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Abstract

:

The application of biostimulants has great potential in preserving plants against abiotic or biotic stresses and is integrated into promoting tolerance and acclimating of coriander against salinity stress. Deciphering the morphological, physiological and molecular responses underpinning the ameliorative aspects of ecofriendly biostimulants is indispensable to link and overlap the ameliorative responses of seed priming. Hereby, the ameliorative responses of seed priming against salinity stress using potassium silicate, humic acid, and gamma irradiation were evaluated. Salinity stress generally diminishes vegetation, productivity, and metabolic activities. However, abscisic acid (ABA) levels and soluble sugars were elevated. Pretreatments with potassium silicate or humic acid, followed by gamma rays, alleviated and promoted growth parameters, yield components, and vital metabolic processes in salinity-stressed coriander. This promotion was concurrent with an increase in growth promotors, chlorophyll a/b, carbohydrates, antioxidants (compounds and enzymes), and upregulation of RuBisCO large subunit protein expression. Collectively, potassium silicate and humic acid were the best at alleviating the adverse effects of saline conditions. Triggered pretreatments might be engaged in maintaining metabolic activities toward deleterious salinity impacts. Thus, it was suggested that seed priming by potassium silicate and humic acid is an effective regime benefitting salinized along with nonsalinized plants that sustain coriander productivity.
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1. Introduction


Salinity is a serious environmental challenge that affects 50% of modern agriculture, impacts plant distribution, interacts with wild plants along with cultivated plants and is considered the cause for reshaping plants morphologically, physiologically, and genetically, as salinity stress rapidly expanding in cultivable areas poses a major peril to crop yield. Furthermore, salinity induced by NaCl has the most detrimental effect on plants compared to salinity induced by other salts [1]. Notably, salinity exerts lethal effects on the quality and productivity of plants [2]. The impact of salinity on plant growth is ascribed to the disturbance of various physiological processes, suppression of nutrient uptake, enhancement of toxic absorption from soil, and metabolic imbalance [3,4]. Plants under stress operate a highly functioning antioxidative system of enzymes, such as catalase (CAT), polyphenol oxidase (PPO), peroxidase (POD) and superoxide dismutase (SOD), along with low molecular weight elements, such as ascorbic acid, carotenoids, flavonoids, proline, and tocopherols [5]. Nonetheless, disturbance of metabolites is considered an adaptation mechanism to stress that results from disturbance of sensitive pathways to salinity, such as photosynthesis, the tricarboxylic acid (TCA) cycle, amino acid synthesis and reactive axygen species (ROS) scavengers [6].



Coriander is a vegetable plant belonging to the family Apiaceaea that was widely used in ancient times for its nutritional and pharmaceutical values. Coriander, under normal conditions, synthesizes vital biochemical principles regarded as biologically potent, including essential oils, geraniol, coriandrin and dihydrocoriandrin, flavonoids, terpenes, cymene, citronellol, monoterpenes and pinene [7]. Several studies have recorded the tolerance, growth and productivity of coriander cultivated under salinity stress. However, adverse salinity effects have attracted attention to the importance of inventing environmentally friendly technologies to assist plant survival [8]. Hence, the application of biostimulants was recently practiced regulating metabolic pathways and enhancing acclimation and tolerance against salinity stress.



Silicon is considered as an essential metal for the healthy growth of most plants and has been thoroughly used as a nutritional supplement to alleviate salinity and enhance strategic tolerance to desiccation and salt stress in grown plants [9,10,11]. Silicon was exploited recently to protect sweet pea plants from seawater salinity, either using the science of nanoparticles or by the traditional techniques of seed hydropriming. Incorporation of silicon nanoparticles into seeds of pea plants prior to germination with seawater, although a reduced germination rate, led to an increased germination percentage due to facilitated water uptake ascribed to the moisture absorption property of silica [12]. On the other hand, halo-priming reduced Na uptake, elevated fresh and dry mass, antioxidant enzymes, antioxidant compounds, and significantly diminished levels of malonyldialdehyde (MDA) accumulation [13].



Humic acid (HA) structure has both phenolic and carboxylic groups and is found in soil following the decomposition of nitrogenous compounds containing amino acids of polymeric organic residues remnants of plants and animal sources and contributes to soil fertility [14]. In addition, HA protects plants under salinity stress by promoting mineral absorption, transportation, decreasing membrane damage, biomass increase and root elongation [14,15,16,17]. Furthermore, HA functions as a growth-regulating substance, promoting plant growth under salinity effects, and an elicitor of photosynthesis, respiration, and phosphate and oxygen uptake [18,19]. Moreover, HA was found to be generally beneficial in reducing proline and promoting plant growth under 120 mM NaCl [20].



The practice of gamma treatments revealed that gamma assisted with plant acclimation to adverse salinity by inducing antioxidant enzymes and hence alleviated oxidative damage [21,22,23,24]. Gamma irradiation at low doses (especially, 50-Gy) was presented to promote the growth parameters of A. thaliana seedlings, decrease H2O2 and MDA levels, increase proline, and induce antioxidant enzymes in treated seedlings compared with the controls [21]. In the same study, gene expression analysis at the transcription level revealed that some signalling cascades associated with salt stress were upregulated under a low dose of gamma rays. Furthermore, gamma rays employed as a widely used physical mutagen in efficient plant mutation breeding act as a signal activating molecule for the plant antioxidant defense system [22,23].



The current investigation was aimed to address efficiency of seed priming regimes using three powerful ameliorative agents with suggested concentrations and doses as follows: potassium silicate (pot. silicate), humic acid (HA), and gamma irradiation (gamma) on the growth, productivity, metabolic activities, and biochemical aspects regarding the cluster analysis of banding patterns of extracted total cellular proteins of grown coriander under normal conditions as well as 150 mM NaCl until or during the flowering stage.




2. Materials and Methods


2.1. Plant Seeds, Chemicals, and Physiological Treatments


Coriander seeds were purchased from Abd-Elhady El-Gayar Company (seeds’ suppliers in local market, Cairo, Egypt). The pot. silicate of 99% purity grade was used (Sigma-Aldrich, Cat. no. 792640). The source of HA used in the present study is registered and accredited by the Egyptian Ministry of Agriculture, Cairo, Egypt under the name of “HUMO” (Acc. No. 7050). Priming of coriander seeds was carried out as summarized and listed in Table 1. The methodological section concerning irradiation experiments was carried out in NCRRT, AEA, Cairo, Egypt by applying Cesium-137 under 0.758 rad s−1 dose rate. Several pilot optimization experiments were conducted to detect the optimum concentration(s) of pot. silicate and HA to be used in seed priming experiments. Therefore, a wide range of ascending concentrations of pot. silicate (10–160 mM) or HA (5–100 mg L−1) were practiced. It was found that the best concentrations were 80 mM and 50 mg L−1 of pot. silicate and HA, respectively. The selection of optimum concentrations was based on the best results that exhibited the maximum readings for vegetative growth characteristics and parameters of yield components (listed in Tables 2–4). Four sets of untreated coriander seeds were primed in; tap water, pot. silicate, HA, and seeds treated by gamma rays (50 Gy) then primed in tap water. All seeds in the four sets were soaked at room temperature (20 ± 2 °C) for 16 h (Table 1).




