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Abstract
Purpose Silicon (Si) plays bene�cial role in alleviating biotic and abiotic stresses but comparative investigations with Si
nanoparticles (Si-NPs) under water restriction on medicinal plants is not recognized. The aim of this study was to observe the Si
and Si-NPs effects on growth, physio-chemical attributes, and essential oil (EO) pro�le in aerial parts of coriander (coriandrum
sativum L.) under water stress.

Methods A split-plot experiment was conducted with irrigation regimes (irrigation after 60, 90, and 120 mm evaporation from Class
A pan) in the main plots and foliar application of Si (in the form of Na2SiO3) and Si-NPs in the subplots during 2019 and 2020.

Results The results represented drought particularly severe stress decreased biological yield and relative water content (RWC) but
increased total soluble sugar (TSS). Both Si and Si-NPs improved plant growth and yield through improved RWC, TSS, total
phenolic content (TPC) and total �avonoid content (TFC). Moderate drought stress with Si-NPs was highly effective on TPC, TFC,
EO percentage and yield. The main EO constitutes were n-Decanal (20.8-27.6%), 2E-Dodecanal (13.3-16.7%), 2E-Decanal (13.9-
18.7%), 2E-Tridecen-1-al (7.3-10.5%), Dodecanal (7.2-10.6%), and n-Nonane (4.3-8.7%). Heat map analysis (HMA) showed foliar
application of Si and Si-NPs were signi�cantly distinguished from control treatment, which was mainly explained by EO yield and
TFC attributes.

Conclusion Foliar-applied Si-NPs was the rapidly and highly effective practice to reach the optimum antioxidant capacity and EO
yield of coriander plants when experience moderate drought stress.  

1 Introduction
Drought, as a main abiotic stress, affects physiological and biochemical processes of plants, especially the synthesis and
accumulation of secondary metabolites [1]. Under de�cit of water supply, chemical signals are transmitted from the roots to the
leaf through xylem pathways, in which plants stimulate physiological changes such as stomatal closure, photosynthesis
reduction, and enhancement of the antioxidant potential through biochemical pathways like antioxidant enzymes and phenolic
content [2]. Secondary metabolites are the principal active compounds in medicinal plants, which affected by drought stress [3].
Therefore, water de�cit stress has a greater impact on medicinal plants. The changes in essential oil (EO) yield and composition,
phenol and �avonoid contents are the main biochemical response of medicinal plants under drought stress [3].

Silicon (Si) is the principal element on the earth crust. It is considered as the second abundant element in earth crust after oxygen
[4]. The positive effect of Si on plant growth and development under biotic and abiotic stress conditions have been well
documented [1, 5]. Si stimulates plant growth through improving nutrients uptake, water content, and the resistance to pathogens
and diseases [5]. Recently, the nanotechnology in agriculture sector has been highlighted to cope with environmental disorders. Si
nanoparticles (Si-NPs) promotes physiological and biochemical processes to increases plant growth and development under
stress conditions [6, 7]. Si-NPs are able to remediate the different stresses especially scavenging the reactive oxygen species (ROS)
produced under drought and salinity stresses [8]. Plants have different responses to NPs based on the the size, shape, method of
application, and physicochemical properties of the NPs [8].

Coriander (Coriandrum sativum L.) is a medicinal annual Apiaceae specie which widely used because of its high nutritional and
medicinal values [9]. Coriander is native to the European-Mediterranean area and was cultivated in China in the 1st century BC.
Recently, it has been widely cultivated as a valuable herb all over the world [10]. Fresh aerial part of coriander is usually used as
food seasoning. Furthermore, it has various medicinal uses such as treatment of disorders in skin in�ammation, digestive,
respiratory and urinary systems [10, 11].

