CCCATTCCTTGATCGCCTTTTCC-3′

(reverse primer) 23

Actin

5′-GGATATGCTCTTCCTCATGCT-3′

(forward primer) 21 CP002686.1
AK118354.1
AY087740.1

[8]5′-TCTGCTGTGGTGGTGAATGA-3′

(reverse primer) 20

2.6. Statistical Analysis

The experimental design was a complete randomized block design with 20 replicates.
Data were statistically analyzed via ANOVA/MANOVA using Statistica 6 software
(StatSoft) [29]. The significance of differences between means was assessed using the
least significant difference test (LSD) at p = 0.05.

3. Results
3.1. Effects of SA on Plant Development and Yield

The analyses of the SA foliar treatments’ effects on the growth parameters of C. longa
during both the 2020 and 2021 planting seasons are presented in Table 4. During both planting
seasons, a rise in SA concentration resulted in a significant increase in plant height when
compared to the control. In both seasons, both SA concentrations (10−4 and 10−3 M) had a
positive impact on leaves’ dry weight as compared to the control treatment. The 10−4 M SA
treatment improved the number of leaves and the dry weight of the roots in both planting
seasons. A further increase in the SA concentration (10−3 M) showed reduced enhancement
effects on the abovementioned growth parameters compared to the control treatment in
both seasons. When compared to other treatments, the presence of 10−3 M SA resulted
in a significant reduction in the roots’ dry weight in both seasons. In the 2020 season, the
10−4 M SA treatment performed better than the 10−3 M SA treatment in terms of increasing
the number of roots. In contrast, in the 2021 season, when compared to the control and
10−4 M SA treatments, the 10−3 SA treatment significantly increased the number of roots.
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Table 4. Effects of salicylic acid (SA) treatment on the plant height (cm), the number of leaves and
roots (n), and the dry weight (g) of leaves and roots of C. longa.

SA (M)
Treatments

Plant Height
(cm) No. of Leaves (n) No. of Roots (n) Leaves’ Dry Weight (g) Roots’ Dry Weight (g)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Control 150.33 b * 130.25 c 11.67 ab 8.75 ab 29.0 b 24.75 b 26.9 b 23.53 b 3.33 a 3.5 a
10−4 167.75 a 139.75 b 14.25 a 10.25 a 33.75 ab 24.0 b 52.0 a 29.15 ab 3.5 a 3.67 a
10−3 176.25 a 166.75 a 10.5 b 8.33 b 40.5 a 30.0 a 59.33 a 35.5 a 2.25 b 3.0 b

* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.

In both seasons, the number of rhizomes, rhizome dry weight, and rhizome diameter
were significantly higher in the SA-treated groups than in the control group (Table 5).
Furthermore, the 10−3 M SA treatment had the highest rhizome number (34.33 and 19.0),
rhizome dry weight (78.87 and 61.23 g), and rhizome diameter (18.25 and 20.15 mm) in the
first and second seasons, respectively, while the control had the lowest rhizome number
(16.67 and 10.7), rhizome dry weight (13.6 and 7.23 g), and rhizome diameter (16.3 and
14.47), respectively.

Table 5. Effects of SA treatment on the number (n) of rhizomes, rhizome dry weight, and rhizome
diameter (mm) of C. longa.

SA (M)
Treatments No. of Rhizomes (n) Rhizome Dry Weight (g) Rhizome Diameter

(mm)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Control 16.67 c * 10.70 b 13.6 c 7.23 b 16.3 b 14.47 c
10−4 22.75 b 16.5 a 39.75 b 30.0 ab 18.18 a 17.81 b
10−3 34.33 a 19.0 a 78.87 a 61.23 a 18.25 a 20.15 a

* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.

3.2. Photosynthetic Pigments and Mineral Contents

The data in Table 6 show that both (10−4 and 10−3 M) SA treatments positively and
significantly affected the chlorophyll a and b and carotenoid contents compared with the
control. The 10−3 M SA treatment yielded higher values compared to the 10−4 M SA
treatment for all recorded parameters in both seasons (Table 6). The data in Table 7 show
that both SA concentrations increased the nitrogen (N), phosphorus (P), and potassium (K)
contents in the leaves of C. longa compared with the control plants. In comparison to the
control and 10−4 M SA treatments, the 10−3 M treatment resulted in the highest N, P, and K
contents in the C. longa leaves (Table 7).