2.2. Sowing, Irrigation, and Sampling


Before sowing, washing soaked seeds thoroughly with distilled water was done. The seeds were divided into two groups and then sown in plastic pots (40 cm) containing 15 kg clay: sandy (2:1 w/w) soil, 10 seeds per pot, and 10 replicates for each treatment. Pots of the first group were irrigated with tap water and considered the control set for the other saline stress group, which was watered with 150 mM NaCl. All pots were watered, keeping the water holding capacity at 80%. Plants at both the vegetative and yield component stages were harvested 75 and 135 days after the sowing date, respectively. Samples of five plants each were taken from each treatment to measure the growth parameters enumerated in Table 2 and Table 3. The parameters of yield components were recorded for each treatment, as shown in Table 4. The measurements were carried out in the following season, and the average was recorded. The physiological treatments were assigned to a completely randomized design.




2.3. Extraction, Isolation, and Estimation of Plant Growth Regulators


The extraction of plant growth regulators was initially described by Shindy and Smith [25] and fully investigated by Hassanein et al. [26]. Indole-3-acetic (IAA), Gibberellic acid (GA3), and ABA were quantified by an isocratic HPLC-UV analyser, utilizing a RO-C18 reversed-phase column (WATERS Corporation, MA, USA) according to Kelen et al. and Hassanein et al. [26,27]. The identification and characterization of detected peaks of coriander samples were executed using the retention times (RTs) of authentic sample peaks. Peak characterization was detected by comparing the relative RT of each verified peak with those of acidic hormone standards. By triangulation, the peak area was estimated. Additionally, the individual component relative properties were detected at various RTs throughout the samples.




2.4. Estimation of Photosynthetic Pigments


Photosynthetic pigments (Chl a, Chl b, and carotenoids) were colorimetrically defined according to Metzner et al. [28]. Briefly, 85% aqueous acetone was used to homogenize half gram fresh weight of leaves for 5 min. The homogenate was centrifuged at 2800× g for 10 min at 4 °C, and the clear supernatant reached up to 25 mL with 85% aqueous acetone. Measurement of the extract was carried out against a control sample of 85% pure aqueous acetone at three wavelengths: 452, 644, and 663 nm using a DC Tiny 25III Spectropolarimeter. Determination of photosynthetic pigments was executed as shown by Hassanein et al. [26]. Finally, the quantification of pigments was expressed as μg g−1 of leaf dry weight.




2.5. Carbohydrate Content Estimation


Determination of polysaccharides and soluble sugars was performed from 1 g of fresh oven-dried tissues until a fixed weight was obtained at 80 °C and ground to a fine powder. To extract and estimate soluble sugars, homogenization of 25 mg oven-dried tissues by 80% ethanol was executed and kept for 15 min with continuous shaking in a boiling water bath. After cooling, the filtered extract was oven-dried at 60 °C and then dissolved in 2 mL of double distilled water to determine the soluble sugars as described by Homme et al. and Whistler et al. [28,29]. On the other hand, the extraction and estimation of polysaccharides occurred from the dried residue left over after the extraction of soluble carbohydrates, according to Whistler et al. and Hedge et al. [30,31]. By using pure glucose, a calibration curve was generated, and the measurements were expressed as mg g−1 dry weight. The total carbohydrate content was calculated as a sum of polysaccharides plus soluble sugars.




2.6. Extraction and Measurement of Antioxidant Defense Compounds


Antioxidant defense compounds (ascorbic acid, carotenoids, flavonoids, total phenolics, and proline) were estimated. Determination of ascorbic acid was expressed as mg 100 g−1 fresh leave samples that were titrated by 2,6-dichlorophenolindophenol as described by Zvaigzne et al. [32]. On the other hand, the aluminum chloride colorimetric assay was performed to determine total flavonoids as investigated by Marinova et al. [33]. The total flavonoids were represented as mg quercetin equivalent to each 100 g dry weight. Total phenolics were determined as shown by Malik and Singh [34]. The total phenolic concentration was estimated for each 100 g leaf dry weight based on a gallic acid-constructed calibration curve. The readings were measured as mg 100 g−1 dry weight. Estimation of free proline was performed according to Bates et al. [35] and the ninhydrin reagent was prepared as described by Hassanein et al. [26]. The proline concentration was measured on a dry matter basis and estimated using a calibration curve.




2.7. Extraction and Estimation of Antioxidant Enzymes


Liquid nitrogen frozen and ground fresh leaves (250 mg) were homogenized in 100 mM chilled sodium phosphate buffer (KH2PO4/K2HPO4, pH 7.0) supplemented with 1% (w/v) polyvinylpyrrolidone (PVP) and 100 µM EDTA. For each gram of plant tissue, 4 mL of extraction buffer were added. The mixture was homogenized and centrifuged for 15 min at 4 °C at 20,000× g. The supernatant was taken apart to measure catalase (CAT), peroxidase (POD), and polyphenol oxidase (PPO) activities. Furthermore, in the crude extract, protein quantification was estimated according to Lowry et al. [36] using the bovine serum albumin (BSA) calibration curve. CAT (EC 1.11.1.6) activity, POD (EC1.11.1.7), and PPO (EC 1.14.18.1) activity were measured as previously described by Aebi, Hammerschmidt et al. and Oktay et al. [37,38,39], respectively. Finally, the CAT, POD, and PPO activities were measured as unit min−1 mg−1 protein.




2.8. Lipid Peroxidation Estimation


The peroxidation level of lipids was determined using fresh coriander leaves by estimating the quantity of malondialdehyde (MDA) that emerged from the reaction of thiobarbituric acid (TBA) according to Heath and Packer [40]. Half a gram of coriander leaves was homogenized with 5 mL of 0.1% TCA (m/V). The homogenate was centrifuged for 20 min at 10,000× g (Hettich Universal 16 R, Germany). For each milliliter of the supernatant, a freshly prepared reagent of 4 mL TBA 0.5% prepared by TCA 20% was added. The homogenate was incubated for 30 min at 95 °C and consequently cooled on ice. The mixture was centrifuged for 15 min at 10,000× g, and the absorbance at 532 and 600 nm was detected. For nonspecific absorption, the value(s) recorded at 600 nm was subtracted. The MDA concentration was estimated by dividing the detected absorbance difference(s) at A532 and A600 by 155 mM−1 cm−1 (its molar extinction coefficient). Finally, the measurements were expressed as nmol g−1 fresh weight.