In recent years, nanotechnology has emerged as a prominent tool for enhancing agricultural productivity. The importance of nano-
fertilizers is due to their rapid and complete absorption by plants [8, 12]. The positive effects of foliar application with Si-NPs on
plant growth and development under heavy metal [5, 7, 13, 14], UV radiation [15], salinity [16], and drought [4]. However, little is
known about involvement of Si and its nanoparticles (Si-NPs) in the regulation of drought effects in plants. Therefore, the aims of
present study were (1) to investigate the effect of Si and Si-NPs on biological yield, water and sugar content, and antioxidant
capacity (phenol and �avonoid content) of coriander plants, (2) to assess the effect of Si and Si-NPs on EO yield and composition



Page 3/14

of coriander under well-watered and water stress conditions, (3) to determine whether Si or Si-NPs are more effective in alleviating
drought stress in coriander, and (4) to explain possible mechanisms by which Si and Si-NPs alleviates drought stress in coriander
plants. These results provide an effective practice with Si and Si-NPs to cope the drought stress on coriander plants in order to
reach the optimum EO quality and quantity.

2 Material And Methods

2.1 Experimental site and plant materials
The �eld experiment was conducted at the research farm of Islamic

Azad University, Shahre rey Branch, Tehran, Iran (1070 m asl, 35°36´44” N, 51°26´30” E) in 2019 and 2020. Table 1 shows the soil
properties used in the study. The mean annual temperature of �rst and second years were 16.7 and 16.9°C, respectively. The total
annual precipitation was 216 mm in the �rst year and 214 mm in the second year.

Table 1
Soil analysis of experimental �eld

Depth

(cm)

pH EC

(ds.m− 

1)

Na

(meq.l− 

1)

P

(mg.kg− 

1)

Organic
carbon

(%)

K

(mg.kg− 

1)

NH4

(mg.kg− 

1)

NO3

(mg.kg− 

1)

Clay

(%)

Silt

(%)

Sand

(%)

Soil
Texture

0–30 7.84 1.03 6.36 10.46 1.03 598.8 5.95 14.63 31 49 20 Clay
Loam

0–30 7.82 1.11 6.75 9.57 0.97 603.5 6.04 14.57 30 49 21  

The seeds of coriander were purchased from Pakan Bazr-e-Esfahan Company (Esfahan, Iran), and sown at 19 and 20 April. The
area of each plot was 6 m2. The distance between two lines and between two plants on lines was 30 cm and 20 cm, respectively.
The distance between plots was 1 m.

2.2 Experimental design and treatments
The split plot experiment was carried out in a randomized complete block design (RCBD) with three replications in 2019 and 2020.
Irrigation regimes as main plot were applied in three levels based on evaporation from Class A pan as irrigation after 60, 90, and
120 mm evaporation from Class A pan. The Si-NPs were purchased from Nano Pasargad Novin company, Tehran, Iran. The Si-NPs
included the purity of 99%, particle size of 20–35 nm, and active level of 461 g m− 2. To homogenize and separate the particles, the
NPs were ultra-sonicated for 30 min by using distilled water before application. Si was applied, at 1.5 mM mg Si L−1 using sodium
silicate (Na2SiO3) (sodium met silicate powder extra pure > 98.0%; Sigma-Aldrich) as a source. Seed were cultivated in 19 and 20
April by hand. Weeds were controlled manually during the growing season. The drought was applied after emerging 4 leaf, and
during the growth period, plants were foliar-applied with a solution containing either without or with 1.5 mM of Si and Si-NPs for
three times (both side of leaves) at an interval of 15 days. At harvesting stage (4 months after sowing the seeds), the plants were
divided in three groups of fresh, dry, and frozen samples. The frozen samples were kept at -80°C using liquid nitrogen to
biochemical assays.

2.3 Biological yield (BY)
To measure BY, plants were cut from the bottom of stem, and they immediately were transferred in the envelopes and dried at 40º
C in the dark condition till got a constant weight [17

2.4 Relative water content (RWC) measurement
The RWC of leaves was calculated as a percentage according to the method of Dhopte and Manuel [18] as follows:
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Where, FW is fresh weight, SW is leaf weight after soaking for 24 hours at room temperature and DW is leaf dry weight after drying
for 24 h at 75 ° C.

