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Introduction: Wheat (Triticum aestivum L.) is a strategic crop and one of the world's most essential cereals, providing most of the world's calories and protein needs. Drought stress is one of the main limitations for crop production such as wheat in arid and semi-arid regions. Plants can accumulate antioxidants, carbohydrates, and stress hormones that stimulate cell and molecular regeneration under stress conditions. Irrigation saves water, improves crop photosynthesis, and increases plant ability to absorb water and elements from soil. Therefore, irrigation at the right time or supplementary irrigation can help plant growth and crop yield under drought conditions. Appropriate nutrition with fertilizers increases plants' stress tolerance. Bio-fertilizers are restorative elements used in soil to improve tolerance to stresses such as drought stress. A well-known class of bio-fertilizers is plant growth promoting rhizobacteria (PGPR). These rhizosphere bacteria affect plant development and productivity by interacting with roots. Arbuscular mycorrhizal fungi (AMF) alleviate drought stress in plants by enhancing their ability to absorb water and nutrients from the soil. Seaweed extract bio-fertilizer is organic matter used to increase crop growth and soil fertility. This bio-fertilizer is utilized as growth stimulants and food supplements. Our research analyzed the effects of rhizobia and seaweed extracts on wheat's drought resistance mechanisms.

Materials and methods: This research was conducted in Iran in the crop years of 2017–2018 and 2018–2019 in the research farm of Kurdistan University Faculty of Agriculture located in Dehgolan with coordinates 47°18′ 55″ East and 35°19′ 10″ North with an altitude of 1866 meters above sea level, 45 kilometers east It was done on the wheat plant in Sanandaj city. The experiment was conducted in the form of a split-split plot in the form of a randomized complete block design with four replications. Irrigation treatments as the main factor (no irrigation or dry-land, one irrigation in the booting stage, two irrigations in the booting and spike stages), two wheat cultivars (Sardari and Sirvan) as secondary factors, and the application of biological fertilizers at eight levels including Mycorrhiza + Nitrozist and Phosphozist, Seaweed extract + Nitrozist and Phosphozist, Mycorrhiza + Seaweed extract, Mycorrhiza + Nitrozist and Phosphozist and no application of biological fertilizers (control) as Sub-sub-factors were considered.

Results and discussion: According to the study, when bio-fertilizer was applied with once and twice supplementary irrigation levels, leaf relative water content (RWC) and soluble protein content (SPC) increased, while lack of irrigation increased malondialdehyde (MDA). In both years, bio-fertilizers, especially their combinations, increased the amount and activity of enzymatic and non-enzymatic antioxidants, including peroxidase (POD), superoxide dismutase (SOD), phenol (Phe), flavonoid (Fla), and anthocyanin (Anth). Also, it enhanced the inhibition of free radicals by 2-2-Diphenyl picryl hydrazyl (DPPH) and cleared active oxygen species. It was found that malondialdehyde (MDA) levels were very low in wheat under two times irrigation with averages of 3.3909 and 3.3865 μmol g−1 FW. The results indicated a significant positive relationship between non-enzymatic and enzymatic antioxidants such as Phe, Fla, Anth, DPPH, POD, and SOD enzymes and their role in improving stress under dry-land conditions, especially in the Sardari variety. Biological fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) increased wheat yield compared to the control. Furthermore, Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract improved grain yield by 8.04% and 6.96% in the 1st and 2nd years, respectively. Therefore, appropriate combinations of microorganisms, beneficial biological compounds, and supplementary irrigation can reduce the adverse effects of drought stress in arid and semi-arid regions.
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Introduction

Wheat (Triticum aestivum L.) is a strategic crop and one of the most important grains in the world, which provides about 20% of the calories needed by human and 40% of the protein needs of the world population (Li et al., 2022). Wheat planting is possible in a wide range of climatic conditions. A large part of the lands under wheat cultivation in Iran and many parts of the world is under drought conditions. Therefore, in these areas, wheat is faced water shortages at different stages of growth, limiting its production efficiency and resulting in the wheat yield reduction by 86% (Yang et al., 2021).

Drought stress disrupts plant water exchanges and membrane integrity and increases ion leakage. Germination, growth, production of photosynthetic pigments, and yield potential are reduced under water deficit conditions. Some plants can tolerate drought stress by employing and improving resistance mechanisms (Sanjari et al., 2021). Stresses can induce various cellular and molecular reactions in plant such as accumulation of enzymatic antioxidants, mainly including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), POD, and non-enzymatic antioxidants, including ascorbic acid, carotenoids, phenol compounds, flavonoids along with compatible osmolytes such as proline, glycine betaine and soluble sugars and stress related hormones. These compounds prevent cellular damage against ROS. They also give electrons to ROS and eliminate free radicals, thus protecting cell membranes from damage caused by lipid peroxidation [reduction of malondialdehyde (MDA) production] and also play a key role in plant growth and development (Asghari et al., 2020; Hasanuzzaman et al., 2020; Chiappero et al., 2021).

Supplementary irrigation is carried out in environments with insufficient, uncertain, and unequal annual rainfall distribution (Chaganti et al., 2020) and can be considered as a way to reduce the effects of drought stress on plant growth and yield in these areas. Wang et al. (2021) stated that supplementary irrigation causes a significant increase in wheat grain yield in irrigated cultivars. Yan et al. (2022) stated that irrigation, especially drip irrigation (band tap), leads to saving water consumption, improving wheat plant photosynthesis, promoting dry matter accumulation, grain filling, and increasing wheat yield.