2.9. Total Cellular Proteins (TCPs) Extraction and Monitoring the Expression of RuBisCOLS


TCPs were extracted from 75-day-old leaves at the vegetative stage as fully previously described by Hassanein et al. [26]. According to Bradford [41], the protein concentration was estimated by using an Eppendorf Biophotometer (Model #6131). To fractionate isolated TCPs, 10% SDS–PAGE was carried out according to Laemmli [42]. Protein extraction from the leaves was carried out from three biological and three technical replicates. The experimental design, by which the biological and technical replicates were used, is described by Hassanein et al. [26]. Extracted TCPs were equally loaded after estimating their protein concentration. Gel images were documented by Gel Doc™ EZ (Bio-Rad). Based on the protein profile, band scoring (“1” for presence and “0” for absence) was performed. Binary scoring was executed to generate the binary matrix to calculate the genetic similarity coefficient. The similarity matrix was computed according to Dice’s coefficient. The cluster analysis was consequently constructed. The unweighted pair group method with arithmetic mean (UPGMA) agglomerative clustering method was used to generate a distance tree by PAST software, ver. 4.02 (OSLO, Norway) according to Hammer et al. [43]. Quantification of RuBisCOLS protein band was performed using BSA calibration curve and documented by the ImageJ program (IJ 1.46r) as previously described by Hassanein et al. [26].




2.10. Statistical Analysis


Executed biostatistical analyses were carried out using the recorded data obtained from the leaves of three independent biological and three independent technical replicates using IBM SPSS statistical software, ver. 17.0 (IBM, Chicago, IL, USA) and Microsoft Excel 365 (Microsoft Corporation, New Mexico, USA)according to Hassanein et al. [26]. The mean values of the technical replicates were obtained. Values of least significant difference (LSD) at the 5% level of probability were calculated to compare the mean values of different treatments according to Snedecor and Cochran [44]. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05). Euclidian distance has been used after the data matrix scaling and standardization [45]. By using “pvclust” R-package, the agglomerative cluster analysis was created [46]. The ordination analyses executed by the principal component analysis (PCA) examined the repeatability of the grouping acquired by the cluster analyses as previously described by Igbari et al. [47]. The R-packages, “factoextra” and “ggplot2”, were used for visualizing the distance matrices “fviz_pca” that provide ggplot2-based innovative visualization of PCA [44]. Using the “Corrplot” package, the correlation coefficients for the variable’s relationship were performed and visualized according to Soetewey [48]. Furthermore, R-package “pheatmap” and “ggplot2” packages [49,50] accessed the similarity and dissimilarity within and among the pretreatments or measurements.





3. Results


The percentage value was calculated by subtracting the reading value of the control from the value of any physiological treatment reading, and then the outcome was divided by the reading value of the control. The latter value is multiplied by 100 to get the percentage of decrease/increase. The full and summarized experimental protocol is listed and shown in Table 1.



3.1. Growth and Yield Parameters


The results revealed high percentages of biomass increase in growth parameters on average at both the vegetative stage and flower stage in response to pretreatments with pots. silicate, HA, and γ-radiation as follows: shoot length (157%, 128%), number of leaves/plants (206%, 141%), number of branches/plants (133.4%, 149.2%), leaf area/plant (394%, 191%), fresh and dry weight of shoots and roots (225%, 414%) and (203%, 235%), respectively (Table 2).



Under salinity stress and in response to pretreatments, the average percentages of growth traits at the vegetative stage and the flowering stage were also highly upregulated as follows: shoot length (126.34%, 128%), number of leaves/plants (191.7%, 196.6%), number of branches/plants (173.5%, 147%), leaf area/plant (355%, 283.35%), fresh and dry weight of shoots and roots (142.5%, 133%) and (167%, 125.7%), respectively (Table 2). The inflorescence number increased by 158% under normal growth conditions in response to pretreatment and by 197.28% in pretreated coriander grown under salinity stress (Figure S1 and Table 3). Yield components per plant were upregulated dramatically according to pretreatments in normally grown and salinized coriander. For example, fruit number increased by 323.5% and 571%, seed number increased by 421% and 571%, seed wt. by 705.3% and 1286%, and the weight of 1000 seeds increased by 145.6% and 219%, respectively (Table 4).




3.2. Changes in Phytohormones


The data in Table 5 revealed a 32.865% decrease in IAA and a 68.3% decrease in GA3 in salinized coriander, in addition to a 12% decrease in the IAA + GA3/ABA ratio. Pretreatments caused an average upregulation up to 185.4% in IAA, 106% in GA3, and in normally grown coriander, and up to 345.86% in IAA and to 122.88% increase in GA3 in salinized coriander. The ratio of IAA + GA3/ABA was diminished by 47.6% under normal conditions, although it increased by 207% under salinity stress. The levels of ABA increased by 605.8% under salinity and increased to 275.61% in pretreated salt-free coriander. However, ABA decreased with the pretreatments and salinity together to 65.855%. Gamma rays were the senior agent increasing the IAA and IAA + GA3/ABA ratio and decreasing ABA levels in salinized coriander. Whereas under normal growth conditions, HA was superior in doing so with IAA and the IAA + GA3/ABA ratio, and pot. silicate was the best for decreasing ABA levels, non-significantly.




3.3. Changes in Photosynthetic Pigments and Carbohydrate Contents


The data of Table 6 revealed a significant decrease in chl a by 67.5%, chl b by 46% and total pigments by 60% in the leaves of coriander exposed to salinity stress. However, chl a/b increased by 147%. Normally grown coriander accumulated a higher pigment content, with an average of 114.5%, when seeds were pretreated with pot. silicate, HA and γ-irradiation, with the best effect of HA on the upregulation of chl a, chl b and total pigment content and of gamma on the chl a/b ratio. Salinity-stressed coriander exhibited a 164.05% increase in total pigments, 145% increase in chl a, 218.5% increase in chl b, and a 66.55% decrease in chl a/b with the pretreatments.



Concerning the estimation of carbohydrate contents, data derived from Table 6 detected a 154.54% increase in soluble sugar in coriander plants caused by the salinity effect. Soluble sugar increase was greatly enhanced due to pot. silicate, HA and gamma pretreatments by 167.12% on average. Pretreated salinized coriander contained higher soluble sugar, as a pot. silicate and HA were responsible for a 117.2% increase in soluble sugars on average. Controversially, soluble sugar decreased to 83.53% with gamma pretreatments. A decrease of 73.23% was determined under gamma-only pretreatment. The polysaccharide content decreased to 65.74% under the effect of salinity and increased in pretreated salt-free coriander to 131.27% and in salinized pretreated plants to 153.34% on average. The gamma role was minimal in terms of the upregulation of total carbohydrates, whereas the effects of pot. silicate and HA were maximal.




3.4. Changes in Antioxidant Compounds


The degree of numerous fluctuations in antioxidant (ascorbic acid, carotenoids, flavonoid, phenols, and proline) activities were detected in coriander leaves due to seed pretreatments prior to sowing using pot. silicate, HA or gamma with or without salinity stress are illustrated in Table 7. The prevailing effect of salinity stress led to reduced ascorbic acid and carotenoid contents (p ˂ 0.05) to 45% and 57% of those of the control, respectively. In contrast, flavonoids, total phenols and proline increased up to 143.6%, 112%, and 420.5% over the control, respectively. Using of pot. silicate and HA were responsible for alleviation of ascorbic acid up to 130.6% in normal coriander. Pretreatments also caused an increase in carotenoids to 126.78% on average under normal conditions and to 205% in the saline condition. Pretreatments led to under saline conditions. Pretreatment led to a 360% increase in flavonoids under normal conditions and caused a reduction of 85% under salinized conditions. Pretreatments led to a reduction in total phenols to 97% under normal conditions and to 90.03% under salinized conditions. Proline increased due to pretreatments under normal conditions to 128.7% on average and decreased to 37.4% on average in salinized plants (Table 7).