2.5 Determination of total soluble sugar (TSS)
To measure the TSS, 95% and 70% ethanol was used. 0.5 g of frozen petals was crush with liquid nitrogen and grind with 5 ml of
95% ethanol to release sugar, then 5 ml of 70 % ethanol was added in two times and centrifuged at 3500 rpm for 10 min and kept
in the refrigerator for one week. After that, 0.1 ml of the stored stock was mixed with 3 ml antron (150 mg antron and 100 ml 72%
sulfuric acid). The solution was placed in the boiling water bath at 90 ° C for 10 min. The absorbance was measured at 625 nm
using a UV-Vis spectrophotometer (Shimadzu, Tokyo, Japan) [19].

2.6 Determination of total phenolic content (TPC)
Folin–Ciocalteu reagent was selected to measure TPC spectrophotometrically [20]. 100 µl of the MeOH solution of the precisely
measured weight of investigated plant 1–10 (2.54, 2.58, 2.25, 4.03, 4.80, 2.13, 4.62, 1.47, 1.58, 15.05 mg mL− 1 respectively) were
mixed with 0.75 mL of Folin–Ciocalteu reagent and allowed to stay at 22º C for 5 min. The mixture was supplied with 0.75 ml of
NaHCO3. Absorbance was measured at 725 nm by UV–VIS spectrophotometer (Varian Cary 50) after 90 min at 22 ºC. Standard

curve was calibrated by Gallic acid (0–100 mg ml− 1; r > 0.99). The results were represented as mg Gallic acid (GA) g− 1 Dry weight.

2.7 Determination of total �avonoid content (TFC)
The �avonoid levels were measured by aluminum chloride colorimetric method [21]. Brie�y 0.5 ml of extract solution with 1.5 ml of
95% ethanol, 0.1 ml of aluminum chloride 10%, 0.1 ml of 1 M potassium acetate were mixed with 2.8 ml of distilled water. The
mixture vortexed for 10 s and left to stand at 25 º C for 30 min. The absorbance of the mixture was read at 415 nm. Quercetin
concentrations (0 to 1200 µg ml − 1) were prepared and linear �t was used for calibration of the standard curve.

2.8 EO content
EO content of �owering branches was quanti�ed using the method described by the European Pharmacopoeia for oil production
[22]. Brie�y, 100 g of dried aboveground plant parts were subjected to hydro-distillation for 3 h using a Clevenger-type apparatus.

2.9 Gas chromatography (GC) analysis
Thermo-UFM ultrafast gas chromatograph equipment with a ph-5 fused silica column (10m length × 0.1 mm id., �lm thickness 0.4
µm) was used to anlyze EOs. Oven temperature was maintained at 60 º C for 5 min and then programmed to 285 º C at a rate of 5
º C min− 1; �ame ionization detector (FID) and injector temperature were 290 º C and 280 º C, respectively; helium was applied as
carrier gas with an inlet pressure of 0.5 kg cm− 2.

2.10 Gas chromatography—mass spectrometry (GC-MS)
GC-MS analyses were accomplished by Varian 3400 GC-MS system equipment with AOC-5000 auto injector and DB-5 fused silica
capillary column (30 m × 0.25 mm i.d.; �lm thicknesses 0.25 µm). Temperature was programmed from 60°C to 250°C with 3°C
min− 1; Injector and interface temperature were 260°C and 270°C, respectively; acquisition mass range of 40–340 amu; ionization
voltage of 70 eV; the carrier gas was helium at a velocity of 45 cm sec− 1.