In addition to supplementary irrigation, proper nutrition plays an essential role in plant growth under drought stress. Appropriate nutrition can increase the ability of plants to tolerate environmental stressors (Zhou et al., 2021). Excessive use of chemical fertilizers may reduce the quality of crops, endanger human health, and in the long term, reduce the population of beneficial soil microorganisms. Bio-fertilizers have the potential of reducing demand for chemical fertilizers and increasing the population and diversity of soil microorganisms (Xu et al., 2020). Bio-fertilizers can improve soil fertility and increase the crop production so they can be a good candidate for reducing chemical fertilizers application (Sakara, 2020). Soil microorganisms and bio-fertilizers can also induce plant tolerance to environmental stresses (El-Esawi et al., 2017, 2019; Abd_Allah et al., 2018). Although using bio-fertilizers has a long history in agriculture, interest in these fertilizers has recently increased due to the growing awareness of the harmful effects of chemical fertilizers on the environment and the strong trend toward sustainable agriculture (Altieri, 2019). Inoculation of seeds with bio-fertilizers containing beneficial bacteria, especially bio-fertilizers containing plant growth promoting rhizobacteria (PGPR) improves the physicochemical, biochemical, and biological properties of the soil and improves its yield, enabling the plant to have a better response to environmental stressors and better growth and more performance (Benidire et al., 2021). Under drought stress conditions, PGPR increases the activity of plant antioxidant enzymes to prevent oxidative damage caused by ROS (Zhang et al., 2020). Therefore, using bio-fertilizers containing PGPR can reduce the use of chemical inputs (He et al., 2021).

The effect of Bio-fertilizers containing Rhizobium, Azospirillum, Arthrobacter, Bacillus, Pseudomonas, Enterobacter, and Burkholderia bacteria on plant growth has been proven and are known as PGPR growth-stimulating fertilizers (Goswani and Deka, 2020). Enterobacter cloacae and Serratia marcescens rhizobacteria increase nutrient availability to plants by dissolving insoluble phosphates and fixing nitrogen in the soil (Imade and Babalola, 2021; Safirzadeh et al., 2021). Bio-fertilizers containing Azospirillium stabilize nitrogen in the soil, and the role of these bacteria in reducing drought stress has been well-established (Raffi and Charyulu, 2021). It has been reported that bio-fertilizer containing Azospirillium bacteria increases yield and improves growth parameters of cereals, especially wheat (Raffi and Charyulu, 2021). Researchers reported that inoculating wheat seeds with PGPR bacteria results in exopolysaccharide (EPS) production. EPS is a mixture of polymers with a high molecular weight that sticks to surfaces. Together with other metabolites, EPS helps PGPR strains to survive under drought stress conditions. EPS are more stable if they adhere to the soil particles because they can quickly decompose if they are in their native state. EPS are natural humectants and help to retain water potential, thus its aggregation affects various aspects of soil properties, such as infiltration, root penetration, aeration, and runoff control (Rashid et al., 2021; Latif et al., 2022). In addition, EPS have several times more water-holding capacity than their mass. The production of these compounds enables bacteria to maintain a higher water content in the colonies' microenvironment and helps the wheat plant's survival by reducing the water potential (Rashid et al., 2021; Latif et al., 2022). Arbuscular mycorrhiza fungi (AMF) may have stimulating or inhibitory interactions with various microbes in the root rhizosphere region (Igiehon et al., 2021). AMFs cannot stabilize atmospheric nitrogen (N2) but interact positively with nitrogen stabilizers (Igiehon et al., 2021). Furthermore, AMF in the soil act as microbes that dissolve insoluble phosphates (Adeyemi et al., 2021). One of the obvious benefits of AMF is increasing the plant's ability to absorb phosphorus from the soil. This advantage makes AMF as a key component of sustainable agriculture, reducing the use of phosphorus fertilizers without reducing plant yield (Adeyemi et al., 2021).

Bio-fertilizer compounds of seaweed extract have microbial and antioxidant properties and are used as growth stimulants and dietary supplements. Using these fertilizers may stimulate the plant's immune mechanism and increases disease resistance (Ashour et al., 2020; Morais et al., 2020; Zaki et al., 2021). It has been shown that the bio-fertilizer of seaweed extract improves the growth, yield, and quality of agricultural products (Kumar and Dubey, 2020). The idea of a healthy lifestyle has led to a significant increase in the use of seaweed extract (Sumardianto et al., 2021).

In order to cope with the world-wide environmental stresses and to find solutions against their adverse effects, we investigated the beneficial soil microorganisms and biological compounds in the form of bio-fertilizers together with supplementary irrigation (as another factor to reduce the effects of drought stress) on the growth and yield of two wheat cultivars. Although use of bio-fertilizers has been studied widely so far, here we focused on the protective mechanisms of wheat against drought stress. We especially analyzed the effect of phosphorus and nitrogen solubilizing bacteria, mycorrhiza, and seaweed extract on wheat physiological reactions and the protective mechanisms that two wheat cultivars represent under water shortage conditions.