3.5. Changes in the Antioxidant Enzyme Pool and MDA


The activities of three antioxidant enzymes were estimated in control and salinized coriander plants. The data showed a pronounced increase in the activities of polyphenol oxidase (PPO, 208%), peroxidase (POD, 416%), and catalase (CAT, 191.22%) under salinity stress (Table 8). Potassium silicate pre-treatment increased POD activity to 120.14% over salt-free control plants. In salinized coriander, PPO activity dramatically diminished to 9.26% under the gamma effect, to 67.9% under the HA effect and to 78.83% due to pot. silicate pretreatment. The applied pretreatments induced a 221.7% increase in POD on average in salt-free coriander. In contrast, POD decreased to 55.55% on average under the effects of pretreatments combined with salinity stress. Pretreatments exert varied effects on CAT activity. For example, Sil induced CAT activity up to 145.6%, HA reduced CAT activity to 79.02%, and gamma diminished CAT activity to 37% compared to normally grown coriander plants. In salinized coriander, pot. silicate increased CAT activity up to 113.26%, HA reduced CAT to 81.46% and gamma also reduced CAT activity to 38.76%. Normally grown coriander revealed a 123.08% increase in MDA due to pretreatments; whereas, the MDA level was reduced to 60.23% in pretreated salinized plants (Table 8).



To draw further conclusive insights based on applied pretreatments, performed morphological and metabolic measurements were then analyzed for their correlation with each other (Figure 1). The colour scale is relative to the divergence value between investigated measurements. The blue colour indicated the positive correlation between measurements, whereas the red colour assumed the negative one. In this connection, the PCA biplot by plotting Dim1 (64.6%) and Dim2 (13.6%) with total ordination analysis of 78.2% confirmed the key morphological or metabolic measurement(s) that play a pronouncing role under control, saline conditions or upon alleviating the salt stress by applied pretreatments (Figure 2).




3.6. Characterization of Salinity Stress Impact on TCPs and the Expression of RuBisCOLS


Total cellular proteins (TCPs) were extracted from control, saline-stressed, and alleviated biostimulant-treated and stressed leaves as described previously by Hassanein et al. [26]. The protein concentration was detected according to Bradford [41]. Protein banding profiles of 70–100 µg TCPs (equivalent to total protein content) were fractionated by 10% SDS–PAGE (Figure S2A,B). To manifest the consistency and reproducibility of the resulting protein profiles after stress performance and stress-alleviation application, TCPs were extracted from the studied samples during two successive seasons (seasons 1 and 2). Band scoring (band presence/absence) and quantification of specific protein band(s) of interest were carried out using Egyptian Genetic Software 3 (www.geocities.com/eugene; accessed on 26 November 2020) and ImageJ software, respectively. It was found that the RuBisCOLS protein band, running at approximately 53 kDa, was detected in all samples of control (Figure S2A,B, Lane 1), salt-stressed (Figure S2A,B, Lane 2), and salinity-stressed alleviated coriander plants (Figure S2A,B, Lanes 3–5). The accumulation of RuBisCOLS was affected by applied salinity stress compared with the control sample (Figure S2A,B, Lanes 1–2). Salinity-stressed coriander alleviated by pot. silicate (80 mM) or HA (50 mg L−1) triggered a pronounced enhancement and induced the highest observed protein expression and accumulation of RuBisCOLS (Figure S2A,B, Lanes 3–4, respectively). The expression of the RuBisCOLS protein product was retrieved, at least to the control level, in salinity-stressed coriander plants alleviated by individual application of gamma irradiation (Figure S2A,B, Lane 5). Moreover, the use of silicate as a stress alleviation element positively induced the expression of unique and characteristic polypeptides running approximately 63, 75, 100, and 200 kDa more than their corresponding bands in control samples and other stress-alleviated samples (Figure S2A,B, denoted by red arrows). To the same extent, salinity-stressed samples alleviated by HA application showed the same behavior as pot. silicate application. In this connection, quantification of the RuBisCOLS protein product using an ascending concentration ladder of protein standard BSA was performed (Figure 3A and Figure S2A,B). Band scoring revealed polymorphism percentages of 25% and 22.2% for seasons 1 and 2, respectively, with a mean of 23.6%. A generated binary matrix (based on band presence, denoted by 1, and band absence, denoted by 0) was used to construct a cluster analysis. The Latter analysis was used to find the most relevant samples based on their protein profiles. The cluster analysis revealed two major clusters (Figure 3B). The first cluster included two subclusters. The first subcluster grouped the control coriander together with silicate-alleviated samples, whereas the second subcluster included only HA-alleviated samples. The second cluster included salinity-stressed samples, which were grouped together with gamma-alleviated samples (Figure 3B). The Latter findings were consistent with the constructed heatmap (Figure 3C). These findings showed the alleviation of salt stress by pot. silicate or HA was able to retain and overcome the salinity-stressed conditions.





4. Discussion


Salinity is the stress of elevated salt concentration in the soil environment of cultivated plants and is considered a global environmental dilemma [51]. The impact of salinity on plants is extreme due to retarded morphological, metabolic, and genetic pivotal procecces resulting in diminished overall dry matter [52,53]. Recently, the salinity effect was discovered to be related to the large fraction of energy directed by plants to tolerate salinity instead of consumption for growth and development [54]. Plants acquire very sophisticated strategies of highly ordered physiological and molecular mechnisms to acclimate to unfavorable environmental conditions. In this connection, plants are rich with potent compounds viz. osmoprotectants and antioxidants to face unsuitable environmental hazards and could be devoted to coping with salinity stress [55].



Morphological characteristics of grown coriander under salinity stress were mitigated with HA pretreatment, as HA encountered salinity hazardous effects regarding the prevention of nutrient uptake and promoted of the toxic matter uptake. Instead, HA promotes growth by increasing dry matter and it increases proline, antioxidant enzymes, and chlorophyll content under stress conditions [56,57,58].



In this study, applied pretreatments caused continuation of coriander growth due to increments of hormonal ratio, particularly IAA and GA3, which led to higher mass production at the vegetative and flowering stages compared to coriander grown under normal or saline conditions. The pretreated coriander before sowing could cope with salinity stress by inducing antioxidant elements that act on the prevention of cellular damage [58]. Thereby, the growth was maintained and preceded normally. Notably, that pot. silicate and HA pretreatments enhanced nutrient uptake and increased the photosynthetic rate, as evidenced by pigment accumulation in total expanded leaf area resulting from prompt vegetative growth ending with higher dry matter and quantities of soluble sugars and carbohydrates [59]. In the same context, the overaccumulation of soluble sugars was recorded by Rivero et al. and Omer et al. [59,60] owing to a glyoxylate cycle disruption along with a sucrose and starch imbalanced metabolism which was a salinity-induced response leading to photosynthetic retardation by feedback inhibition. Furthermore, some crypto-protectant molecules of carbohydrate nature were synthesized under a dehydrating effect and engaged with cell membrane protection [61]. Thus, soluble sugars, in case of pretreatment, did not overaccumulate to that extent to reduce the photosynthetic rate by feedback inhibition, as speculated under stress.