2.11 Component identi�cation
Homologous series of n-alkanes (C7–C25) determined the retention index for all volatile constituents. According to Adams, the
components of oil were identi�ed by matching their retention indices (RI) and mass spectra. EO components were identi�ed by
GC/MS spectroscopy [23].
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2.12 Data analysis
The SAS software package for Windows (SAS, version 9.3, SAS Institute, Cary, NC) was used for data analysis. The mean values
were compared with Duncan’s multiple range tests. The data were statistically analysed at 5% probability level (P ≤ 0.05).

3 Results And Discussion

3.1 Biological yield (BY)
Figure 1 shows the variation of BY under different irrigation regimes and Si application. The BY decreased by progressing the
drought stress but both Si and Si-NPs increased it (P ≤ 0.05). The highest BY was reported in Si-NPs treated plants under well-
water conditions to be 7120 kg ha− 1. The signi�cant reduction of BY was observed in the plants experiencing severe drought
stress. Under non-Si application, a 37% decline of BY was observed under severe water stress compared to well-watered
conditions. Thus, both Si and Si-NPs alleviate the adverse effects of drought stress on BY. 

Growth (biomass) is a primary process to be changed by water shortage [24]. We observed a decline of growth under moderate
and severe stresses. It shows that even at decreased soil water availability, coriander plants are able to grow but in the slow rate.
These �ndings agree with those obtained by Achten et al. [25] (2010) on Jatropha curcas and Sarker and Oba [24] on Amaranthus
tricolor, who reported plants are able to grow under de�cit water stress but at the slower rate than fully irrigated condition. The
decline of BY with progressing drought could be attributed to inhibition of cell elongation and expansion, reduced turgor pressure,
use of the energy to conserve cell turgor, which results in reduction of photo-assimilation and metabolites required for cell division
[24]. However, both Si and Si-NPs improved the BY at well-watered and water-stressed conditions. Bukhari et al. [1] represented the
higher effective role of Si under water stress condition compared to well-watered situation, which it suggests the principal role of Si
in plant growth and development at water de�cit conditions. Compared to Si, Si-NPs was signi�cant more effective, which is
related to the higher availability of Si-NPs with coriander plants than Si. Similar results for the better effect of Si-NPs compared to
Si were reported on wheat seedling under UV-B stress [15]. The similar enhancement in biomass of Si-NPs-treated plants was
reported in various studies [5, 7, 26]. The Si-NPs may improve the nutrients uptake by plants, which results in higher biomass. In
this regard, Si-NPs increases the uptake of Mg, P, K and S contents in stressed plants [26, 27]. Moreover, plant biomass may be
remarkably improved by Si-NPs which might be due to its placement in the leaf bundle that affect the structure of chloroplasts and
leaf yield at the unit level and therefore increase the plant’s ability to use light [5].

3.2 Relative water content (RWC) and total soluble sugar (TSS)
Although RWC decreased with advancing the water stress, different applications of Si improved the RWC (P ≤ 0.05). It differed
from 55.6% in severe-stressed plants with non-Si application to 81.3% in well-watered plants and Si-NPs treatment (Fig. 2a). Unlike
RWC, TSS increased by advancing the rate of drought stress and with Si application. The greatest TSS was obtained in severe
stress plants with foliar application of Si-NPs. However, the plants experiencing no drought stress (control) in the absence of Si
and Si-NPs had the lowest TSS (Fig. 2b). 