Table 6. Effects of SA treatment on the chlorophyll a (Chl a), b (Chl b), and carotenoid contents of
C. longa leaves.

SA (M)
Treatments

Chl a
(mg/100 g F.W.)

Chl b
(mg/100 g F.W.)

Carotenoids
(mg/100 g F.W.)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Control 75.37 b * 107.59 a 26.95 b 39.02 b 83.58 b 117.31 b
10−4 92.43 ab 111.74 a 37.85 a 39.96 b 99.69 ab 122.86 ab
10−3 106.24 a 126.33 a 35.02 ab 43.09 a 118.09 a 146.12 a

* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.
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Table 7. Effects of SA concentration on nitrogen (N), phosphorus (P), and potassium (K) percentages
in C. longa leaves.

SA (M) Treatments N% P% K%

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Season
(2020)

Season
(2021)

Control 3.102 a * 1.688 b 1.34 a 2.085 b 1.608 a 1.36 a
10−4 3.295 a 1.736 b 1.427 a 3.82 a 1.648 a 1.4 a
10−3 3.363 a 2.067 a 1.54 a 3.143 a 1.708 a 1.45 a

* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.

3.3. Gas Chromatography–Mass Spectrometry (GC–MS) Analysis of Ethanolic Extracts

GC–MS was used to examine ethanolic extracts of C. longa rhizomes obtained from dif-
ferent SA concentration treatments as well as controls (Tables 8 and 9). Following GC–MS
analysis, at least 10 components were discovered in the ethanolic extracts of the C. longa
rhizomes. Table 8 lists the names of the compounds and their retention times (RTs), peak
areas (in percentage), molecular formulae, and molecular weights. The effects of SA on
the composition of alpha-curcumene, (−)-zingiberene, beta-sesquiphellandrene, aromatic
turmerone (ar-turmerone), curlone, beta-turmerone, and caryophyllene are displayed in
Table 9. Substantial amounts of alpha-curcumene, (−)-zingiberene, beta-sesquiphellandrene,
ar-turmerone, and curlone were present in the extracts of all treatments. These five compo-
nents have been documented as the major components of C. longa essential oil. The applica-
tion of 10−4 M SA resulted in an approximately 1.05-fold increase in alpha-curcumene in
the first season; in the second season, 10−4 and 10−3 M SA resulted in 1.14- and 1.08-fold in-
creases compared to the control, respectively, both of which were significant (Table 9). Both
concentrations (10−4 and 10−3 M) of SA significantly increased the levels of (−)-zingiberene
and beta-sesquiphellandrene, by about 1.3- and 1.1-fold, respectively, in the first season
(Table 9). On the other hand, the 10−3 M SA treatment led to significantly lower amounts
of beta-sesquiphellandrene compared with the control treatment and 10−4 M SA in the
second season. Both SA treatments led to significantly increased levels of ar-turmerone
and curlone in the second season. Beta-turmerone was found in the SA treatment groups
in the second season, whereas caryophyllene was found in the control treatments in the
second season, SA 10−3 in the first season, and 10−4 M in both seasons. When compared to
the control, the SA treatments resulted in a significant decrease in caryophyllene content
(Table 9).

3.4. HPLC Results

The effects of different SA concentrations on the production of secondary metabolites
in C. longa rhizomes were investigated (Table 10 and Figure 1). The amounts of bis-
demethoxycurcumin, demethoxycurcumin, and curcumin present in the ethanolic extracts
were quantified using high-performance liquid chromatography (HPLC) by comparing the
standard curve prepared using a series of bisdemethoxycurcumin, demethoxycurcumin,
and curcumin solutions with known concentrations. SA treatments significantly increased
the bisdemethoxycurcumin, demethoxycurcumin, and curcumin levels compared to the
control treatment (Table 10). As the SA concentration increased, the effect on all three
compounds increased (Table 10). Foliar spraying with 10−3 M SA resulted in an increase in
the bisdemethoxycurcumin, demethoxycurcumin, and curcumin levels by approximately
2.77-, 2.58-, and 2.57-fold, respectively, compared with the control treatment (Table 10 and
Figure 1).
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Table 8. Components identified by GC–MS analysis in the C. longa ethanolic rhizome extracts from
different treatment groups. Each area (%) was calculated from the measurements obtained from the
ethanolic extracts of 3 plantlets.