Notably, all pretreatments, particularly pot. silicate and HA acted to maintain higher levels of antioxidants throughout the whole life cycle of coriander grown with salinity stress until the flowering stages and were crucial for plants to cope with stress [62]. The antioxidant defense system composed of enzymatic and nonenzymatic components that act on cellular protection from the oxidative destruction caused by reactive oxygen species (ROS) [63]. Ascorbic acid (vitamin C) is a ubiquitous potent metabolite produced in the cytoplasm to tolerate salinity stress by protecting cellular lipids and proteins from oxidative damage, maintaining the rate of photosynthesis, and allowing plant growth and development within a long-term stress span [64]. In this study, a correlation between ascorbic acid elevation was detected in plants pretreated with HA and harboured high levels of IAA and GA3, and increased growth parameters. The effect of HA on ascorbic acid induction was superior among the other pretreatments and prevailed in coriander grown with or without salinity and enhanced yield components. The HA effect on generating ascorbic acid is substantial, as a previous study showed that the endogenous ascorbic acid in most plant species was not synthesized to an extent countering salinity stress [65]. In another context, proline synthesis is overaccumulated under stress conditions, and proline is the stress most popular makeup molecule. Proline is the key metabolite for stress tolerance and was produced significantly in tolerant transformants at high temperature stress [66,67].



Our findings were in accordance with previous studies regarding the prevalent role of pot. silicate which promoted the synthesis of enzymatic antioxidants, protected chlorophyll, generated phenolic compounds synthesis, immobilized toxic ions in the plant environment, polymerized in the apoplastic layer to prevent Na uptake, and enhanced plant vigor and biomass production, as silicon is a lignin precursor which can deposit on the walls of plant cells to maintain several physiological activities [68,69,70]. Moreover, silicon was involved in plant metabolism to keep membrane permeability unharmed during salinity stress, suggesting a silicon role in the induction of enzymatic antioxidants [71]. However, HA prevailed with stimulation of nonenzymatic antioxidants.



The utilized dose of gamma radiation (50 Gy) in this study was enough for coriander protection to pursue growth and productivity by improving coriander morphological and physiological behavior under salinity stress. The 50 Gy dose was suggested as the proper dose for seed tolerance, germination, and overall plant growth [72]. However, many plants, such as rice, oat, and sweet potato, have sensitivity to gamma high doses. Thus, in the mentioned plants, very low doses of gamma expressed the highest tolerance to NaCl stress (for example, [20,73]). In our investigation, low doses of gamma surpassed the effects of both HA and pot. silicate in improving growth traits at the vegetative and flowering stages as investigated by Wi et al. [74]. In the same context and consistent with previous reports, gamma radiation was even used at doses higher than 50 Gy [72,75].



In the present study, the RuBisCOLS expression level was affected to some extent by salinity stress; whereas, RuBisCOLS upregulation was shown upon the pretreatment of salinized plants with pot. silicate or HA. RuBisCO complex activity was judged by the expression of its two subunits inside the cell [76]. The rate of biosynthesis and degradation, which is controlled by gene expression, is greatly affected by adverse abiotic conditions [76,77,78]. Moreover, a reduction in chlorophyll content was observed, and inhibition of RuBisCO activity in chickpea under varying ascending levels of NaCl concentrations was also reported [79]. Similarly, a decrease in the photosynthetic rate and RuBisCO activity in the cotton cultivar ‘Arya-Anubam’ under NaCl treatment was recorded [80]. Recently, it was suggested that the magnitude of RuBisCO inhibition was dependent on salt concentration [81]. Furthermore, RuBisCO deactivation might be concomitant with negative effects on chloroplast thylakoid structure and its subsequent related functions, especially during and after the first contact between the plant leaf and temperature stress [82]. Therefore, inhibition of photosynthesis by salinity treatment may mediate the closure of stomata, leading to a decrease in CO2 conductance. As a result, disturbances in photosynthetic electron transport and carboxylation capacity have been reported [83]. These findings may explain why the protein level of RuBisCOLS was not affected in the present study through applied pot. silicate and HA pretreatments under salt stress.



Ameliorative fluctuation in protein patterns of salinity-stressed and pretreated samples using pot. silicate or HA were triggered through a wide range of polypeptides (63, 100, and 180 kDa) in this study. These results agreed with Maslenkova et al. [84] and Hassan et al. [85]. Additionally, some protein bands were decreased or disappeared after application of salt stress [86,87,88]. The results investigated in this study were consistent with Manivannan et al. [87]. The same range of induced high molecular weight polypeptides was reported in salt individual treatment and in the case of salt combination with jasmonic acid in purified intact chloroplasts from garden peas [88].




5. Conclusions


Application of pot. silicate, HA, and gamma irradiation individually or in combination with salt stress on coriander plant is considered safe methods for improving and stimulating bioactive and healthy components in coriander plants on the physiological level. The preferable biostimulant in alleviating salt stress was pot. silicate and HA followed by gamma radiation. The metabolic mechanism of used biostimulators might be based mainly on ruling out oxidative damage by controlling the overgeneration of O2 by aggravating the induction of proline, reinforcing the capacity of the scavengers POD, PPO and CAT that acted on lowering the MDA level to a minimum, reducing ABA levels, inducing hormonal ratios, and hence maintaining coriander growth capability and productivity under salinity stress. On the molecular level, extracted TCP profiles reflected the ability of pot. silicate and HA to restore to a close extent the proteostasis steady state of coriander plants after the defeated effect of salinity stress on cellular proteins, specifically the RuBisCOLS protein subunit. Thus, it was suggested that salt stress alleviated by pot. silicate or HA treatments were the best to retain and recover the cellular metabolic pathways and molecular mechanisms Hereby, these results may give novel insights and accretion our understanding of salinity tolerance mechanisms to develop resistant crops of highly important economic value such as the coriander plant. The present study has presented the integration of morphological, physiological, biochemical, and molecular approaches to evaluate the effect of salt stress on the coriander crop and the extent of using ecofriendly alleviating agents.
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Figure 1. Correlogram based on the correlation coefficients based on morphological and metabolic measurements. The blue colour indicates the positive correlation between measurements, whereas the red colour assumes the negative one. 
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Figure 2. PCA biplot was conducted by blotting the first two principal components, illustrating the plotting of the studied morphological and metabolic measurements using multivariate analysis in R software. 
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Figure 3. (a) Differential expression of RuBisCOLS protein as revealed by salinity stress. Y axis values represented the differentially expressed RuBisCOLS. The data were expressed as the mean ± s.e.m. *, p < 0.05. Quantification of the RuBisCO large subunit (RuBisCOLS) protein band using ImageJ software (IJ 1.46r) as described by Hassanein et al. [26]. Full-length original SDS–PAGE figures are shown in Supplementary Figure S2A,B. Read normalization of RuBisCOLS protein quantification was performed according to a 35 kDa protein band, as shown in Supplementary Figure S2A,B. (b) Cluster analysis as revealed by fractionated TCPs using 10% SDS–PAGE showed the effect of biostimulant pretreatments on the TCPs pattern under saline conditions. A dendrogram was constructed using the scored data of the binary matrix by the UPGMA agglomerative clustering method. (c) Multivariate heatmap illustrating the genetic diversity of control, salt-stressed, and alleviated coriander samples based on the SDS-PAGE fractionated polypeptides and constructed using the module of Heatmap of R software. 
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Table 1. Experimental design and regime of primed seeds of coriander by tap water, solutions of 80 mM pot. silicate or 50 mg L−1 HA or irradiation by 50 Gy γ-rays then primed in water at room temperature (20 ± 2 °C) for 16 h.