The reduction of RWC and enhancement of TSS were the strategy of coriander to cope the stressed conditions. RWC is a useful
variable to assesses the physiological water status of plants, which can be used as an important index for determining the tolerant
and sensitive plants under stressful environments [24]. Reduced RWC was observed under moderate and severe stresses (Fig. 2, a).
The decreases of turgor pressure, water uptake limitation in available water, and prohibition of water uptake by roots lead to
reduced RWC in the leaves. Plants exposed to stressed conditions reduce the RWC to reduce the secondary biochemical processes
and to maintain the energy on their survival. Moreover, TSS is the highly sensitive variable to environmental stresses [28].
Increased TSS under drought stress has been demonstrated in several studies [29, 30]. In contrast, a few studies have shown that
drought signi�cantly decreases the TSS in the whole plant [29]. In this two-year study, moderate and severe drought stresses
enhanced sugar accumulation in leaves of coriander plants. Soluble sugar plays the vital role an osmoprotectant, regulating
osmotic adjustment, scavenging toxic reactive oxygen species (ROS), and providing membrane protection, and under biotic and
abiotic stresses [30]. The accumulation of TSS is an effective strategy of plants to maintain RWC and membrane stability of cells
under water stress conditions [30].
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3.3 Total phenolic content (TPC) and total �avonoid content (TFC)
Figure 3 shows the response of TPC and TFC to Si application under different irrigation regimes. The TPC increased under
moderate drought stress and also it was improved with S application. The plants experiencing severe stress condition showed the
lowest TPC. This biochemical trait was obtained in a range of 32.62–41.91 mg GA g− 1 DW in which the highest amount was
observed in moderate water stress with Si-NPs spraying. TFC showed the variation under irrigation regimes and Si application. The
highest TFC was found in well-watered plants with Si-NPs. The reaction of plants to TFC was different amog the treatments. In
non-Si treatments, moderate drought stress increased TPC by 19% compared to well-watered condition. Generally, the optimum
TPC and TFC were reported under moderate stress conditions with foliar application of Si-NPs. 

Phenolic compound is an eminent antioxidant factor for protecting the plants from dangerous radicals such as ROS. We found the
higher TPC and TFC under moderate water stress and with Si and its nanoparticles, but it decreased in plants experiencing the
severe drought (Fig. 3). Similar to our results, Gharibi et al. [31] and Krol et al. [32] showed the increased TPC and TFC under
moderate drought but they remained unchanged under severe stress conditions. Therefore, it can be concluded that severe drought
stress might inhibit the synthesis of TPC and TFC [32]. Plants use different mechanisms to distribute �avonoids among
subcellular compartments [31]. The augmentation of TPC and TFC under high limited water is related to accumulation of soluble
carbohydrates in plant cells because of reduced transportation of TSS under drought stress [33]. Phenolics and �avonoids are
produced by shikimic acid or phenyl propanoid pathways, and as hydroxyl groups can donate hydrogen and react with ROS in the
termination reaction, which ultimately breaks the cycle of producing new radicals. The shikimic acid pathway converti simple
carbohydrate precursors into aromatic amino acids [31]. Si and particularly its nanoparticles improved the TPC and TFC. Si and Si-
NPs due to their role in improving the production of secondary metabolisms such as TPC and TFC can protect the stressful plants
from the ROS. The positive role of Si-NPs on polyphenols has been observed on coriander plants grown in lead (Pb)-spiked soil [5].

3.4 Essential oil (EO) percentage and yield
Moderate water stress conditions and foliar application of Si-NPs led to higher EO percentage than other experimental treatments.
At non-foliar applied plants, moderate water stress improved EO content by 70% compared to well-watered plants. Under severe
drought, Si-NPs and Si increased EO content by 29% and 22% compared to non-foliar application (Fig. 4a). EO yield in moderate
drought stress was signi�cantly higher compared to other irrigation regimes. Although, there was no signi�cant difference between
Si and Si-NPs in EO yield of coriander plants, these amendments led to increased EO yield (Fig. 4b). 