Materials and methods


Experimental design

This research was carried out in the cropping years 2017-2018 and 2018-2019 in the research farm of the Faculty of Agriculture at the University of Kurdistan, located in Dehgolan plain (1,866 m above sea level with a longitude of 47°18′ 55′′ E and 35°19′ 10′′ N). This experiment was performed as a split-split plot in a randomized complete block design with four replications. Different levels of irrigation, including no irrigation (dryland), one irrigation (in the booting stage), and two irrigations (irrigation in flag leaf pod and spike stages), were considered as main plots. Wheat cultivars, including the Sirvan (an irrigated cultivar) and Sardari (a dryland cultivar drought tolerant cultivar), were assigned to sub-plots. Eight combinations of bio-fertilizer, including Mycorrhiza, Nitrozist and Phosphpzist, Seaweed extract, Mycorrhiza + Nitrozist and Phosphozist, Seaweed extract + Nitrozist, and Phosphozist, Mycorrhiza + Seaweed extract, Mycorrhiza + Nitrozist and Phosphozist, and no bio-fertilizers (control) were applied to sub-sub-plots. In this study, the area of sub-plots was 1.20 × 6. Each sub-sub-plot consisted of 8 planting rows with a length of 6 m and row spacing of 20 cm. The distance between the replicates and the main plots was 2 m2. The distance between sub-plots was not planted with three lines, and the distance between sub-sub plots was considered 20 cm (two planting lines).



Physical and chemical properties of soil

Before conducting the farm experiments, field soil was sampled in both years to evaluate the physical and chemical parameters of the soil (Table 1). Table 2 also includes meteorological data for the test sites.


TABLE 1 Physicochemical properties of soil before planting in 2 years of experiment.
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TABLE 2 Monthly precipitation, average maximum and minimum relative humidity (Max RHavg and Min RHavg), average maximum temperature (Max Tavg), average minimum temperature (Min Tavg) for the growing season in 2017–2018 and 2018–2019.
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Fertilizers application

Seeds were inoculated with bio-fertilizers and sown in the farm in early November (both years) at 450 seeds per m2 at a depth of 3 cm. Wheat seeds were received from the Sararud Dryland Agricultural Research Center of Kermanshah Province. Nitrozist liquid bio-fertilizers include a Enterobacter cloacae strain and Phosphozist, is composed of a Serratia marcescens strain (Nozhan 1 and 2). According to the manufacturer's recommendation, 1 L of each biological fertilizer along with 7.5 L of water are required for every 60 kg of seeds. One thousand seeds of cultivars were calculated (42 g for Sardari and 38 g for Sirvan). The amount of seed required for four repetitions was 13.056 and 12 kg for Sardari and Siravan varieties, respectively. Therefore, seeds of Sardari variety, were mixed with 0.2176 ml of Nitrozist (or Phosphozist) and 1.632 L of water. For the Sirvan variety, 0.2 ml of Nitrozist (or Phosphozist bio-fertilizer) and 1.500 L of water was used. Seeds were Inoculated for 8 h and then dried under shade for 2 h and sown immediately. The Knowledge-based Gostar Nozhan 1 and 2 Companies (under the supervision of the Bojnourd University Science and Technology Park) has prepared Nitrozist and Phosphozist fertilizers. Mycorrhiza fungi consisted of spores (150 spores per gram of yeast), hyphae, and root parts, prepared by Knowledge-based Turan Shahroud Biotechnology Company (Under the supervision of Semnan Science and Technology Park). According to the company's recommendation, the amount used was 40 g m−2 of soil, which was used as a strip next to the seeds and as soil inoculation at planting time. Algae extract was sprayed in three growth stages during booting, spiking, and pollination using a hand sprayer. Seaweed extract (Ascophyllum nodosum) (Agri Techno Company, Spain), combined with 7% organic matter, 2.5% potassium, and 16% algae extract, was applied at sunset until wetting all the leaves. Three L of algae extract bio-fertilizer was applied per hectare according to the manufacturer's instructions. Before sowing, 20 kg ha−1 triple super-phosphate and 50 kg ha−1 urea fertilizers were used for chemical soil preparation. Due to the rapid growth of weeds inside and around the plots, manual weed control during the growing season was necessary. Harvest took place in mid-July.



Application of supplementary irrigations

We applied tape drip irrigation for this study. To calculate the irrigation water depth, random soil samples were taken from 0–30 cm of soil profile and quickly transferred to the laboratory in closed containers to maintain the initial moisture and weight. The samples were dried in an oven at 105°C for 24 h. The dry weight of the samples was determined, and the percentage of soil moisture content was obtained from equation 1. By dividing the result of initial soil weight minus soil dry weight on the initial soil weight and then using equation 2, the volume of irrigation water was estimated (Alizadeh and Kamali, 2008).
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In the above equation, V is the volume of incoming water per plot (cm3), Fc is equal to the weight percentage of soil moisture at the field capacity, M is equal to the weight percentage of moisture at the time before irrigation, ρa is equivalent to the bulk density (g cm−3), A is equivalent to a plot area (m2), Ds is equivalent to root development depth (cm), and Ea is equivalent to irrigation efficiency estimated in this study 80–91% (Akhavan, 2015). The volume of irrigation water as the main component required in each stage of irrigation treatments was estimated through equations 1 and 2. In order to accurately control the volume of water entering each plot, a volume meter was used.