Table 1. Experimental design and regime of primed seeds of coriander by tap water, solutions of 80 mM pot. silicate or 50 mg L−1 HA or irradiation by 50 Gy γ-rays then primed in water at room temperature (20 ± 2 °C) for 16 h.





	No.
	Treatment
	Irrigation





	1
	Control
	Tap water



	2
	Salinity (150 mM NaCl)
	Saline solution (150 mM NaCl)



	3
	Pot. silicate (80 mM)
	Tap water



	4
	Humic acid (50 mg L−1)
	Tap water



	5
	γ-rays (50 Gy)
	Tap water



	6
	NaCl (150 mM) + Pot. silicate
	Saline solution (150 mM NaCl)



	7
	NaCl (150 mM) + Humic acid
	Saline solution (150 mM NaCl)



	8
	NaCl (150 mM) + γ-rays
	Saline solution (150 mM NaCl)
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Table 2. Influence of biostimulants’ pretreatments on vegetative growth parameters of coriander plants under salinity stress at the vegetative stage. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).






Table 2. Influence of biostimulants’ pretreatments on vegetative growth parameters of coriander plants under salinity stress at the vegetative stage. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).





	

	
Growth Parameters



	
Shoot Length

(cm)

	
No. of Leaves/Plants

	
No. of Branches/

Plant

	
Leaves Area/

Plant

(cm)2

	
Fresh

Weight

of Shoot

(g)

	
Dry Weight of Shoot (g)

	
Root Length

(cm)

	
Fresh

Weight

of Root

(g)

	
Dry Weight

of Root (g)




	
Treatment

	






	
Control

	
11.27 ± 0.1 d

	
16 ± 1.53 d

	
5 ± 0.58 d

	
30.2 ± 1.67 e

	
0.59 ± 0.044 de

	
0.09 ± 0.001 f

	
6.17 ± 0.55 cd

	
0.043 ± 0.004 g

	
0.011 ± 0.00 d




	
Salinity (150 mM NaCl)

	
9.83 ± 0.21 e

	
12 ± 1.00 d

	
3.33 ± 0.58 e

	
17.18 ± 0.84 f

	
0.46 ± 0.006 e

	
0.06 ± 0.31 g

	
5.97 ± 0.31 d

	
0.058 ± 0.01 f

	
0.013 ± 0.001 d




	
pot. Silicate (80 mM)

	
17.07 ± 0.89 a

	
27.67 ± 1.00 b

	
6 ± 0.58 abcd

	
93.94 ± 4.38 b

	
0.77 ± 0.065 cde

	
0.14 ± 0.64 d

	
6.83 ± 0.64 abc

	
0.061 ± 0.009 e

	
0.015 ± 0.001 c




	
Humic acid (50 mg−1 L)

	
17.77 ± 1.58 a

	
33.33 ± 1.00 a

	
6.67 ± 0.58 ab

	
107.8 ± 1.18 a

	
1.17 ± 0.013 b

	
0.19 ± 0.68 b

	
7.1 ± 0.68 ab

	
0.121 ± 0.004 a

	
0.023 ± 0.002 a




	
γ-rays (50 Gy)

	
17.23 ± 0.83 a

	
33 ± 1.00 a

	
7 ± 0.58 a

	
89.98 ± 1.92 b

	
2.13 ± 0.085 a

	
0.22 ± 0.71 a

	
7.57 ± 0.71 a

	
0.123 ± 0.076 a

	
0.022 ± 0.002 a




	
NaCl (150 mM) + Pot. silicate

	
11.7 ± 0.25 cd

	
21 ± 1.00 c

	
5.67 ± 0.58 bcd

	
54.16 ± 2.12 d

	
0.85 ± 0.035 bcd

	
0.13 ± 0.95 e

	
6.47 ± 0.95 bcd

	
0.091 ± 0.01 b

	
0.019 ± 0.001 b




	
NaCl (150 mM) + Humic acid

	
12.83 ± 0.3 b

	
26.67 ± 1.00 b

	
5.33 ± 0.58 cd

	
67.78 ± 1.17 c

	
0.96 ± 0.44 bc

	
0.12 ± 0.85 e

	
6.53 ± 0.85 bcd

	
0.077 ± 0.002 d

	
0.02 ± 0.00 b




	
NaCl (150 mM) + γ-rays

	
12.73 ± 0.53 bc

	
21.33 ± 1.00 c

	
6.33 ± 0.58 abc

	
60.99 ± 1.33 c

	
1.03 ± 0.021 bc

	
0.16 ± 0.40 c

	
7.43 ± 0.40 a

	
0.08 ± 0.002 c

	
0.026 ± 0.01 a




	
LSD at 0.05

	
1.062

	
4.315

	
1.303

	
6.62

	
0.313

	
0.002

	
0.834

	
0.002

	
0.002
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Table 3. Influence of biostimulants’ pretreatments on growth parameters of coriander plants under salinity stress at the flowering stage. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).
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Growth Parameters

	
Shoot Length

(cm)

	
No. of

Leaves/Plants

	
No. of Branches/

Plant

	
Leaves Area/Plant

(cm)2

	
Fresh Weight

of Shoot

(g)

	
Dry Weight of Shoot

(g)

	
Root Length

(cm)

	
Fresh Weight

of Root

(g)

	
Dry Weight of Root

(g)

	
No. of Inflorescence/Plant




	
Treatment

	






	
Control

	
31.33 ± 3.79 de

	
69 ± 3.60 c

	
7 ± 1.00 d

	
38.98 ± 1.27 e

	
2.55 ± 0.29 d

	
0.493 ± 0.06 de

	
8.33 ± 1.53 b

	
0.139 ± 0.017 d

	
0.077 ± 0.015 d

	
6.33 ± 1.53 d




	
Salinity (150 mM NaCl)

	
22.67 ± 2.08 f

	
32.33 ± 3.79 e

	
5 ± 1.00 e

	
21.45 ± 1.25 f

	
1.99 ± 0.37 d

	
0.389 ± 0.04 e

	
8.17 ± 0.76 b

	
0.278 ± 0.058 c

	
0.07 ± 0.016 e

	
4 ± 1.00 e




	
pot. Silicate (80 mM)