The slight drought stress was effective to reach the optimum EO percentage and yield of aerial parts of coriander. However, the
adverse impact of severe drought stress on EO yield of coriander was addressed. Since EO yield is calculated by dry matter and EO
percentage, the reduction of shoot biomass and EO percentage results in reduced EO yield [34]. Si and Si-NPs subsided the
undesirable effects of severe drought stress and promoted EO yield (Fig. 4). Environmental stresses are important in EO production
[35, 36]. Our results revealed that moderate drought stress along with Si and S0-NPs enhanced EO yield, which con�rmed the
previous investigations with drought [37, 38] or Si application [36]. The enhanced EO amount under slight drought stress may be
attributed to the decline in leaf surface and enhancement of oil gland number and density [39]. The abiotic stresses may affect EO
production through changing the pathways of secondary metabolites production and their distribution [36]. This study
demonstrated the improvement of EO yield by Si and Si-NPs application. Si plays an important role in elicitor-accelerated
secondary metabolite production by inducing several transcriptional modi�cations [40]. Si may increase EO yield via improvement
of cell development, ion uptake, and leaf oil gland density and size [41]. Si can enhance the EO production via its different uses
such as Si or its nanoparticles. The improvement of EO yield under Si treatment in this work are in agreement with those reported
on rosemary [42], geranium [34], and sweet basil [40]. Si and its nanoparticles increased EO production, and probably served as an
effective stimulant to increase the production of secondary metabolites [43].

3.5 Essential oil composition
The GC/MS analysis showed 22 compounds in EO of coriander (Tables 2 and 3). The main EO constitutes were n-Decanal, 2E-
Dodecanal, 2E-Decanal, 2E-Tridecen-1-al, Dodecanal, and n-Nonane in both 2019 and 2020. N-decanal as a main compound was
affected by foliar application of Si-NPs. It differed from 20.80% at severe water stress and Si to 27.60% under well-watered
conditions and foliar application of Si-NPs. 2E-Decanal (13.30–16.70%) showed no remarkable variation under irrigation regimes
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and Si foliar application. Unlike N-decanal, Si and it nanoparticles decreased 2E-Dodecanal in which it ranged from 13.9% in plants
treated with Si-NPs under severe stress conditions to 18.7% in well-watered plants with no foliar application. The 2E-Tridecen-1-al
was changed under different treatments of irrigation regimes and Si in a range of 7.32–10.50%. Dodecanal (7.2–10.6%) was
different under these treatments in which its highest amount was obtained under moderate water stress and Si-NPs application.
The maximum n-Nonane amount (8.7%) was obtained in well-watered plants.

Table 2
Essential oil composition of coriander under silicon and drought stress in 2019

