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Abstract: Abiotic stresses, including drought, have been found to affect the growth and medicinal quality of numerous herbs. The proposed study aims to study the effects of different drought regimes on the metabolic profile, growth, ecophysiology, cellular antioxidants, and antioxidant potential of Nigella sativa (Black cumin) leaf. Forty-day-old seedlings of N. sativa were exposed to three regimes of drought (control, moderate and high) for a week. UPLC-MS/MS metabolic profile of the leaf reveals the presence of more than a hundred metabolites belonging to anthocyanins, chalcones, dihydro flavonoids, flavonoids, flavanols, flavones, flavonoid carbonoside, isoflavones, etc. Drought was found to alter the contents of identified metabolites. Drought stress-induced oxidative stress and increased production of hydrogen peroxide and superoxide anions. Physiological changes, activities of antioxidant enzymes, contents of antioxidants, and proline were significantly high under drought to protect against the low water regimes. Furthermore, stressed leaf extract had higher antioxidant potential. Thus, N. sativa leaf bears multiple metabolic pathways and can tolerate a higher degree of drought or osmotic stress.
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1  Introduction

Seeds of Nigella sativa are medicinally important and known as Hbaẗạlbrkaẗ (Seeds of blessing) or black cumin. These seeds are used in various medicinal purposes and as folk medicine in Arab and many parts of the world [1,2]. It is a prophetic medicine effective against a wide range of diseases and disorders [3]. The seeds and their extract have been shown to protect against oxidative stress, cancer, hyperlipidemia, diabetes, hypertension, asthma, ulcers, etc., [4–6]. Furthermore, it has shown inhibition of chemotherapy-induced nephrotoxicity by seed extract and its’ active ingredient thymoquinone [7]. Literature is full of high therapeutic values of black cumin. However, there are huge gaps in the knowledge about the metabolism and molecular biology of black cumin under stress factors. There are several reports on seed metabolite studies of N. sativa [8,9]. However, to the best of our knowledge, there is no report of stress impact on the metabolic profile of N. sativa leaves.

Abiotic stresses adversely affect plants from molecular to metabolic levels [10]. However, numerous studies are showing a positive impact of stresses on the herbs medicinal quality [11] but at the cost of biological yield [12]. Abiotic stresses are the major cause of reduced yield and quality of crops and medicinal plants [13]. Drought among them is the most prevalent and widespread [14]. Plants respond to drought at numerous fronts including molecular and metabolic [15]. There are no reports yet on the impact of drought, to best of our knowledge, on the medicinal quality of N. sativa leaves. Additionally, the thymoquinone pathway of N. sativa leaf has never been studied in response to the drought. However, impact of long-term stress in respect to the fatty acid profile has been studied in leaf of an important medicinal plant [16]. Changes brought by drought in the metabolic profiling may potentially affect physiochemical parameters of the medicinally important black cumin seeds. Therefore, it is considered an important research gap in the literature on the impact of abiotic stress on the metabolism, growth, and qualitative attributes of N. sativa which should be immediately addressed with the use of advanced techniques and tools.

Antioxidant capacity is the cumulative effect of ascorbate-glutathione antioxidant system, its rate of action, and the expressive potential of the cell [12,14]. As a mere fact, drought causes an osmotic imbalance in the plants hence plants should be able to synthesize and accumulate osmoprotectants including proline. Though there might be many molecules participating in specific activities or as a holistic effect, still at least one metabolic pathway is said to be of enormous consideration. Through this pathway, black cumin produces thymoquinone and dithymoquinone and nigellone [17]. There are several medicinal benefits of black cumin. It is a potent anti-inflammatory and its oil inhibits both lipoxygenase and cyclooxygenase [18] acts as a Ca2+ antagonist, relaxes tracheal and aortic muscles, destroys many vicious chemo-resistant cancer cells and potent anti-diabetic. The use of seeds also activate antioxidant enzymes including superoxide dismutase (SOD), glutathione peroxidase (GPX), and catalase, enforces bradycardia, and lowers the heart rate producing a better effect than diltiazem and lowering hypertension. It reduces cholesterol, lipid, and triglycerides in the blood, beneficial for pulmonary effect, fibrosis, granuloma, necrosis, alveolar edema, and other diseases [1–10]. Besides, it is hepatoprotective, anti-ulcer, nephroprotective, anxiolytic, diuretic, anti-urolithic, anti-spasmolytic, and provides up to 90% protection against autoimmune encephalomyelitis. Other actions such as anthelmintic, anti-schistosomiasis, antibacterial, and anti-fungal have also been reported [19]. Plant pigments mainly chlorophylls (a and b) and carotenoids are considered as health indicators of the plant being associated with photosynthesis. Their ontents are ofter compromised under stresses. Stress inhibits the rate of photosynthesis ultimately affecting the supply of photosynthates to different pathways. This loss in the biosynthesis of source molecules not only affects the concentration of active ingredients but also the biological yields [11]. Thus, any such stress which results in reduced biological and medicinal yields ultimately ends up in a widening of the supply-demand gap and high prices.

The high throughput examination of biomolecules in organisms is made possible by omics technologies. Critical information from metabolomics aids in the identification of metabolites. Any metabolites that are detected and later recognized in biological samples can be quantified. These extremely diverse metabolites may possess significant physicochemical traits. Many of these metabolites may have medicinal importance. There are now many analytical platforms available for the precise identification of phytochemicals. Integration of efficient extraction methods, chromatographic techniques, and computational and huge public metabolite libraries have made metabolomic studies much more reliable and have high throughput results [20]. Liquid chromatography with tandem mass spectrometry (LC-MS/MS) for quantitative and qualitative metabolomic and proteomic studies is gaining trust and attention for robust and quantitative performance [21,22]. Therefore, LC-MS/MS has the potential to serve efficiently for ion annotation, metabolite identification, high resolution to many levels, spectral interpretation, spectral matching, and metabolite prediction.