	
36 b ± 2.65 c

	
104 ± 5.29 a

	
9 ± 1.00 bc

	
93.94 ± 1.92 b

	
4.77 ± 0.21 b

	
0.913 ± 0.09 b

	
11.73 ± 1.97 a

	
0.32 ± 0.078 c

	
0.11 ± 0.019 c

	
10.33 ± 1.53 ab




	
Humic acid (50 mg L−1)

	
45 ± 3.60 a

	
99 ± 3.60 a

	
12.33 ± 0.58 a

	
107.8 ± 6.37 a

	
6.87 ± 1.48 a

	
1.586 ± 0.33 a

	
13.07 ± 1.10 a

	
0.933 ± 0.153 a

	
0.243 ± 0.017 a

	
11 ± 1.00 a




	
γ-rays (50 Gy)

	
40 ± 1.00 b

	
89 ± 3.60 b

	
10 ± 1.00 b

	
89.98 ± 3.03 b

	
3.97 ± 0.72 c

	
0.796 ± 0.06 bc

	
11.07 ± 1.8 a

	
0.474 ± 0.067 b

	
0.19 ± 0.034 b

	
8.67 ± 1.53 bc




	
NaCl (150 mM)+Pot. Silicate

	
27 ± 1.00 ef

	
54.67 ± 6.43 d

	
8 ± 1.00 cb

	
54.16 ± 4.19 d

	
2.67 ± 0.16 d

	
0.431 ± 0.07 de

	
11.57 ± 1.21 a

	
0.284 ± 0.009 c

	
0.085 ± 0.008 d

	
7 ± 1.00 cd




	
NaCl (150 mM)+Humic acid

	
32.33 ± 2.51 cd

	
69 ± 3.60 c

	
7 ± 1.00 d

	
67.18 ± 4.00 c

	
2.9 ± 0.20 cd

	
0.667 ± 0.08 bcd

	
11.27 ± 0.68 a

	
0.469 ± 0.03 b

	
0.099 ± 0.019 cd

	
9 ± 1.53 abc




	
NaCl (150 mM) + γ-rays

	
27.67 ± 0.76 e

	
67 ± 8.19 c

	
7 ± 1.00 d

	
60.99 ± 5.43 c

	
2.6 ± 0.10 d

	
0.596 ± 0.15 cde

	
9.73 ± 0.70 b

	
0.358 ± 0.10 c

	
0.08 ± 0.011 d

	
7.67 ± 1.00 cd




	
LSD at 0.05

	
4.56

	
9.27

	
1.644

	
6.35

	
1.134

	
0.2477

	
2.329

	
0.1238

	
0.0055

	
2.166
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Table 4. Influence of biostimulants’ pretreatments on the yield components of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).
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Yield Components

	
No of Fruits/Plant

	
No of Seeds/Plant

	
Weight Seeds/Plant (g)

	
Seed Index

(Weight

1000 Seeds (g))




	
Treatment

	






	
Control

	
122.00 ± 10.00 g

	
244 ± 14.00 e

	
0.57 ± 0.14 f

	
2.33 ± 0.14 f




	
Salinity (150 mM NaCl)

	
68.00 ± 2.00 h

	
136 ± 17.00 f

	
0.19 ± 0.02 g

	
1.41 ± 0.02 g




	
pot. Silicate (80 mM)

	
526.65 ± 23.03 b

	
1053.3 ± 142.00 b

	
4.08 ± 0.35 b

	
3.87 ± 0.35 b




	
Humic acid (50 mg L−1)

	
589.3 ± 10.00 a

	
1178.6 ± 135.00 a

	
5.78 ± 0.14 a

	
4.90 ± 0.14 a




	
γ-rays (50 Gy)

	
425.00 ± 2.00 d

	
850 ± 27.00 c

	
2.20 ± 0.27 d

	
2.59 ± 0.27 e




	
NaCl (150 mM) + Pot. Silicate

	
392.00 ± 23.00 e

	
784 ± 13.00 c

	
2.19 ± 0.13 d

	
2.79 ± 0.13 de




	
NaCl (150 mM) + Humic acid

	
481.00 ± 23.00 c

	
962 ± 127.00 b

	
3.46 ± 0.33 c

	
3.60 ± 0.33 c




	
NaCl (150 mM) + γ-rays

	
292.00 ± 10.00 f

	
584 ± 29.00 d

	
1.68 ± 0.29 e

	
2.87 ± 0.29 d




	
LSD at 0.05

	
27.62

	
104.6

	
0.2072

	
0.2072
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Table 5. Influence of biostimulants’ pretreatments on endogenous phytohormones (μg/100 g F. wt.) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).






Table 5. Influence of biostimulants’ pretreatments on endogenous phytohormones (μg/100 g F. wt.) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).





	

	
Endogenous Phytohormones

	
IAA

	
GA3

	
ABA

	
IAA+GA3/ABA




	
Treatment

	






	
Control

	
7.12 ± 1.12 f

	
389.7 ± 25.00 d

	
1.90 ± 0.50 f

	
208.847




	
Salinity (150 mM NaCl)

	
2.34 ± 1.12 h

	
266.2 ± 25.00 h

	
11.51 ± 1.10 a

	
23.329




	
pot. Silicate (80 mM)

	
13.20 ± 1.10 b

	
405.5 ± 25.00 b

	
3.90 ± 1.10 e

	
107.499




	
Humic acid (50 mg L−1)

	
15.54 ± 1.12 a

	
443.4 ± 25.00 a

	
4.07 ± 1.10 e

	
112.659




	
γ-rays (50 Gy)

	
10.86 ± 1.12 c

	
390.9 ± 25.00 c

	
7.74 ± 1.10 c

	
51.902




	
NaCl (150 mM) + Pot. Silicate

	
8.66 ± 1.12 e

	
299.9 ± 25.00 g

	
9.26 ± 1.10 b

	
33.32




	
NaCl (150 mM) + Humic acid

	
9.37 ± 1.12 d

	
367.9 ± 25.00 e

	
7.98 ± 1.10 c

	
47.28




	
NaCl (150 mM) + γ-rays

	
6.25 ± 1.12 g

	
313.5 ± 25.00 f

	
5.50 ± 1.10 d

	
58.14




	
LSD at 0.05

	
0.0554

	
0.00175

	
0.367

	
-
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Table 6. Influence of biostimulants’ pretreatments on photosynthetic pigments (μg g−1 D. wt. in coriander leaves) and carbohydrate contents (g/100 g D. wt.) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).






Table 6. Influence of biostimulants’ pretreatments on photosynthetic pigments (μg g−1 D. wt. in coriander leaves) and carbohydrate contents (g/100 g D. wt.) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).