Compound RI Non-stressed condition Moderate stress Severe stress

Control Si SiNPs Control Si SiNPs Control Si SiNPs

n-Nonane 900 8.70 6.70 7.60 4.60 7.80 7.30 8.50 4.30 5.70

α-Pinene 933 0.17 0.24 0.23 0.18 0.16 1.20 0.37 0.39 0.46

n-Decane 996 0.65 0.45 0.46 0.87 0.65 0.54 0.40 0.34 0.45

n-Octanal 1005 0.56 0.43 0.56 0.32 0.12 0.00 0.45 0.56 0.00

p-Cymene 1027 0.23 0.17 0.19 0.23 0.25 0.27 0.01 0.66 0.00

Limonene 1030 0.00 0.00 0.12 0.15 0.18 0.56 0.76 0.34 0.24

n-Undecane 1096 0.13 0.00 0.14 0.45 0.03 0.00 0.43 0.13 0.13

Linalool 1102 0.00 0.12 0.13 0.65 1.30 0.00 0.23 0.87 0.01

n-Nonanal 1107 1.23 1.60 1.15 1.34 1.26 1.23 1.18 1.43 1.25

n-Decanal 1219 22.50 25.50 27.60 23.50 24.45 25.40 21.20 20.80 22.30

2E-Decanal 1273 14.70 16.70 13.30 13.80 14.20 13.50 16.40 13.40 16.20

1-Decanol 1277 0.34 0.32 2.30 0.45 0.57 0.32 2.30 0.43 0.35

Undecanal 1311 3.12 2.70 3.29 3.40 3.29 3.20 3.60 3.70 2.70

2E-Undecanal 1370 3.60 4.30 3.40 3.50 3.20 2.70 1.60 5.40 3.70

Dodecanal 1413 8.70 8.70 9.70 7.60 8.70 10.60 8.80 10.20 9.90

2E-Dodecanal 1467 17.80 16.70 14.50 18.70 16.70 14.50 17.80 15.60 13.90

Tridecanal 1511 0.45 0.34 0.56 0.76 0.45 0.54 0.34 0.95 0.76

2E-Tridecen-1-al 1527 1.05 1.04 0.00 1.02 1.12 0.00 1.50 1.70 1.40

Tetradecanal 1614 1.16 1.02 0.12 1.27 1.28 1.87 1.22 1.45 1.28

2E-Tridecen-1-al 1680 10.32 8.70 9.50 9.10 7.32 7.80 8.20 9.70 9.90

Neocnidilide 1793 2.78 2.45 1.78 3.12 2.67 3.16 2.56 2.76 4.01

Hexahydrofarnesyl 1780 1.23 1.43 2.34 1.23 1.43 3.50 1.20 0.98 3.44

Total   99.42 99.61 98.97 96.24 97.13 98.19 99.05 96.09 98.08
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Table 3

Essential oil composition of coriander under silicon and drought stress in 2020
Compound   Non-stressed condition Moderate stress Severe stress