Physiological traits

Evaluated traits include RWC, SOD, and POD activity, MDA, total Phe, Fla, Anth, TFAA, SPC content, DPPH, and grain yield. In each plot to measure the above traits, leaf samples were randomly selected from the mature and green flag leaves of five wheat plants 2 weeks after pollination. Except for grain yield, this coincided with the beginning of grain filling. The leaf samples were wrapped in aluminum foil, immediately placed in liquid nitrogen, transferred to the laboratory, and stored in a freezer at −40°C until testing, except for the RWC and grain yield.



Relative water content

Five fresh leaves to determine the RWC of the leaf 2 weeks after pollination, coinciding with the beginning of grain filling, were separated from the flag leaf of each plot, and four to five pieces with an area of 2 cm2 were measured immediately. Fresh leaves were distilled in water for 4 h and then weighed to record their saturated weight. Then, the samples were dried for 24 h in an oven at 72°C, and the dry leaf weight was recorded. The RWC of the leaf was obtained according to equation 3 (Barrs and Weatherley, 1962).

[image: image]

In this equation, FW is the initial fresh weight, and SW and DW are saturated and dry leaf weights in full amass.



Measurement of malondialdehyde

In total 0.3 g of leaf tissue was ground in a porcelain pestle and mortar containing 5 ml of 0.1% trichloroacetic acid (TCA). The resulting extract was centrifuged at 10,000 rpm for 5 min in a refrigerated centrifuge at 4°C. In the following, 0.3 mL of the centrifugal solution was mixed with 1.2 ml of malondialdehyde solution containing 20% trichloroacetic acid (TCA) and 0.5% thiobarbituric acid (TBA). The resulting mixture was heated for 30 min at 95°C in a water bath. It was immediately cooled on ice and centrifuged for 10 min at 10,000 rpm at 25°C. The absorbance of this solution was measured using a UV-2100 spectrophotometer (SUV NEW JERSEYS 2100) at 532 nm. The absorption of other non-specific pigments was determined at 600 nm, subtracted from the resulting value, and calculated using a quenching coefficient of 155 mM cm−1 (Cakmak and Horst, 1991).
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Where A532 is absorbance at 532 nm, A600 is absorbance at 600 nm, V represents sample volume (5 cc) and € and W are Extinction coefficient (155 mM cm−1) and Fresh weight of leaf (0.3 g), respectively.



Enzyme extraction and activity measurements

In order to extract and measure the enzyme activity, frozen wheat leaves were ground and powdered using liquid nitrogen in a porcelain mortar. In total 0.5 g of the ground powder was transferred to 2 ml micro-tubes, and 1 ml of 50 mM potassium phosphate buffer (pH 7) was added. The tube was first vortexed and then centrifuged for 15 min at 14,000 rpm at 4°C. Then the supernatant was removed, and 1,000 μl of the supernatant was mixed with 350 μl of 50% glycerol. The mixture was transferred to 10 to 12 500 μl micro-tubes in 100 μl volumes. Then, the micro-tubes were stored in liquid nitrogen (Beauchamp and Fridovich, 1971).



Superoxide dismutase

In order to measure the activity of the SOD enzyme, the soluble proteins of the samples were extracted, and the protein concentration was determined by Bradford (1976) method. Subsequently, the activity of the SOD enzyme was measured according to Dhindsa and Matowe (1981). The method relies on inhibiting the SOD enzyme from nitroblutrazole (NBT) optical reduction as its basis for enzyme measurement. Briefly, the reaction solution, including 3 ml of 50 mM phosphate buffer pH 7.8, 13 mM mentionin, 75 μL NBT, 2 μM riboflavin, 0.1 ml EDTA, and 50 μL from the extracted protein extract, was mixed and poured into a micro-tube. Finally, riboflavin was added, and the microtubes were shaken for 10 min at a distance of 30 cm from a 15-watt fluorescent lamp. A sample without an enzyme was considered as a control. Absorption at 560 nm was measured with a NEW JERSEYS 2100 SUV spectrophotometer (UV-2100), and then, the activity of SOD was calculated using equation 5 in U mg−1 protein.
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Amax = adsorption in the control sample.



Peroxidase

To measure the peroxidase activity, 780 μl of 50 mM potassium phosphate buffer (pH 7) and 90 μl of Guaiacol (1%, 90 μl of 0.3% hydrogen peroxide) were mixed in a 1 ml cuvette on ice, and 40 μl of extracted protein was added to it. The absorption change curve was generated at 470 nm with a UV-2100 spectrophotometer (model SUV NEW JERSEYS 2100). Peroxidase activity was reported based on equation 6 in U min−1 mg−1 protein (Hemeda and Klein, 1990).
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4 = Molecular coefficient of reaction components.

Vt = Volume of the reaction mixture.

Df = Diluting factor (sterile distilled water).

Vs = Volume of enzyme extract.

ε = Extinction coefficient (26.6 mM−1 cm−1).

T = Time (120 sec).

l = The length of the path of light passing through the reaction mixture.



Total phenol content

The amount of total phenolic compounds was determined with the Folin-Ciocalteu reagent. One g of the leaf was ground in 10 ml of methanol for 2 min, and the solution was filtered through filter paper. To 0.5 ml of diluted extract (10 ml g−1 1:10) 5 ml of diluted fullene (1:10 diluted with distilled water), and then 4 ml of aqueous Na2CO3 (M1) was added, and the samples remained for 15 min at room temperature, and its adsorption was read at 760 nm using a NEW JERSEYS 2100 SUV spectrophotometer (UV-2100 model). The standard curve was prepared with different concentrations of gallic acid (150–1,000 μg ml−1 and 200–1,000 μg ml−1) in ethanol solution. Total Phe values equivalent to gallic acid (mg g−1 FW) were reported (Singleton et al., 1999).