	

	
Pigments/Carbohydrate

	
Photosynthetic Pigments

	
Carbohydrate Fractions




	
Treatment

	

	
Chl a

	
Chl b

	
Chl

a/b

	
Total Chl

	
Soluble Sugars

	
Polysaccharides

	
Total Carbohydrate






	
Control

	
13.71 ± 0.42 d

	
7.08 ± 0.01 bc

	
1.94 ± 0.06

	
20.79 ± 0.41 bc

	
2.24 ± 0.12 d

	
14.39 ± 2.11 c

	
16.63 ± 1.63 f




	
Salinity (150 mM NaCl)

	
9.25 ± 0.00 f

	
3.25 ± 0.22 d

	
2.85 ± 0.19

	
12.5 ± 0.22 d

	
3.40 ± 0.28 b

	
9.46 ± 0.44 e

	
12.86 ± 1.63 h




	
pot. Silicate (80 mM)

	
15.62 ± 0.12 b

	
7.55 ± 0.36 b

	
2.07 ± 0.08

	
23.17 ± 0.48 b

	
4.04 ± 0.13 a

	
19.14 ± 0.87 a

	
23.18 ± 1.63 b




	
Humic acid (50 mg L−1)

	
17.1 ± 0.32 a

	
9.39 ± 0.17 a

	
1.82 ± 0.00

	
26.49 ± 0.49 a

	
3.59 ± 0.3 b

	
20.89 ± 2.13 a

	
24.48 ± 1.63 a




	
Γ-rays (50 Gy)

	
14.36 ± 0.13 c

	
6.65 ± 0.26 c

	
2.16 ± 0.07

	
21.01 ± 0.40 bc

	
2.49 ± 0.41 cd

	
16.64 ± 1.38 b

	
19.13 ± 1.63 e




	
NaCl (150 mM) + Pot. Silicate

	
13.97 ± 0.48 cd

	
7.01 ± 0.57 bc

	
1.99 ± 0.10

	
20.98 ± 1.1 bc

	
4.18 ± 0.13 a

	
15.67 ± 0.50 bc

	
19.88 ± 1.63 c




	
NaCl (150 mM) + Humic acid

	
14.05 ± 0.26 cd

	
7.71 ± 0.01 b

	
1.82 ± 0.03

	
21.76 ± 0.27 b

	
3.79 ± 0.2 ab

	
15.43 ± 1.17 bc

	
19.22 ± 1.63 d




	
NaCl (150 mM) + γ-rays

	
12.26 ± 0.15 e

	
6.52 ± 0.38 bc

	
1.88 ± 0.06

	
18.78 ± 0.53 c

	
2.84 ± 0.1 c

	
12.42 ± 0.75 d

	
15.26 ± 1.63 g




	
LSD 0.05

	
0.56

	
0.76

	
-

	
1.22

	
0.411

	
1.966

	
0.00175
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Table 7. Influence of biostimulants’ pretreatments on antioxidant compounds (ascorbic acid, carotenoids, flavonoids, total phenolics and proline) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).
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Antioxidant Compounds

	
Ascorbic Acid

(g/100 g D. wt.)

	
Carotenoids

(µg/g D. wt.)

	
Flavonoids

(g/100 g D. wt.)

	
Total Phenolics

(g/100 g D. wt.)

	
Proline

(µg/100 g D. wt.)




	
Treatment

	






	
Control

	
0.49 ± 0.01 d

	
4.63 ± 0.17 b

	
0.484 ± 0.08 h

	
0.968 ± 0.068 c

	
166.3 ± 6 c




	
Salinity (150 mM NaCl)

	
0.22 ± 0.02 h

	
2.64 ± 0.21 c

	
0.695 ± 0.08 a

	
1.084 ± 0.066 a

	
698.9 ± 5.9 a




	
Pot. silicate (80 mM)

	
0.56 ± 0.02 c

	
5.84 ± 0.68 a

	
0.563 ± 0.084 e

	
0.898 ± 0.068 g

	
239.0 ± 5.8 b




	
Humic acid (50 mg L−1)

	
0.72 ± 0.015 a

	
6.07 ± 0.2 a

	
0.679 ± 0.084 b

	
0.978 ± 0.066 d

	
184.4 ± 6 c




	
γ-rays (50 Gy)

	
0.45 ± 0.03 f

	
5.7 ± 0.42 a

	
0.50 ± 0.08 g

	
0.882 ± 0.068 h

	
218.6 ± 6.1 b




	
NaCl (150 mM) + Pot. silicate

	
0.48 ± 0.015 e

	
5.61 ± 0.14 a

	
0.557 ± 0.08 f

	
0.966 ± 0.07 e

	
234.2 ± 6 b




	
NaCl (150 mM) + Humic acid

	
0.57 ± 0.02 b

	
5.74 ± 0.16 a

	
0.633 ± 0.084 c

	
1.007 ± 0.068 b

	
266.2 ± 6 b




	
NaCl (150 mM) + γ-rays

	
0.40 ± 0.015 g

	
4.89 ± 0.27 b

	
0.586 ± 0.08 d

	
0.955 ± 0.066 f

	
283.0 ± 6.1 b




	
LSD at 0.05

	
0.0139

	
0.27

	
0.068

	
0.052

	
4.9
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Table 8. Influence of biostimulants’ pretreatments on antioxidant enzymes PPO, POD, CAT (unit mg−1 protein), and MDA (nmol g−1 F. wt.) at flowering stage of coriander plants under salinity stress. Control and salinized stressed coriander samples were subjected to 80 mM pot. silicate, 50 mg L−1 HA or soaked in water after exposure by 50 Gy γ-rays. Based on Duncan’s multiple range test, the different alphabetical letters express significant variation (defined as p < 0.05).
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Antioxidant Enzymes/MDA

	
Antioxidant Enzymes

(Unit/mg Protein)

	
Lipid Peroxidation

(nmol/g F.wt.)

MDA




	
Treatment

	

	
PPO

	
POD

	
CAT






	
Control

	
5622.5 ± 152.85 de

	
1.49 ± 0.16 e

	
0.5707 ± 0.05 d

	
0.478 ± 0.015 e




	
Salinity (150 mM NaCl)

	
11688.9 ± 212.10 a

	
6.21 ± 0.74 a

	
1.0913 ± 0.25 ab

	
1.166 ± 0.16 a




	
pot. Silicate (80 mM)

	
6754.8 ± 57.77 cd

	
3.08 ± 0.21 cd

	
0.831 ± 0.19 c

	
0.57 d ± 0.038 e




	
Humic acid (50 mg L−1)

	
4641.8 ± 103.12 e

	
3.88 ± 0.07 c

	
0.451 ± 0.12 de

	
0.642 ± 0.036 cd




	
γ-rays (50 Gy)

	
4092.7 ± 367.56 e

	
2.95 ± 0.21 d

	
0.211 ± 0.00 e

	
0.553 ± 0.042 de




	
NaCl (150 mM) + Pot. Silicate

	
9215.3 ± 301.10 b

	
5.23 ± 0.12 b

	
1.236 ± 0.03 a

	
0.64 ± 0.037 cd




	
NaCl (150 mM) + Humic acid

	
7935.4 ± 331.02 bc

	
2.72 ± 0.21 d

	
0.889 ± 0.17 bc

	
0.699 ± 0.037 bc




	
NaCl (150 mM) + γ-rays

	
1083.8 ± 125.00 f

	
2.45 ± 0.74 d

	
0.423 ± 0.17 de

	
0.768 ± 0.070 b




	
LSD at 0.05

	
2085

	
0.92

	
0.2597

	
0.111
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