The present work aimed to study the impact of moderate and severe drought on metabolome, the magnitude of oxidative stress, and the response of cellular antioxidants in Nigella sativa. Other parameters included physiochemical and osmotic stress tolerance markers. Assessment of in vitro total antioxidant capacity, other radical-quenching capacities, and ferric-reducing antioxidant power of N. sativa is also studied. A possible mechanism of thymoquinone biosynthesis regulation has been proposed with the help of simulated molecular docking.

2  Materials and Methods

Seeds of Nigella sativa (Batch no. E17G0109) were procured from Europa Gewürze GmbH, Berlin, Germany. Five g of seeds were washed thrice with detergent followed by another 5 washes by double-distilled water (DDW). Then, seeds were placed in 5% sodium hypochlorite for 5 min followed by 10 washes by DDW. Seeds were left in DDW for 3 days for proper imbibition in the dark at 25°C. The seeds were again washed with DDW and placed on 4-layers sterilized blot sheets making a wet bed for germination, in petri-dish (150 mm × 15 mm). There was germination in almost 100% seeds. Five-day-old sprouts were transferred to the pots (100 mm × 75 mm, 20 each) containing 200 g sandy-loam greenhouse soil and Soilrite® and thoroughly mixed in 1:1 proportion. The pots, equipped with a wicking system, were supplied with half-strength Hoagland nutrient media on alternate days.

Pots were placed in a walk-in growth chamber with 70%–80% relative humidity, 30°C/25°C day/night temperature, 250 µmol photons m−2 s−1, 10/14 h light/dark cycles and one month later, plants were exposed to polyethylene glycol (PEG6000) viz. Control = 0.0%, moderate (7.5% PEG6000) and high (15% PEG6000) drought/osmotic stress. Water potential (Ψw) at 25°C/30°C for control, 7.5% PEG6000 and 15% PEG6000 was 0.0/0.0, −0.152/−0.137, and −0.304/−0.274 MPa, respectively (Supplementary Table 1). Stress solutions were prepared by dissolving PEG6000 in DDW and supplied as per the water holding capacity of the soil and through a wicking plate, in a total of 200 mL. For the rest of the growth period, half-strength Hoagland nutrient media was supplied. Five days after stress exposure, all parameters were studied in the fresh leaves. For dry weight estimations, leaves were harvested (40-days-old), weighed, and dried in a hot-air oven at 65°C for 3 days, till constant weight. For protein estimation, the Bradford reagent was used and concentration in the samples was calculated against the bovine serum albumin (BSA) standard curve [23]. All biochemical estimations were made on a dry weight (DW) basis, except metabolomics.

2.1 Metabolomic Studies

2.1.1 Sample Preparation

A fresh leaf sample (150 mg) of N. sativa was pulverized in liquid-N2 and extracted twice, 1 h each, in 15 mL HPLC grade EtOH (80%) in a closed vial at room temperature. The extract was filtered through a 0.2 µm membrane syringe filter into a fresh vial. The solvent was evaporated in a Laminar flow chamber. Metabolites were dissolved in 500 µL EtOH as the final volume and used for HPLC-MS/MS analysis.

2.1.2 Metabolome Profiling Employing nanoLC-MS/MS

200 µL of the sample was added to 200 µL 4% phosphoric acid and vortex-mixed. Following centrifugation, a 200 µL sample was loaded onto an OasisTM PRiME HLB µElution plate, and processed further for nanoLC-MS/MS.

2.1.3 Data Processing and Metabolite Identification

The spectrum of both negative and positive ions was fed into the ResPect database and metabolites with the best score were selected. The details of metabolite such as structure, mass, and molecular formula were retrieved from the PubChem database.

2.1.4 Thiobarbituric Acid Reactive Substances (TBARS)

The concentration of TBARS in fresh leaves of N. sativa was estimated by the method [24]. 500 mg of the fresh leaf was homogenized in 5 mL of 0.1 % (w/v) TCA (trichloroacetic acid) and centrifuged at 7826 g for 5 min. To 500 µL aliquot, 2 mL of 0.5 % (w/v) thiobarbituric acid (TBA) was added, and samples were heated at 99°C for 45 min. Samples were cooled and centrifuged at 1957 g for 5 min. The supernatant was read at 532, and 600 nm to correct the values by deducing non-specific turbidity. TBA-reactive substances (TBARS) were calculated using 155 mM−1 cm−1 as the absorbance coefficient. Values were expressed as nmol g−1 DW.

2.1.5 Physiological Stress Markers

The magnitude of osmotic and secondary stresses in the leaves of Nigella sativa leaves was assessed to study the impact of PEG-mediated drought stress. The following parameters were estimated in control and drought (low and high) exposed plants.

2.1.6 Proline Concentration

The concentration of free proline in leaves of N. sativa was estimated by the method [25]. One gram of fresh sample was homogenized in 20 mL of 3% (w/v) sulphosalicylic acid. Samples were centrifuged at 7826 g at 4°C for 10 min. Four mL of acid ninhydrin reagent, 4 mL of aliquot, and 2 mL of glacial acetic acid were added. The mixture was boiled at 100°C for 30 min in a water bath followed by immediate cooling. In the samples, 8 mL of toluene was added which led to the formation of two distinct layers; the upper layer was read at 520 nm and the concentration of proline was determined against the standard curve of L-proline and expressed in mg g−1 DW.

2.1.7 Cysteine Concentration

The concentration of cysteine was estimated in leaves of N. sativa L. 100 mg leaf material was boiled in 0.5 ml of 6 N HCl for 10 min and the volume was made to 2.0 ml with 0.5 N HCl. A 0.3 ml of chilled 5% v/v perchloric acid was added to the mixture which was incubated at 4°C for an hour. The samples were then processed [26]. The optical density of the developed pink colour was read at 560 nm and the amount of cysteine in gel pieces was calculated against the cysteine standard curve obtained under similar conditions and expressed in µmole.