Flavonoids content

In order to measure the amount of flavonoids, 0.5 g of the frozen flag leaf sample was ground with liquid nitrogen. Then, 10 ml of acidic methanol was added, and the solution was centrifuged for 15 min at 12,000 rpm. Then one ml of the solution was diluted with 4 ml of distilled water, and 0.3 ml of NaNO2 solution was used. The solution was kept at room temperature for 5 min, and 0.6 ml of AlCl3 was dissolved. After 6 min of remaining at room temperature, 2 ml of normal sodium was added. Finally, it was reduced to 10 ml, and a spectrophotometer read the absorbance of the solution at 510 nm (Zhishen et al., 1999).



Amount of total anthocyanin

In order to measure anthocyanin, acidic methanol was used for extraction. The resulting solution was centrifuged for 15 min at 4°C and 17000 rpm. The amount of total anthocyanin was measured using the adsorption difference method at different pH, and sample adsorption (A) was measured at 520 and 700 nm in buffers with pH equal to 1 and 4.5. It was necessary to prepare buffer one (pH 1) using a base solution containing 0.2 M potassium chloride (a gram of potassium chloride in one liter of distilled water, pH was adjusted to one by concentrated HCl). Buffer two (pH 4.5) with a base solution containing 0.2 M acetic acid (which required a gram of sodium acetate in 1 L of distilled water, pH with concentrated HCl was set to 4.5) was prepared. The dilution was determined by factor dilution or DF (1: 5 by volume). The amount of total anthocyanin was calculated according to the following formula (Giusti and Wrolstad, 2000). Anthocyanin content was expressed as mg g−1 FW and equivalent to cyaniding-3 glucoside.
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Where:

A: The absorbance value of the sample.

ϵ: Absorbance of molar Cyanidin-3 glycoside (26,900 mol/cm).

L: Wide cuvette (1 cm).

MW: Molecular weight of Cyanidin-3-glycosides (449.2 g/mol).

DF: Diluent factor.



Total free amino acid

In total 0.1 g of frozen flag leaf sample was pulverized with liquid nitrogen to measure the content of total free amino acids. Then 10 cc of potassium phosphate buffer (pH = 6.8 0.5 M) was added, and the samples were centrifuged (refrigerated) at 4°C at 13,000 rpm for 20 min. After that, two cc of the centrifuged extract was removed and poured into glass tubes, and 400 μl of ninhydrin reagent was added to it and placed in a Ben Marie at 90°C for 5 min. After cooling the samples (for 30 min), light absorption was determined at a wavelength of 570 nm. By drawing a standard curve using Glycine, the number of free amino acids based on micrograms per wet weight was reported (Harding and MacLean, 1916).



Inhibition of oxygen free radicals

As a test for antioxidant activity, diluted methanol extract from 5 times was placed into a test tube and the DPPH (2, 2-Diphenyl-Picryl-Hydrazyl) was monitored. Then, 2,000 μl of the pre-prepared DPPH solution was added to the desired extract. The resulting solution was shaken and kept at room temperature for 30 min. The adsorption was read at 515 nm in the spectrophotometer in the following. The control sample (blank) was prepared according to the above method, in which 50 μl of 80% methanol was used instead of the extract (Huang et al., 2005). Finally, the numbers read from the sample adsorption were converted to 5% by formula ratio inhibition in (relation 9), where Abs control is the amount of control adsorption, and Abs sample is the amount of sample adsorption. The percentage of free radical scavenging (DPPH) was calculated using the following formula.
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Measurement of leaf soluble protein content

In total 0.5 g of fresh leaves were ground in a porcelain mortar with liquid nitrogen and pulverized to measure soluble proteins content. Afterwards, 1.5 ml of potassium phosphate buffer (PH = 7) with sodium meta sulfide (0.01901 g per 100 - 0.01901 g−1 of the buffer) was added, and the leaf crushing was continued until homogenization. The resulting mixture was poured into 2 ml micro-tubes and centrifuged for 15 min at 15,000 rpm in a refrigerated centrifuge at 4°C. After centrifugation, the supernatant containing the soluble proteins of the sample was gently removed with a sampler, and 500 μl of the extract was mixed with 175 μl of 50% glycerol. This solution was divided into seven micro-tubes of 200 μl. The micro-tubes containing the extract were immediately transferred to a freezer at −40°C and kept until the protein content and enzymatic activity were determined. This method is based on binding Co-maxi Briant Blue G 250 dye in an acidic reagent to a protein molecule.

In total 0.01 g of Co-maxi Bryant Blue G 250 in 5 ml of 96% ethanol was well-dissolved in the dark with the help of a magnetic stirrer. Then 10 ml of 85% phosphoric acid was added drop by drop to the above mixture. After stirring, the final volume of the solution was distilled to 100 ml. Then, 40 μl of the extract was mixed with 960 μl of Bradford solution to measure the protein concentration. After 5 min, the absorption of soluble light at 595 nm was read with the UV-2100 spectrophotometer model SUV NEW JERSEYS 2100. Bovine Serum Albumin (BSA) was used to draw the standard curve. According to the standard curve and the amount of light absorption at the wavelength of 595 nm, the sample protein was determined in mg g−1 FW (Bradford, 1976).