SA Treatment
(M) Peak Essential Oil Compounds RT, min Area, % Molecular

Weight
Molecular
Formula

Season (2020)

Control

1 Alpha-curcumene 14.47 4.65 202.33 C15H22
2 (−)-Zingiberene 14.64 25.03 204.35 C15H24
3 Beta-bisabolene 14.81 3.66 204.35 C15H24
4 (−)-Beta-sesquiphellandrene 15.02 21.54 204.35 C15H24

5 4-(2,2-Dimethyl-6-
methylenecyclohexyl)butanal 16.12 1.5 194.3132 C13H22O

6 Ar-turmerone 16.68 4.82 216.32 C15H20O
7 Curlone 16.74 21.8 218.3346 C15H22O
8 Cyclopentane 17.13 12.23 70.13 C5H10
9 Tricyclo 17.47 2.22 204.35 C15H24

10 Cyclohexane,
1-methyl-2,4-bis(1-methylethenyl)- 18.06 2.55 204.35 C15H24

10−4

1 Alpha-curcumene 14.47 4.89 202.33 C15H22
2 (−)-Zingiberene 14.64 32.7 204.35 C15H24
3 Beta-bisabolene 14.81 4.37 204.35 C15H24
4 (−)-Beta-sesquiphellandrene 15.02 23.32 204.35 C15H24
5 Caryophyllene 15.55 0.78 204.357 C15H24

6 4-(2,2-Dimethyl-6-
methylenecyclohexyl)butanal 16.12 0.95 194.31 C13H22O

7 Ar-turmerone 16.68 4.15 216.32 C15H20O
8 Curlone 16.74 17.73 218.3346 C15H22O
9 Beta-turmerone 17.13 9.46 218.33 C15H22O

10 Cyclohexane,
1-methyl-2,4-bis(1-methylethenyl)- 18.06 1.65 204.35 C15H24

10−3

1 Alpha-curcumene 14.47 4.55 174.282 C15H22
2 (−)-Zingiberene 14.64 30.86 204.35 C15H24
3 Beta-bisabolene 14.81 4.1 204.35 C15H24
4 Beta-sesquiphellandrene 15.02 22.86 204.35 C15H24
5 Caryophyllene 15.55 0.65 204.357 C15H24
6 Butanal 16.12 1.1 74.12 C4H8O
7 Ar-turmerone 16.68 5.13 216.32 C15H20O
8 Curlone 16.74 18.92 218.33 C15H22O
9 Beta-turmerone 17.13 10.14 218.33 C15H22O

10 Cyclohexane 18.07 1.69 84.16 C6H12

Season (2021)

Control

1 Alpha-curcumene 14.47 4.17 174.282 C15H22
2 (−)-Zingiberene 14.64 34.58 204.35 C15H24
3 Beta-bisabolene 14.81 4.15 204.35 C15H24
4 Beta-sesquiphellandrene 15.02 24.63 204.35 C15H24
5 Caryophyllene 15.55 9.57 204.357 C15H24

6 4-(2,2-Dimethyl-6-
methylenecyclohexyl)butanal 16.12 1.5 194.31 C13H22O

7 Ar-turmerone 16.68 1.82 216.32 C15H20O
8 Curlone 16.74 17.98 218.33 C15H22O
9 Cyclopentane 17.13 2.91 70.13 C5H10

10 Cyclohexane 18.07 1.76 84.16 C6H12
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Table 8. Cont.

SA Treatment
(M) Peak Essential Oil Compounds RT, min Area, % Molecular

Weight
Molecular
Formula

10−4

1 Alpha-curcumene 14.47 4.77 174.282 C15H22
2 (−)-Zingiberene 14.64 32.58 204.35 C15H24
3 Beta-bisabolene 14.81 4.25 204.35 C15H24
4 Beta-sesquiphellandrene 15.02 23.32 204.35 C15H24
5 Caryophyllene 15.55 0.83 204.357 C15H24
6 Butanal 16.124 1.02 74.12 C4H8O
7 Ar-turmerone 16.68 3.71 216.32 C15H20O
8 Curlone 16.74 18.18 218.33 C15H22O
9 Cyclopentane 17.13 9.63 70.13 C9H13N