2.1.8 Visual Detection of Superoxide Radicals

Visual detection of superoxide (O2●−) was evaluated by staining leaves and stems with nitro blue tetrazolium (NBT) salt as a method [27]. In this method, the leaves/stems were drifted in 10 mL, 0.2% NBT solution (NBT solution prepared in 50 mM Na3PO4, pH 7.4) for 2 h at room temperature. Next, stained leaves were boiled in absolute ethanol for the elimination of chlorophyll and then cleaned with DDW. Photographs of blue spots containing leaves were taken.

2.2 Rate of Photosynthesis and Stomatal Conductance

Net photosynthetic rate and stomatal conductance were measured in vivo on very thin and minute leaves using a GFS-3000 portable photosynthetic system (Walz, Germany) with light saturating intensity as described [28]. Saturated pulses (600 ms) of white light (4500 E m−2 s−1) were used to determine the rate of photosynthesis (PN) and stomatal conductance (GH2O, Gs). All measurements were carried out between 09:00 and 10:00 A.M. During the measurements, the air relative humidity was about 80%, the leaf temperature ranged from 22°C to 24°C and the ambient CO2 concentration at about 355 mmol mol−1.

2.3 Evaluation of Cellular Antioxidant System

To study the level of defense offered by N. sativa in terms of the activity of cellular antioxidants under drought stress was analyzed.

2.3.1 Superoxide Dismutase

Superoxide dismutase activity was measured by the method [29]. 200 mg fresh leaf of N. sativa was homogenized in 2 mL of extraction buffer (0.5 M Na-phosphate buffer, pH 7.3, 3 mM EDTA) followed by centrifugation at 11269 g for 5 min at 4°C. The assay of 100 µL enzyme extract was performed in a reaction buffer (0.1 M Na-phosphate buffer, pH 7.5) containing recommended amounts of 20 mM methionine, 1 M NaHCO3, 3 mM EDTA, 2.25 mM NBT, and 60 µM riboflavin. The reaction was performed under a 15 W inflorescent lamp at 28°C. 50% protection of NTB by SOD from photo-reduction was considered as one unit of enzyme activity min−1 mg−1 protein.

2.3.2 Ascorbate Peroxidase

The activity of ascorbate peroxidase in the leaf of N. sativa was measured by the method [30]. One g fresh leaf of N. sativa was homogenized in 5 mL of extraction buffer (0.2 M potassium-phosphate, pH 7.1, 3 mM EDTA) and centrifuged at 7826 g for 10 min at 4°C. APX activity was measured at 290 nm for 5 min in 100 µL of enzyme extract in a buffer containing recommended amounts of 0.5 mM ascorbate, 0.1 mM H2O2 and 0.5 mM EDTA. Units were expressed as the amount of APX that degraded 1 μmol of ascorbate min−1 mg−1 protein.

2.3.3 Glutathione Reductase (GR)

The activity of glutathione reductase was measured by the method [31]. One g fresh leaf of N. sativa was homogenized in 5 mL of extraction buffer (0.2 M Na-phosphate, pH 7.1, 3 mM EDTA) and centrifuged at 7826 g at 4°C for 15 min. GR activity was assayed in the supernatant catalyzed by NADPH and read at 340 nm. In brief, 100 µL supernatant was added to the reaction mixture containing recommended volumes of 0.2 mM NADPH and 0.5 mM GSSG at 25°C for 5 min. units were expressed as the amount of enzyme necessary to decompose 1 μmol of NADPH min−1 mg−1 protein.

2.3.4 Catalase (CAT)

The activity of catalase was measured by the method [32]. One g fresh leaf of N. sativa was ground in 5 mL of extraction buffer (0.5 M Na-phosphate, pH 7.3) followed by centrifugation at 7826 g/4°C for 15 min. CAT activity was measured in 100 µL of an aliquot by reading the decrease in H2O2 concentration at 240 nm in a reaction buffer (0.4 M Na-phosphate, pH 7.2) for 5 min. Units are expressed as the amount of enzyme required to decompose 1 μmol of H2O2 min−1 mg−1 protein.

2.3.5 Glutathione S-Transferase (GST)

The activity of glutathione S-transferase was measured by the method [33]. One g fresh leaf of N. sativa was homogenized in 5 mL of extraction buffer (0.5 M Na-phosphate, pH 7.4) followed by centrifugation at 7826 g/4°C for 15 min. GST activity was measured at 340 nm in 100 µL of an aliquot in a reaction buffer (150 mM potassium phosphate buffer, pH 6.5), 2 mM EDTA, 1 mM reduced glutathione, 1 mM 1-chloro 2, 4-dinitrobenzene (CDNB). Units were expressed as the amount of enzyme for 1 µmol oxidized CDNB min−1 mg−1 protein.

2.3.6 ATP-Sulfurylase

The activity of ATP-Sulfurylase (ATPS) was measured in vitro by the method [34]. One g fresh leaf of N. sativa was ground in 10 mL of extraction buffer (120 mM Tris–HCl, pH 8.0) containing recommended amounts of MgCl2, KCl, DTE, and MgCl2·6H2O. The homogenate was centrifuged at 7984 g at 4°C for 15 min.

ATPS activity was assayed in 40 µL of an aliquot in 200 µL of the reaction mixture (150 µL of 0.5 M Tris buffer, pH 8.0, 200 µL DDW). The recommended amount of MgCl2·6H2O (40 mM), Na2ATP, Na2MoO4, and inorganic pyrophosphatase was added accordingly. Incubated at 33°C for 30 min, an incubation mixture was added with an appropriate amount of 2.5% ammonium molybdate solution and reducing agent (3 g of Na2SO3·7H2O, 1 g of 1-amino-naphthol sulfonic acid, 6 g of Na2S2O5). The solution was read 660 nm after 20 min and measurements were made against a standard curve of KH2PO4. Units were expressed as the amount of enzyme required for the conversion of 1 µmol of APS and PPi to ATP min−1 mg−1 protein.