Grain yield

To measure grain yield, one square meter (m2) plant in the middle of each plot, which represented the conditions of the whole plot, was harvested at full maturity (July to mid-July). In the harvested samples, after threshing the spikes, the grain was separated from the straw, the grain yield was weighed, and the grain yield was calculated in kg ha−1 (Bukhari et al., 2021).



Statistical analysis

Analysis of variance was performed by SAS statistical software version 9.4, and means were compared by the LSD method. Normality and variance uniformity of residuals were tested using Minitab (version 17) software. After performing the variance uniformity test of experimental errors with the Bartlett test, the Bartlett test showed that for all traits except soluble protein and total Phe, the variance was not uniform between 2 years; hence the data were analyzed separately by year. Graph Pad Prism software version 9 was used to draw graphs.




Results


Environmental conditions

At the Dehgolan research station, the average maximum and minimum air temperature before the onset of winter in the 1st year was higher than in the 2nd year (Table 2). This subject is about damage to young plants at pre-winter sowing dates due to exposure to unexpected cold and the sensitivity of young seedlings to low temperatures without cover. Therefore, more cold in the 2nd year of the experiment will weaken the plants and eliminate them. As a result of meteorological data, the average relative humidity and rainfall were higher during sensitive growth stages of wheat in the 1st year (pollination, milking, grain filling, i.e., 11 May to 10 June) than those of the 2nd year. Therefore, the 1st year of autumn and winter was warmer, spring and summer were relatively cooler, and the wheat plant was in better condition in the 1st year (Table 2).



Relative leaf water content

The analysis of variance of the leaf RWC data from the 1st and the 2nd year of the experiment showed that the simple effects of irrigation, cultivar, bio-fertilizer, and the double interaction of irrigation × bio-fertilizer are significant (Supplementary Tables 1, 2).

RWC for Sirvan was estimated as 78.17 and 73.06% for the 1st year and the 2nd year, respectively, which were lower than those of Sardari cultivar (with an average of 80.23 and 75.64%, respectively) (Figures 1A,B). Mean comparisons showed that water shortage in both years reduced the leaves RWC while increased irrigation times improved the plant water content. Also, bio-fertilizers significantly increased the RWC in all irrigation treatments. In both years, the lowest RWCs (with an average of 63.93 and 57.73%) were obtained under non-application of fertilizers treatment and dryland conditions. The highest RWC in the 1st and 2nd years (91.9 and 88.6%, respectively) was observed for the bio-fertilizers treatment (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) under two irrigation conditions. In other words, the combined application of bio-fertilizers with two supplementary irrigations compared to dryland conditions without bio-fertilizer in the 1st and 2nd years increased the RWC by about 44 and 53%, respectively (Tables 3, 4).
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FIGURE 1
 Mean comparisons main effects of cultivars (A,B) on relative water content in wheat plant in the years 2017–2018 and 2018–2019. **0.001 < p ≤ 0.01.



TABLE 3 Mean comparisons of the dual interactions of irrigation levels and bio fertilizers on RWC, SOD, Anth, and TFAA traits in 2017–2018.
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TABLE 4 Mean comparisons of the dual interactions of irrigation levels and bio fertilizers on RWC, Anth, TFAA, and DPPH traits in 2018–2019.
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Malondialdehyde

The fundamental impacts of irrigation levels, cultivars, and bio-fertilizers on MDA levels in the 1st and 2nd years of the experiment are shown in Supplementary Tables 1, 2. Supplementary irrigation decreased MDA content in wheat, with an average of 1.71616 and 1.8974 μmol g−1 FW in the 1st and 2nd years of the experiment, respectively, compared to no irrigation with an average of 3.3909 and 3.3865 μmol g−1 FW in the 1st and 2nd years of the trial (Figures 2A,B). The results of comparing the mean of the data revealed that the quantity of MDA in the 1st and 2nd years of the experiment in the Sirvan cultivar was 2.7554 and 2.7987 μmol g−1 FW, respectively, in comparison to the Sardari cultivar, which was 2.2873 and 2.4159 μmol g−1 FW, respectively (Figures 2C,D). The results (Figures 2E,F) also revealed that in the 1st and 2nd years, the non-fertilizer treatment produced the most MDA in wheat (an average of 2.6641 and 2.6577 μmol g−1 FW, respectively), while the applications of Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract produced the least (an average of 2.3891 and 2.5601 μmol g−1 FW, respectively).
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FIGURE 2
 Mean comparisons of main effects of irrigation levels (A,B) on malondialdehyde, mean comparisons of main effects of cultivars (C,D) and bio-fertilizers (E,F) on malondialdehyde in wheat plant in the years 2017–2018 and 2018–2019. At p > 0.05, ns, not significant; and **0.001 < p ≤ 0.01.