10 Cyclohexane 18.07 1.71 84.16 C6H12

10−3

1 Alpha-curcumene 14.47 4.51 174.282 C15H22
2 (−)-Zingiberene 14.64 32.53 204.35 C15H24
3 Beta-bisabolene 14.81 4.18 204.35 C15H24
4 Beta-sesquiphellandrene 15.02 22.98 204.35 C15H24
5 Cycloheptane 15.55 0.77 204.35 C15H24
6 Butanal 16.12 1.12 74.12 C4H8O
7 Ar-turmerone 16.68 4.15 216.32 C15H20O
8 Curlone 16.74 18.3 218.33 C15H22O
9 Cyclopentane 17.13 9.77 70.13 C9H13N

10 Cyclohexane 18.07 1.69 84.16 C6H12

Table 9. Comparison of curcumene, zingiberene, beta-sesquiphellandrene, ar-turmerone, curlone, beta-
turmerone, and caryophyllene compositions in the ethanolic rhizome extracts from Curcuma longa plants
grown under different concentrations of SA (M). Each mean value was calculated from the measurements
obtained from the ethanolic extracts of 3 plantlets. ND: not detectable.

Phytochemical

Composition (Area %)

Control SA (10−4 M) SA (10−3 M)

Season (2020) Season (2021) Season (2020) Season (2021) Season (2020) Season (2021)

Alpha-curcumene 4.65 c * 4.17 f 4.89 a 4.77 b 4.55 d 4.51 e
(−)-Zingiberene 25.03 f 34.58 a 32.7 b 32.58 c 30.86 e 32.53 d

Beta-sesquiphellandrene 21.54 d 24.63 a 23.32 b 23.32 b 22.86 c 22.98 c
Ar-turmerone 4.82 b 1.82 e 4.15 c 3.71 d 5.13 a 4.15 c

Curlone 21.8 a 17.98 d 17.73 e 18.18 c 18.92 b 18.3 c
Beta-turmerone ND ND 9.46 a ND 10.14 a ND
Caryophyllene ND 9.57 a 0.78 b 0.83 b 0.65 b ND

* Means followed by the same letter within a row are not significantly different at a 0.05 level of probability,
according to the LSD test.

Table 10. Effects of SA treatment on bisdemethoxycurcumin, demethoxycurcumin, and curcumin
(ug/mL) accumulation in C. longa in the second season.

SA
Treatments (M)

Bisdemethoxycurcumin
(µg/mL)

Demethoxycurcumin
(µg/mL)

Curcumin
(µg/mL)

Control 70.76 c * 40.29 c 131.98 b

10−4 109.03 b 92.13 b 338.31 a

10−3 196.13 a 104.09 a 338.83 a
* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.
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Figure 1. HPLC chromatogram of organic extract of C. longa exposed to 10−3 M SA, showing the
curcuminoid compounds bisdemethoxycurcumin (Bi), demethoxycurcumin (De), and curcumin (Cu).

3.5. Effect of SA on the Expression of Curcuminoid Biosynthesis Genes

Real-time PCR was used to assess the transcript levels of curcuminoid genes in the
C. longa rhizomes eight months after planting in the SA and control treatments. The
results showed that the expression of the curcuminoid genes was higher following foliar
application of SA compared with the control treatment (Table 11). The results showed that
the CURS2 and -3 genes had higher expression levels in the 10−3 M SA treatment compared
with the CURS1 and DCS genes. The highest expression level was obtained for the CURS3
gene (a 36.0-fold increase). The CURS1 gene was upregulated in the SA treatments, with
the highest expression (a 12.6-fold increase) obtained at 10−4 M, as shown in Table 11.

Table 11. Differential expression profiling of the curcuminoid synthase genes, CURS1, CURS2, CURS3,
and DCS, in C. longa rhizomes from control- and SA (10−4 and 10−3 M)-treated plants. Data were
normalized using Actin as an internal reference gene.

SA
Treatments (M) DCS CURS3 CURS2 CURS1

Control 1 a * ± 0.158544 1 c ± 0.001449 1 c ± 0.063084 1 c ± 0.001827

10−4 1.145 a ± 0.047043 4.475 b ± 0.034282 3.238 b ± 0.22513 12.553 a ± 0.141362

10−3 2.129 a ± 0.011599 36.005 a ± 0.034282 23.412 a ± 0.182553 8.696 b ± 0.213558

* Means followed by the same letter within a column are not significantly different at a 0.05 level of probability,
according to the LSD test.