2.4 Assessment of Antioxidant Potentials of Seed and Leaf of Nigella sativa

2.4.1 DPPH (1, 1-Diphenyl-2-Picrylhydrazyl) Radical Scavenging

Free radical scavenging activity of N. sativa seed (aqueous extract, 100 mg/mL) and leaves (aqueous extract, 100 mg/mL) was measured in terms of radical scavenging ability using the stable free radical DPPH. Extracts were centrifuged at 1250 g for 5 min and 100 μL of each sample was added with 50 μL of 0.659 mM DPPH (prepared in MeOH) solution. Samples were incubated at 25°C/20 min. The absorbance was recorded at 510 nm.

DPPH Scavenging ability (%) = [Acontrol − Asample/Acontrol] × 100

2.4.2 Total Antioxidant Capacity (TAC)

The total antioxidant capacity of seed and leaf extracts was determined as mentioned by [35]. To 100 μL of extract, 1 mL of reagent [28 mM sodium phosphate, 0.6 M sulphuric acid, and 4 mM ammonium molybdate] was added. The samples were incubated at 95°C for 90 min, cooled in an ice bath, and read at 695 nm.

2.5 Statistical Analysis

Experiments were conducted on a randomized block design (RBD) with three biological replicates. Three experimental replicates (n = 3) were considered for each treatment. One-way ANOVA followed by the Brown-Forsythe test was performed using GraphPad Prism version 8.4.3 for Windows, GraphPad Software, La Jolla, California, USA. p-value for comparison among treatments viz. Control vs. MD, Control vs. HD, and MD vs. HD. A significant difference among means is shown as p < 0.05. Actual p-values are mentioned in the legend of every figure.

3  Results

3.1 Metabolic Profiling of Leaf

In the tertiary leaves of N. sativa, a total of 75 metabolites were detected and identified using UPLC-MS/MS and ReSpect metabolites portal (http://spectra.psc.riken.jp/). Other details associated with the molecular formula, mass, and structure were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/) database. All the detected metabolites have been listed in Table 1.
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3.2 Identification of Many Coenzymes A

We identified six types of coenzymes, namely 3’-dephosphocoenzyme A, acetyl coenzyme A, beta-methylcrotonyl coenzyme A, glutaryl coenzyme A, isobutyryl coenzyme A, and n-propionyl coenzyme A.

3.3 Identification of Kaempferol and Quercetin Pathways and Their Interaction with Glycosides

In the present study, both classes of primary and secondary metabolites were identified. Among secondary metabolites, metabolic pathways associated with kaempferol, quercetin, delphinidin, vitexin, cyanidin, and numerous flavonoids were identified. Many metabolites of these groups were forming their rhamnosides and/or glucosides.

Metabolites of kaempferol metabolic pathways included kaempferol-3,7-O-di-rhamnopyranoside, kaempferol-3-glucoside, kaempferol-3-glucoside-2″-p-coumaroyl, kaempferol-3-glucuronoid, kaempferol-3-O-alpha-L-arabinoside, kaempferol-3-O-alpha-L-rhamnopyranosyl(1-2)-beta-D-glucopyranoside-7-O-alpha-L-rhamnopyranoside, kaempferol-3-O-beta-D-glucoside-7-O-alpha-L-rhamnoside, and kaempferol-3-rhamnoside-4″-rhamnoside-7-rhamnoside.

Metabolites of quercetin pathway identified were quercetin-3-O-beta-glucopyranoside, quercetin-3-D-xyloside, quercetin-3,4′-O-di-beta-glucopyranoside, quercetin-3,7-O-alpha-L-dirhamnopyranoside and quercetin-3-galactoside-6″-rhamnoside-3″′-rhamnoside.

Interestingly, several rhamnose-containing metabolites were identified. In addition of comlexing with kaempferol and quercetin, isorhamnetin-3-galactoside-6″-rhamnoside, L-rhamnose monohydrate, Petunidin-3-O-(6″-O-(4″′-O-E-coum)-alpha-rhamnopyranosyl-beta-glucopyranosyl)-5-O-beta-glucopyranoside trifluoroacetate salt and vitexin-2″-O-rhamnoside were identified.

3.4 Occurance of Vitexin

An important apigenin (apigenin—8-C-glucoside, a flavanoid) vitexin was identified along with vitexin-2″-O-rhamnoside.

3.5 Identification of Cinnamic Acid Derivatives

An important metabolic pathway that includes cinnamic acid was identified in the leaves of N. sativa. Cinnamic acid is the first molecule in the phenylpropanoid pathway where hydroxycinnamic acid derivatives are formed. Such metabolites include caumeric compounds and caffeine which were also identified in the present study.

3.6 Identification of Numerous Important Metabolites

Besides the above-mentioned metabolites, numerous derivatives of phenolic, flavonoids, alkaloids, etc., were identified including, fortunellin, daidzein, esculin, linarin, harmaline, petunidin, neodiosmin, puerarin, cyanidin, resveratrol, rosmarinic acid, sebacic acid, and many more (Table 1).

3.7 Drought Affected the Concentrations of Metabolites in the Leaf of Nigella sativa

The severe drought in this study reflected that metabolic compounds of N. sativa were severely modulated. Changes in the concentrations of metabolites are indicative of the impact of drought on the metabolic pathways operating in the leaves. A comparative account of percent (%) changes in drought-exposed plants over control has been shown in Table 1.

Several compounds present in the stressed plants were missing in the control plants. Similarly in drought-exposed ones, many compounds were not detected. However, metabolites that were most impacted under drought were chlorophyll a and b, cyaniding derivative, esculin derivative, fortunellin, kaempferol-3-O-alpha-L-arabinoside, phenylalanine, neodiosmin, syringetin-3-O-glucoside and vitexin. Among other common metabolites, mostly an increase in the contents was noted.