Superoxide dismutase

Based on the analysis of variance (Supplementary Tables 1, 2), irrigation, cultivar, and bio-fertilizer significantly impacted wheat SOD activity in the 1st and 2nd years. In the 1st year of the experiment, the dual interaction of irrigation levels × bio-fertilizers affected the activity of the above-mentioned enzyme at a probability level of 1% (Supplementary Table 1). In the 1st year of the experiment (Table 3), it was found that SOD activity was high in dryland conditions and that supplementary irrigation, especially two irrigations, significantly reduced enzyme activity. At all irrigation levels, the application of bio-fertilizers, especially the combination of bio-fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract), improved the enzyme activity compared to untreated plants (Table 3). In the 1st and 2nd years of the experiment (Figures 3B,C), the lowest SOD activity with an average (of 6.2892 and 7.6846, respectively) was observed in the Sirvan cultivar. In contrast, the highest enzyme activity was observed in the Sardari cultivar with an average (of 7.7106 and 9.9471, respectively), indicating a difference of 22.60 and 29.44%, respectively. A comparison of means in the 2nd year of the experiment showed (Figure 3A) that the highest amount of SOD was related to the control treatment of 11.9215 U mg−1 protein, and the lowest was related to two irrigations of 5.6976 U mg−1 protein. In wheat, a significant difference was found between bio-fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) (with an average of 8.9633 U mg−1 protein) and the control (with an average of 8.6354 U mg−1 protein) indicating 3.8% more SOD activity in the plant as compared to the control (without any bio-fertilizers) (Figure 3D).
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FIGURE 3
 Mean comparisons of main effects of irrigation levels (A) on malondialdehyde (2018–2019), main effects of cultivars (B,C) in the years 2017–2018 and 2018–2019, and bio-fertilizers (D) in the year 2018–2019 on superoxide dismutase activity in the wheat plant. At p > 0.05, ns, not significant; and **0.001 < p ≤ 0.01.




Enzyme peroxidase

Based on the results of this study, in the 1st and 2nd years of the experiment, the effects of simple irrigation, cultivars, and bio-fertilizers on POD activity were notable (Supplementary Tables 1, 2). In the first-year experiment, the triple interaction of bio-fertilizer × irrigation levels × cultivar was significant at a 5% probability level (Supplementary Table 1). In the second-year experiment, the dual interactions of irrigation × cultivar and bio-fertilizer × irrigation were significant at the 1% probability level (Supplementary Table 2). Based on the results of the first-year experiment, the highest POD activity was observed in dryland conditions using Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract in the Sardari cultivar (0.4625 U min−1 mg−1 protein) and the lowest (0.0646 U min−1 mg−1 protein) in two supplementary irrigation conditions in the Sirvan cultivar (Table 6). In the 2nd year of the experiment, the highest POD activity was obtained in Sardari and Sirvan cultivars in dryland conditions (0.4973 and 0.4853 U min−1 mg−1 protein, respectively), and the least amount was found under two irrigation conditions in Sirvan cultivars and Sardari (0.1116 and 0.1192 U min−1 mg−1 protein, respectively) were obtained (Table 5). The 2nd year of experimenting with different fertilizer treatments in two cultivars significantly increased POD activity. In both Sardari and Sirvan cultivars, the maximum activity of this enzyme was obtained in the simultaneous use of bio-fertilizers Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract (0.3074 and 0.2712), and the lowest activity was obtained in the absence of fertilizer (0.2801 and 0.2681) (Table 10).


TABLE 5 Mean comparison of the dual interaction of irrigation levels and cultivar on Fla and Anth content, DPPH, and POD activity traits in 2 years of experiment (2017–2018 and 2018–2019).
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Total phenol

Based on the results of a combined analysis of variance of the data, the interactions of irrigation levels × cultivar, irrigation levels × bio-fertilizer, and cultivar × bio-fertilizer on Phe content were significant (Supplementary Table 3). A comparison of means (Table 7) showed that the lowest amount of Phe (with an average of 69.8130 mg GAE g−1 FW) belonged to the Sirvan cultivar treated with twice irrigation and the highest (with an average of 25,725.6450 mg GAE g−1 FW) belonged to the Sardari cultivar under dryland conditions. The interaction of cultivars and bio-fertilizers on Phe content found that in both Sardari and Sirvan cultivars, the application of bio-fertilizers increased the amount of Phe than in the control treatment. The Sardari cultivar had the highest level (with an average of 173.4300 mg glycol acid in wet weight) under combined application of bio-fertilizers. Sirvan cultivar without application of bio-fertilizers had the lowest Phe content (average of 128.56) (Table 9). Interaction of irrigation levels × bio-fertilizer showed that the application of bio-fertilizers at all irrigation levels increased the content of Phe compounds in the plant. The lowest amount of Phe in the treatment of twice irrigation and non-application of bio-fertilizers with an average of 75.8370 mg GAE g−1 FW and the highest amount of Phe in dryland conditions and the application of bio-fertilizers Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract with an average of 232.8850 mg GAE g−1 FW was obtained (Table 8).