RI Control Si SiNPs Control Si SiNPs Control Si SiNPs

n-Nonane 900 8.30 7.90 7.60 5.70 7.10 5.90 8.30 5.20 4.90

α-Pinene 933 0.18 0.26 0.26 0.22 0.27 0.98 0.40 0.43 0.33

n-Decane 996 0.67 0.65 0.68 0.65 0.56 0.76 0.28 0.67 0.67

n-Octanal 1005 0.53 0.34 0.47 0.65 0.87 0.90 0.12 0.00 0.54

p-Cymene 1027 0.00 0.12 0.12 0.60 0.00 0.00 0.23 0.76 0.12

Limonene 1030 0.56 0.00 0.14 0.13 0.18 0.56 0.72 0.34 0.27

n-Undecane 1096 0.00 0.00 0.13 0.12 0.16 0.00 0.45 0.16 0.98

Linalool 1102 0.01 0.30 0.13 0.12 1.30 0.00 0.23 0.65 0.76

n-Nonanal 1107 1.26 1.25 1.34 1.37 1.02 0.00 1.23 1.86 0.98

n-Decanal 1219 22.90 23.40 26.70 22.40 24.30 25.20 22.10 20.81 22.70

2E-Decanal 1273 14.30 16.30 13.30 15.70 14.20 14.20 15.60 14.20 15.50

1-Decanol 1277 0.56 0.43 1.24 0.54 0.34 0.27 0.87 0.45 0.76

Undecanal 1311 3.20 2.70 3.29 3.50 3.29 3.10 3.60 3.70 1.87

2E-Undecanal 1370 3.50 4.30 3.60 3.20 3.80 4.30 3.20 3.90 3.80

Dodecanal 1413 7.23 8.23 7.89 7.30 8.70 9.20 7.60 8.30 7.80

2E-Dodecanal 1467 16.80 15.60 15.60 18.71 17.60 15.60 18.20 17.50 15.60

Tridecanal 1511 0.54 0.57 0.23 0.87 0.23 0.54 0.23 0.87 0.59

2E-Tridecen-1-al 1527 0.00 1.03 1.30 1.80 0.00 1.04 1.20 1.05 1.12

Tetradecanal 1614 1.78 1.12 1.28 1.13 1.28 1.40 1.67 1.23 1.35

2E-Tridecen-1-al 1680 10.32 9.70 9.50 9.10 7.32 7.80 8.50 9.70 10.50

Neocnidilide 1793 2.13 0.98 1.23 1.25 2.12 1.60 2.13 3.20 1.78

Hexahydrofarnesyl 1780 1.45 1.02 2.54 1.02 1.43 3.21 2.45 1.12 3.76

Total   96.22 96.20 98.57 96.08 96.06 96.56 99.31 96.10 96.68

The main EO constitutes were n-Decanal, 2E-Dodecanal, 2E-Decanal, 2E-Tridecen-1-al, and n-Nonane, which were obtained to be
comparable to previous studies with little differences. Pirbalouti et al. [44] showed the main EO pro�le of coriander leaves were
decanal (0–37.5%), cis-phytol (1.0–34.1%), 1-tetradecanol, 2E-dodecenal (8.3–17.2%), dodecanal (0.5–14.8%), n-decanol (0.5–
14.8%), trans-2-undecen-1-ol (trace – 12.9%), 2E-decenal (0–11.3%),1-eicosanol (0–6.4%), and methyl chavicol (0–6.0%). Neffati
and Marzouk [45] identi�ed 2E-decenal as a main EO compound of Tunisian coriander, followed by decanal, dodecanal, and 2E-
Tridecen-1-al. EO pro�le can be speci�ed by the presence and amount of the compositions, which may be affected by
environmental variations [44]. Plants accumulate the secondary metabolisms when exposed to different stresses through
changing their cellular metabolism cope with different challenges [3]. Biosynthesis of secondary metabolites is strongly affected
by environmental parameters and genetic factors. Environmental challenges such as stresses can in�uence major compounds of
the EOs [41].

3.6 Heat map analysis (HMA)
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Figure 5 showed HMA of physiological and biochemical attributes of coriander. The HMA showed severe drought stress was
classi�ed in a separated cluster, while well-watered and moderate stress treatments were placed in a distinguished cluster. In
Addition, Si and Si-NPs were in a distinguished cluster, while control was classi�ed in another cluster. In both drought and Si
classi�cations, TPC and EO yield were the remarkable variables in distinguishing the clusters; i.e. they covered the wide range of
colors, representing their main effect on distinguishing the clusters. According to HMA, TFC and EO yield were the main traits
representing the highest variation under stress conditions and Si or Si-NPs foliar application. Therefore, we can remark these
variables as the main factor in investigating the response of coriander to these treatments. The main EO compositions were
monoterpenes. HMA showed that severe stress signi�cantly differed from well-watered and moderate drought stress. Moreover,
both Si and Si-NPs were distinguished from control treatment with respect to the physiological and biochemical attributes of
coriander plants.

 

4 Conclusions
Drought is the main environmental stress with the challenge to choose the useful method for mitigating the stress. In the present
study, we used Si and Si-NPs to alleviate the adverse effect of drought on growth, physio-chemical attributes, and also essential oil
quality and quantity of coriander plants. Moderate drought stress with Si-NPs Si was the best treatment of simultaneous
application of drought an Si to reach the highest antioxidant capacity (TPC and TFC) and optimum EO quality and quantity. Severe
drought stress was the destructive treatment on growth and yield of coriander. The EO composition showed different behavior to
drought and foliar application of Si-NPs. Therefore, coriander plants with high variation in EO pro�le can be useful to reach the
given compound by changing the drought and Si-NPs levels.
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Figures

Figure 1

Biological yield (BY) of coriander under drought and silicon application. Values are means ± standard deviation (SD) of three
replications (n= 3). Different letters show statistically signi�cant differences among treatments at P≤0.05.
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Figure 2

Relative water content (RWC) and total soluble sugar (TSS) of coriander under drought and silicon application. Values are means ±
standard deviation (SD) of three replications (n= 3). Different letters show statistically signi�cant differences among treatments at
P≤0.05.

Figure 3

Total phenolic content (TPC) and total �avonoid content (TFC) of coriander under drought and silicon application. Values are
means ± standard deviation (SD) of three replications (n= 3). Different letters show statistically signi�cant differences among
treatments at P≤0.05.

Figure 4

Essential oil (EO) percentage and yield of coriander under drought and silicon application. Values are means ± standard deviation
(SD) of three replications (n= 3). Different letters show statistically signi�cant differences among treatments at P≤0.05.
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Figure 5

Heat map analysis (HMA) of the studied traits of coriander under drought and silicon