3.8 Impact of Drought on Plant Growth

During the time of the study, there was the formation of three types of leaves viz. cotyledonary, primary and secondary leaves. Initially, the cotyledonary leaf was trifurcated followed by a further trifurcation of each leaf lobe. Therefore, by the time the study was completed nine lobes, 3 in groups of 3 each were formed (Fig. 1). Drought regimes clearly showed an adverse impact on the growth of leaves. Drought-stressed plants had smaller leaves with reduced lamina (Fig. 1).
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Figure 1: Impact of moderate and high levels of drought on different leaves of Nigella sativa L. Control (Ψw = 0.0 MPa), MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa)

3.9 Physiological Stress Markers

3.9.1 Magnitude of Oxidative Stress

Concentration of TBARS in the leaf of control (Ψw = 0.0 MPa) plants was 8.5 nmol g−1 DW whereas in MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) content of TBARS increased to 13.0 nmol g−1 DW and 15.3 nmol g−1 DW, respectively (Fig. 2).
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Figure 2: Impact of moderate and high levels of drought on the magnitude of TBARS concentration, in leaves of Nigella sativa L. Control (Ψw = 0.0 MPa), MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa). p-value = 0.2505, *p < 0.0001. n = 3. Error bars represent standard deviation (SD)

3.9.2 Free Proline Accumulation

The concentration of free proline in the leaf of Control (Ψw = 0.0 MPa) plants was 21.84 µmol g−1 DW. In MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) plants the concentration of free proline increased to 72.55 µmol g−1 DW and 82.17 µmol g−1 DW, respectively (Fig. 3A).
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Figure 3: (A–B): Impact of MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) on the accumulation of free proline (A) and cysteine (B) in leaves of Nigella sativa L. For free proline, p-value = 0.5247, p < 0.0001. For free cysteine, p-value = 0.9521, *p < 0.0001. n = 3. Error bars represent standard deviation (SD)

3.9.3 Free Cysteine

The concentration of cysteine in the leaf of Control (Ψw = 0.0 MPa) plants was 414 nmol g−1 DW. In MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) plants the concentration of cysteine increased to 486 and 618 nmol g−1 DW, respectively (Fig. 3B).

3.9.4 Histochemical Localization of Superoxide Radicals

In the leaf and stem of drought-teared plants, there was a dose-dependent change in the localization of superoxide radicals. This directly shows the amount of superoxide radicals was higher in the highest drought regime (Fig. 4).
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Figure 4: (A–C): Depiction of impact of different drought regimes in terms of accumulation of superoxide radicals in the leaves and stem of Nigella sativa L. A. Control (Ψw = 0.0 MPa), B. MD (Ψw = −152 to −0.137 MPa) and 3. HD (Ψw = −0.304 to −0.274 MPa)

3.10 Photosynthesis, Stomatal Conductance and Chlorophylls

3.10.1 The Net Rate of Photosynthesis (P N)

The net rate of photosynthesis in the leaf of Control (Ψw = 0.0 MPa) plants was 8.94 µmol CO2 m2 s−1. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) declined the PN to 7.20 µmol CO2 m2 s−1 and 5.40 µmol CO2 m2 s−1, respectively (Fig. 5A).
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Figure 5: (A–B): Impact of MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) drought on the rate of photosynthesis (A) and stomatal activity (B) in leaves of Nigella sativa L. compared to Control (Ψw = 0.0 MPa) plants. For PN, p-value = 0.6133, *p < 0.0001. For Gs, p-value = 0.3410, p < 0.0155. n = 3. Error bars represent standard deviation (SD)

3.10.2 Stomatal Conductance (Gs)

Stomatal conductance in the leaf of Control (Ψw = 0.0 MPa) plants was 0.469 mmol H2O m2 s−1. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) declined the Gs to 0.367 mmol H2O m2 s−1 and 0.314 mmol H2O m2 s−1, respectively (Fig. 5B).

3.11 Evaluation of Antioxidant Enzymes

3.11.1 Superoxide Dismutase

The activity of SOD in the leaf of Control (Ψw = 0.0 MPa) plants was 7.55 enzyme unit (EU). MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts increased the activities of SOD to 15.14 EU and 19.57 EU, respectively (Fig. 6A).

[image: images]

Figure 6: (A–D): Impact of MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts on activities of (A) superoxide dismutase (SOD), (B) ascorbate peroxidase (APX), (C) glutathione reductase (GR) and (D) catalase (CAT) in Nigella sativa L. leaves compared to Control (Ψw = 0.0 MPa). For SOD, p-value = 0.5732, p < 0.0001. For APX, p-value = 0.5330, p < 0.0001. For GR, p-value = 0.8540, *p < 0.0001. For CAT, p-value = 0.9485, p < 0.0012. n = 3. Error bars represent standard deviation (SD)

3.11.2 Ascorbate Peroxidase

The activity of APX in the leaf of Control (Ψw = 0.0 MPa) plants was 23.57 EU. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts increased the activities of APX to 26.22 and 30.66 EU, respectively (Fig. 6B).

3.11.3 Glutathione Reductase

The activity of GR in the leaf of Control (Ψw = 0.0 MPa) plants was 11.65 EU. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts increased the activities of GR to 16.53 and 18.89 EU, respectively (Fig. 6C).

3.11.4 Catalase

The activity of CAT in the leaf of Control (Ψw = 0.0 MPa) plants was 17.16 EU. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts increased the activities of CAT to 20.80 and 22.66 EU, respectively (Fig. 6D).

3.11.5 Glutathione S-Transferase (GST)

The activity of glutathione S-transferase (GST) in the leaf of Control (Ψw = 0.0 MPa) plants was 41.7 EU. MD (Ψw = −152 to −0.137 MPa) increased the activities of GST to 44.76 EU; however, HD (Ψw = −0.304 to −0.274 MPa) decreased GST activity to 31.11 EU (Fig. 7A).
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Figure 7: (A–B): Impact of MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts on activities of (A) glutathione S-transferase (GST) and ATP sulfurylase (ATPS) in Nigella sativa L. leaves compared to Control (Ψw = 0.0 MPa). For GST, p-value = 0.0015, p < 0.05. For ATPS, *p-value = 0.0001. n = 3. Error bars represent standard deviation (SD)

3.11.6 ATP-Sulfurylase

The activity of ATP-sulfurylase (ATPS) in the leaf of Control (Ψw = 0.0 MPa) plants was 2.13 EU. MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) increased the activities of ATPS to 3.86 and 6.74 EU, respectively (Fig. 7B).