4. Discussion

The effects of foliar spraying of C. longa plants with different concentrations of SA
on the vegetative growth, yield, phytochemical composition, and expression patterns of
curcuminoid genes were investigated. Our data indicate that foliar spraying with SA
increased the plant growth parameters, rhizome dry weight, rhizome yield, photosyn-
thetic pigments, and mineral contents in C. longa plants compared to the control treatment
(sprayed with water). SA at 10−3 M had the most positive effects on plant height, number
of roots, dry weight of leaves, and chlorophyll a, carotenoid, N, and K contents in the leaves
in both seasons of cultivation, which were correlated with the highest rhizome numbers,
rhizome dry weight, and rhizome diameter. These findings are consistent with previous
findings [12,13,30] that stated that SA promotes plant development by increasing cell divi-
sion and elongation as well as photosynthetic pigment levels, both of which are connected
to increased nutrient intake. The effects of SA on plant development and productivity
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have been well established. Elwan and El-Hamahmy [19] reported that an SA-induced
increase in pepper plant yield can be related to an increase in growth and photosynthesizing
tissue, i.e., leaves. Many plants, including okra [31], chickpeas [20], fenugreek [32], pepper-
mint [33], and sorghum [34], have increased chlorophyll levels as a result of SA treatments,
resulting in considerable growth, photosynthesis, and production improvements. Due to
their high abundance of chemically different metabolites, no single analytical approach
has yet been able to detect the entire metabolome of higher plants—particularly medicinal
and aromatic species [35]. We employed GC–MS and HPLC techniques to detect different
chemical compounds in C. longa plants treated with different SA concentrations and control
plants in this investigation. The bioactive components of the ethanolic rhizome extract of
C. longa were determined by GC–MS. The results show that the SA treatments enhanced
curcumene, (−)-zingiberene, ar-turmerone, and curlone levels, and that beta-turmerone
was only found in the SA treatments. The application of SA has been implicated in the
increased concentrations of effective (active) compounds in a variety of plants [36–38].

Polyphenolic curcuminoids—including bisdemethoxycurcumin, demethoxycurcumin,
and curcumin—found in C. longa play significant roles in food, cosmetics, and medicinal
compounds. Curcuminoids have extensive biological activity, with antioxidant, neuropro-
tective, antitumor, anti-inflammatory, anti-acidogenic, and radioprotective properties [39].
The HPLC examination of bisdemethoxycurcumin, demethoxycurcumin, and curcumin
revealed that the SA treatments greatly enhanced these compounds compared to the con-
trol, with the effect of SA at 10−3 M on height resulting in the largest amounts of the three
compounds mentioned. The SA’s elicitor action on the synthesis of secondary metabolites
in medicinal plants has been previously assessed [13–17]. A correlation between the ex-
pression of curcuminoid genes and curcumin biosynthesis in C. longa was found through
RT-PCR amplification and HPLC analysis. The bisdemethoxycurcumin, demethoxycur-
cumin, and curcumin contents appear to correspond to the expression levels of curcuminoid
genes. These results are also similar to those of several previous studies. The accumula-
tion of major products of secondary metabolism in plants has been correlated with the
expression of coordinate genes under the effect of suitable elicitors [16,40,41].

5. Conclusions

Our findings show that foliar spraying of C. longa plants with 10−4 and 10−3 M SA
three times during vegetative growth (beginning at 60 days post-planting of rhizomes, at
two-month intervals) under greenhouse conditions in Al-Ahsa, Saudi Arabia, enhanced
plant growth and rhizome yield after 60 days of C. longa plant culture.

The addition of SA to the foliar spray improved the plant growth, photosynthetic pigment
content, and N, P, and K contents. The SA foliar spray also enhanced the curcuminoid content
(bisdemethoxycurcumin, demethoxycurcumin, and curcumin), which corresponded with
the curcuminoid gene expression levels. The treatment with 10−3 M SA yielded significantly
better results in almost all agronomic parameters compared to the control, while the treatment
with 10−4 M SA indicated better results, but only in some cases was this improvement
significant, so the application of 10−3 M SA would be more recommendable.
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