3.12 Assessment of Antioxidant Potentials of Leaf of Nigella sativa

3.12.1 DPPH (1, 1-Diphenyl-2-Picrylhydrazyl) Radical Scavenging

Leaf extracts of Control (Ψw = 0.0 MPa), MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) plants showed 10.55%, 12.31% and 18.33% DPPH radical scavenging potential, respectively (Fig. 8A).
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Figure 8: (A–B): Impact of MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) droughts on the DPPH radical scavenging (A) and total antioxidant potential (B) in the leaves of Nigella sativa L compared to Control (Ψw = 0.0 MPa). For DPPH, p-value = 0.2505, *p < 0.0001. For TAC, *p-value =< 0.0001, n = 3. Error bars represent standard deviation (SD)

3.12.2 Total Antioxidant Capacity (TAC)

Leaf extracts of Control (Ψw = 0.0 MPa), MD (Ψw = −152 to −0.137 MPa) and HD (Ψw = −0.304 to −0.274 MPa) showed 40.44%, 47.69% and 23.81% total antioxidant capacity, respectively (Fig. 8B).

4  Discussion

4.1 Metabolic Profiling of Leaf

The presence of metabolic pathways in the leaves has great variation from plant to plant. Usually, it is a common understanding that colored organs of plants are rich in several flavonoids, anthocyanins, chalcone, and other pigments. To a surprise, perfectly green-looking leaves of N. sativa were found to possess a great variety of metabolites of several pathways. There are numerous studies on the metabolic profiling of seeds and seed oil of N. sativa [36,37]. As far as we know, this is the first study to analyze metabolites in the fresh leaves of Nigella sativa L. by UPLC-MS/MS. A total of 75 metabolites were detected. Besides many primary metabolites, these substances belong to flavonoids, flavonoid carbonoside, dihydroflavonoid, flavonols, dihydroflavonol, isoflavones, flavone, anthocyanin, and chalcone, etc.

Kaempferol is a flavonol (flavonoid) occurring naturally in plants [38] and has been assigned different therapeutic properties against many types of cancers, inflammation, liver injury, obesity, diabetes, etc., [39]. The presence of at least many derivates of kaempferol indicates that the leaf of this plant is of a wide spectrum therapeutic. 4-Hydroxy-3-methoxycinnamaldehyde treats atopic dermatitis improves immune response and is a potent anti-inflammatory [40]. Hydroxycinnamic acids (such as ferulic, caffeic, sinapic, and p-coumaric acids) are a group of compounds highly abundant in food that may account for about one-third of the phenolic compounds in our diet. Hydroxycinnamic acids have gained an increasing interest in health because they are known to be potent antioxidants [41]. 2-Hydroxycinnamic acid can detoxify organophosphates and reduce oxidative stress [42,43]. Drought has increased most of such metabolites indicating an important role of kaempferol metabolism under abiotic stress.

The flavonol 7-O-rhamnosyltransferase catalyzes the formation of kaempferol-3,7-bis-O-α-L-rhamnoside from kaempferol-3-O-α-L-rhamnopyranoside, kaempferol-3-O-β-D-glucopyranoside-7-O-α-L-rhamnopyranoside from kaempferol 3-O-β-D-glucoside, kaempferol-3-O-β-gentiobioside-7-O-α-L-rhamnoside from kaempferol 3-O-β-gentiobioside and kaempferol 3-O-β-D-glucosyl-(1->2)-β-D-glucoside-7-O-α-L-rhamnoside from kaempferol 3-O-β-D-glucosyl-(1->2)-β-D-glucoside.

When quercetin mono- and diglucosides were used as substrates the flavonol 7-O-rhamnosyltransferase converted with lower efficiency quercetin 3-O-rhamnoside to quercetin-3,7-O-dirhamnoside and with high efficiency quercetin-3-glucoside to quercetin-3-O-glucoside-7-O-rhamnoside, quercetin 3-O-β-D-glucosyl-(1->2)-β-D-glucoside to quercetin 3-O-glucosyl-(1->2)-glucoside-7-O-rhamnoside and quercetin-3-gentiobioside to quercetin 3-O-gentiobioside-7-O-rhamnoside [44]. It is phenylalanine which forms kaempferol, quercetin, myricetin, and syringetin among others [45]. Various therapeutic properties of kaempferol and its compounds and their biosynthesis and mechanism of action are detailed by various authors. Interestingly, under drought, quercetin pathway seems to be shunted off.

Vitexin and its compounds have been shown to attenuate myocardial ischemia, anticonvulsant and anxiolytic, neuroprotective and many other therapeutic properties [46–49]. Derivatives and complexes of Quercetin exhibit strong antioxidant activities [50]. Such metabolites have also been reported as hepatoprotective, antiproliferative, antiallergic, and anti-inflammation [51,52]. Quercetin-3-O-α-l-rhamnopyranoside could be an anti-influenza metabolite [53]. Under drought, the content of vitexin decreased but its rhamnoside derivative increased.

Cyanidin is a natural organic compound. It is a particular type of anthocyanidin. Its derivatives and compounds have shown antioxidant and anti-inflammatory activities [54]. Similarly, delphinidin is also an anthocyanin with antioxidant and many other therapeutic properties. Cyanidin compounds/derivatives were adversely affected by the drought stress (Table 1).

The l-Rhamnose, a deoxy monosaccharide, has been shown to play important roles in the biological functions of plants. Found primarily in cell walls and conjugated to specialized metabolites, rhamnose serves as a building block for pectic polymers and glycosylation of cell wall glycoproteins and other metabolites. In general, UDP-glucose by the action of some enzymes is converted to UDP-rhamnose. Derivatives of both UDP-glucose and UDP-rhamnose and many rhamnose-containing compounds (Table 1) have been identified in the present study.

Fortunellin is a citrus flavonoid that is a potential anti-inflammation agent in inflammatory diseases [55]. Its content was adversely affected by drought stress, which is a common founding with other such metabolites in the present study. Linarin (acacetin-7-O-β-d-rutinoside) is a naturally occurring flavonoid and it has been isolated from several medicinal plants. Various pharmacological studies have demonstrated linarin’s diverse pharmacological activities, for example, its analgesic, antipyretic, anti-inflammatory, and hepatoprotective activities, acetylcholinesterase and aldose reductase inhibitory activities, and sedative, neuroprotective and anti-apoptotic effects [56,57]. Diosmin is a nutrient that is widely contained in citrus and has been indicated to improve glucose metabolism in diabetic disorders [58]. It was interesting to note that linarin was induced by the drought which indicates its protective role against stress.

Vitamin E is a generic term for tocopherols and tocotrienols. Tocotrienols differ from tocopherols by possessing a farnesyl (isoprenoid) rather than a saturated phytyl side chain. The unsaturated side chain of tocotrienol allows for more efficient penetration into tissues that have saturated fatty layers such as the brain and liver, and other diseases [59]. An increase in this metabolite by drought proves its protective role against stress.

In general, it is evident from the results that N. sativa adjusts its metabolic pathways to drought stress. Many of the leaf metabolites were either declined or shunted off, and vice versa. Modulation of metabolic pathways is thus quite evident.

4.2 Types of Leaves, and Leaf Growth and Morphology

4.2.1 Oxidative Stress and Osmolytes

Drought has been well-known to induce an excessive amount of oxyradicals termed oxidative stress in the plant system. Generation of oxyradicals takes place through altered physiochemical metabolism and stomatal activity when the availability of CO2 for reduction, in the process of photosynthesis, falls and photorespiration operated at an elevated level [60]. Under drought stress, a fall in water potential forces the cells to accumulate compatible osmolytes including free proline and free cysteine.

Proline (Pro) plays an important role in the stress survival of plants during osmotic stress. The function assigned to free proline is as a component of protein synthesis, osmolyte, and cell signalling [61]. The sulfur amino acid cysteine (Cys) functions in many basic and essential processes of life and contributes to the structural, catalytic, regulatory, and metabolic functions [62]. Cys is also required for GSH and phytochelatin biosynthesis, stress tolerance and signalling [63].

Plant carbon metabolism including photosynthesis is extremely sensitive to drought and climate change [64]. Such an impact of drought has been attributed to several physiological and molecular alterations taking place due to adverse impacts, such as oxidative damage to chloroplasts [65]. Similarly, modulation of Gs under drought is directly associated with the rate of photosynthesis [66], as also evident from the present study.

4.2.2 Upregulation of Cellular Antioxidant Activity under Drought

Several studies show that plants increase the activity of antioxidant enzymes under drought to counter oxidative stress [66]. In this study, a rise in the activity of antioxidant enzymes approved that N. sativa upregulates antioxidant enzyme activities viz. SOD, APX, and GR. A similar response of cellular antioxidants in drought-stressed N. sativa has been reported [67]. The activity of GST was sensitive at the lower water potential which might be due to the reason that drought is a different kind of stress, moisture stress, and not inducing response as induced by toxins and metals. ATP sulfurylase (ATPS) catalyzes the first step of sulfur assimilation in photosynthetic organisms [68]. Since plants have to compensate for the impact of drought stress on proteins, thylakoids, and Fe-S clusters, N. sativa might have upregulated the activity of ATPS [69].

5  Conclusion

When it comes to the Nigella sativa research, often seed oil and metabolites remain in the focus. The research on N. sativa and diseases has not yet proven the worth of the mention of this plant in the historical documents and ancient systems of medicine. The present study considered an out-of-the-box strategy and targeted leaves of N. sativa for metabolic profiling. Our results show that N. sativa leaves bear important metabolic pathways including Cinnamic acid pathway, Chlorophylls, Kaempferol and Vitexin pathways, etc. This research has opened the vistas of future research to consider N. sativa in an array of medical and clinical studies to assess the potential of leaf metabolites in disease control. Furthermore, N. sativa seems to efficiently resist the moderate level of drought stress. However, a high level of drought causes great harm to the metabolic processes through perhaps the generation of a high concentration of oxyradicals.
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Table 1: List of metabolites identified in the leaves of Nigella sativa L. and impact of drought on their contents.
ND, not detected; NA, not applicable

S.  Metabolites Control  Drought %

No. change

1 2'-Deoxyguanosine monohydrate ND 1310000 NA

2 2-Hydroxycinnamic acid 1340000 1700000 26.87

3 2-Methylglutaric Acid 597000 1716000 187.44

4  3'-Dephosphocoenzyme A 16080900 ND NA

5  3-Methylxanthine 4050000 ND NA

6  4-Hydroxy-3-methoxycinnamaldehyde 31800000 19910000 —37.39

7  4-Hydroxy-3-methoxycinnamic acid 10700000 ND NA

8  4-Methoxycinnamic acid ND 6510000 NA

9  Acetyl coenzyme A 1489000 1560000 4.77

10 Adenine 1470000 ND NA

11 Adenosine-3’,5'-cyclicmonophosphate 20230000 ND NA

12 Alpha-D-Galactose-1-phosphate Dipotassium Salt 735000 ND NA

13 Alpha-Tocotrienol 5550000 10000000 80.18

14 Beta-Methylcrotonyl coenzyme A lithium salt 368000 ND NA

15 Beta-Nicotinamide adenine dinucleotide hydrate 1918000 56460000 2843.69

16 Beta-Nicotinamide adenine dinucleotide phosphate oxidized from 72600 145000  99.72
sodium salt hydrate

17 Caffeine ND 12700000 NA

18 Chlorophyll a 908000 101300 —88.84

19  Chlorophyll b 13838000 9364000 —32.33

20 Cyanidin-3-O-(2"-O-beta-glucopyranosyl-beta-glucopyranoside 5580000 1230000 —77.96

21 Cyanidin-3-O-(2"-O-beta-xylopyranosyl-beta-glucopyranoside)-5- 636000 ND NA
O-beta-glucopyranoside

22 Cystathionine ND 1580000 NA

23 Cytidine-5'-diphosphate ND 6120000 NA

24 Daidzein ND 2703000 NA

25 D-Arabinose-5-phosphate disodium salt ND 2760000 NA

26  Esculin sesquihydrate 3275000 1740000 —46.87

27 Fortunellin 14738200 8540000 —42.06

28 Gamma-glutamylcysteine 22270000 31980000 43.60

29  Gluconasturtiin 2200000 ND NA

30 Glutaryl coenzyme A Lithium salt ND 706000 NA

31 Glutathione (oxidized form) 3180000 67950000 2036.79

32 Guanosine-5'-diphosphate-D-mannose sodium salt (GDP- ND 379000 NA
mannose)

33 Harmaline hydrochloride dihydrate 9180000 ND NA

34 Indole-3-aldehyde ND 15910000 NA

35 Isobutyryl coenzyme A ND 88000 NA

36 Isorhamnetin-3-Galactoside-6"-Rhamnoside 121000 ND NA

37 Isorhamnetin-3-O-glucoside 5430000 14312000 163.57

38 Kaempferol-3,7-O-di-thamnopyranoside 49700 891000  1692.76

39 Kaempferol-3-Glucoside 1110000 1516000 36.58

40 Kaempferol-3-Glucoside-2"-p-coumaroyl 4703100 55880000 1088.15

41 Kaempferol-3-Glucuronide ND 1740000 NA

42 Kaempferol-3-O-alpha-L-arabinoside 319000 10000 —96.87

43 Kaempferol-3-O-alpha-L-rhamnopyranosyl(1-2)-beta-D- 106000 355000 23491
glucopyranoside-7-O-alpha-L-rhamnopyranoside

44  Kaempferol-3-O-beta-D-glucoside-7-O-alpha-L-rhamnoside 195000 ND NA

45 Kaempferol-3-Rhamnoside-4"-Rhamnoside-7-Rhamnoside 223600 225900 1.03

46 Kaempferol-3-Rhamnoside-7-Rhamnoside 652000 ND NA

47 L-(-)-Phenylalanine 20300000 6150000 —69.70

48 L-Arginine monohydrochloride 1640000 ND NA

49 L-Histidine ND 403000 NA

50 Linarin ND 68100 NA

51 L-Rhamnose monohydrate 1530000 3700000 141.83

52 L-saccharopine 453000 ND NA

53 L-Tryptophane ND 10000000 NA

54 Methyl Dihydrojasmonate 6330000 ND NA

55 Neodiosmin 27095300 11960000 —55.86

56 Nicotinamide hypoxanthine dinucleotide sodium salt ND 7610000 NA

57 Nicotinic acid adenine dinucleotide phosphate sodium salt 2540000 2417000 —4.84

58 n-Propionyl coenzyme A lithium salt 6992000 8890000 27.15

59 Peonidin-3,5-O-di-beta-glucopyranoside ND 4633000 NA

60 Petunidin-3-O-(6"-O-(4'"-O-E-coum)-alpha-rhamnopyranosyl- 228000 592000  159.65
beta-glucopyranosyl)-5-O-beta-glucopyranoside trifluoroacetate

salt

61 Procyanidin C1 ND 637000 NA

62 Puerarin 1140000 ND NA

63 Pyridoxal-5"-phosphate monohydrate ND 666000 NA

64 Quercetin-3,4"-O-di-beta-glucopyranoside ND 6310000 NA

65 Quercetin-3,7-O-alpha-L-dirhamnopyranoside ND 160000 NA

66 Quercetin-3-Galactoside-6"-Rhamnoside-3'"-Rhamnoside 722900 808000  11.77
67 Resveratrol 1950000 ND NA

68 Rosmarinic acid 337000 ND NA

69 Sebacic acid 133000 ND NA

70  Sodium 2-Oxobutyrate 2820000 ND NA

71  Syringetin-3-O-glucoside 330000 160000  —51.52
72  Thymidine-5"-monophosphate 124000 ND NA

73  Trans-Cinnamic acid 12460000 12740000 2.25
74  Vitexin 7337000 3542000 -—51.72

75 Vitexin-2"-O-rhamnoside 1240000 2477000 99.76






OEBPS/Images/Phyton-92-30212-f001.png





OEBPS/Images/phyton-logo.png





OEBPS/Images/Phyton-92-30212-f007.png
EU

GST

50+ *
NS m
® Control
451
m MD
m/n
o A HD
40 i
354
*
30+ AlA
25
Treatments

(A)

EU

10- ATPS
@ Control
gl ® MD *
A HD T
A A
61 J‘
4.
2.
0
Treatments
B)






OEBPS/Images/logo.png





OEBPS/Images/Phyton-92-30212-f005.png
-1

pmole CO, m?s

101

Py

*

wm

@ Control
m MD
A HD

AT,

o

Treatments

(A)

0.6 Gs
® Control
0.51 = MD
< - A HD
[}
~
2 04
©°
£
E *
0.31
0.2 T
Treatments

B)





OEBPS/Images/copy.png





OEBPS/Images/Phyton-92-30212-f006.png
251 SOD
@ Control
20{ ® MD ¢
A HD N
15 -
5
frr
104
5-
Treatments
(A)
224 GR
® Control
Wi .
ATy
18+ &
x
@ 16 é
144
12 *

Treatments

(©)

351

APX
® Control
a MD T
A HD
304 i
2
w
25' :
o
20 -
Treatments
B)
241 CAT x
A
@ Control |
=MD, x
221 L, HD "
-
20 Jr
-
w
18+ I.
16{ | ®
4"
Treatments

D)






OEBPS/Images/Phyton-92-30212-f002.png
184

161

nmoles g”' DW

101

-
o

—
»

TBARS

® Control

m MD
A HD

|-3;:A-I

Treatments






OEBPS/Images/Phyton-92-30212-f004.png
CL, Cotyledonary leaf
PL, Primary leaf
ST, Stem

B)