Flavonoids

Analysis of variance in both years of the study showed (Supplementary Tables 1, 2) that the simple effects of irrigation levels, cultivar, and bio-fertilizer treatment on wheat Fla content were significant at a probability level of 1% (p ≤ 0.01). In the 1st year of the study (Supplementary Table 1), the interaction between irrigation and cultivar significantly affected Fla content at a probability level of 5% (p ≤ 0.05). Table 5 shows that in the 1st year of the experiment, the lowest amount of flavonoids in Sardari and Sirvan cultivars, with an average of 11.8486 and 9.0837 mg g−1 FW, was observed under the two irrigation conditions. In contrast, the highest amount of Fla, averaging 30.5156 and 25.6479 mg g−1 FW, belonged to non-irrigation treatment. Comparison of means (Figures 4C,D) revealed that Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract in both years (with an average of 19.6292 and 21.1625 mg g−1 FW, respectively) increased the amount of Fla compared to the non-fertilizer treatment (with an average of 18.7931 and 20.394 mg g−1 FW, respectively), which had the lowest amount of Fla. The results of the 2nd year of the experiment showed that the highest amount of Fla (30.2959 mg g−1 FW) was obtained in dryland treatment, and the lowest amount of Fla was obtained in two irrigation conditions (11.3830 mg g−1 FW) (Figure 4A). In the 2nd year of the study, the Sardari cultivar had more Fla (22.12125 mg g−1 FW) than the Sirvan cultivar (18.6935 mg g−1 FW) (Figure 4B).
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FIGURE 4
 Mean comparisons of main effects of irrigation levels (A) and cultivars (B) in the year 2018–2019 and bio-fertilizers (C,D) on flavonoid content in wheat plants in the years 2017–2018 and 2018–2019. At p > 0.05, ns, not significant; and **0.001 < p ≤ 0.01.




Anthocyanin's

The simple effects of irrigation levels, cultivars, and bio-fertilizers and the dual effects of irrigation levels × bio-fertilizers, and bio-fertilizer × cultivars were significant at a probability level of 1%, according to the results of the analysis of variance of the 1st- and 2nd-year data (Supplementary Tables 1, 2). The triple interaction of irrigation levels × bio-fertilizers × cultivars was significant at a probability level of 1% in the 1st year of the experiment (Supplementary Table 1). The results of the 2 years experiment revealed that reducing the number of irrigations increased the Anth content in both wheat cultivars, with the highest Anth content obtained in dryland conditions (Tables 5, 6). On the other hand, bio-fertilizers dramatically increased wheat Anth content at all irrigation levels (Tables 3, 4). Bio-fertilizer treatment enhanced Anth content in both cultivars in both years (Tables 6, 10). The results showed that the highest amount of Anth was obtained in the Sardari cultivar and the application of bio-fertilizers of Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract in both years of the experiment. This quantity climbed by 104% in the 1st year compared to the control and 138% in the 2nd year (Tables 6, 10).


TABLE 6 Mean comparison of the interaction of Irrigation levels × Cultivars × Bio-fertilizers on POD activity and Anth content of wheat in 2017–2018.
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Leaves free amino acids

According to the analysis of variance done in the 1st and 2nd years of the study (Supplementary Tables 1, 2) irrigation, and bio-fertilizers, as well as their interactions, exhibited statistical significance at a probability level of 1%. Based on the analysis of variance in the 1st year of the experiment, the simple effect of the cultivar on the concentration of free amino acids was shown to be significant at the 1% probability level (Supplementary Tables 1, 2). According to the mean comparison data, reducing the number of irrigations increased the content of TFAA in wheat. In both years, the highest amount of this trait was obtained in dryland conditions (Tables 3, 4). Using bio-fertilizers at all irrigation levels raised the TFAA content of the plant. The highest content of TFAA content was obtained in plants treated with the application of bio-fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) applied under dryland conditions, and supplementary irrigation reduced the values of the trait (Tables 3, 4). A means comparison in the 1st year of the experiment (Figure 5A) revealed that the Sardari cultivar (95.7236 mg g−1 FW) generated greater free amino acid content than the Sirvan cultivar (81.7172 mg g−1 FW).
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FIGURE 5
 Mean comparisons of main effects of irrigation levels (A) on 2-2-Diphenyl picryl hydrazyl (DPPH), mean comparisons of main effects of cultivars (B,C) on total free amino acids and 2-2-Diphenyl picryl hydrazyl (DPPH) and Mean comparisons of main effects of bio-fertilizers (D) on 2-2-Diphenyl picryl hydrazyl (DPPH) in wheat plant in years 2017–2018. **0.001 < p ≤ 0.01.




2-2-Diphenyl picryl hydrazyl

According to the analysis of variance of the experiment's 1st- and 2nd-year data, the separate effects of irrigation levels, cultivars, and bio-fertilizers on DPPH were significant at the level of 1% probability (Supplementary Tables 1, 2). Based on the variance analysis of the 2nd year's data, the interaction of irrigation levels × cultivar and the interaction of irrigation levels × bio-fertilizers on DPPH was significant at a 1% probability level (Supplementary Tables 1, 2). The application of bio-fertilizers in the 1st year of the experiment showed the highest amount of DPPH in the treatment of the combined application of Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract with an average of 57.9221%. This year, the effect of applying these combined fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) increased DPPH by 14.94% in comparison to the control (with an average of 50.3946%) (Figure 5D). In the 1st year of the study, the amount of DPPH decreased with the number of irrigation. Therefore, two irrigation methods, compared to dryland conditions, showed a decrease of 57.88%. Drought stress increased DPPH in comparison to plants under double irrigation conditions (Figure 5B). Comparing the DPPH of the Sardari cultivar (58.7098%) with that of the Sirvan cultivar (50.1764%) in the 1st year of the experiment, we found that the Sardari cultivar had 17% more DPPH (Figure 5C). This superiority was also observed in the 2nd year (Table 5). In the 2nd year of the experiment, increasing irrigation frequency in both Sardari and Sirvan cultivars decreased DPPH (Table 5). In the 2nd year, the highest amount of DPPH (80.9933%) was obtained under dryland conditions and in the application of integrated bio-fertilizer treatment, and the lowest amount (43.7569%) was obtained under the conditions of double irrigation and non-use of bio-fertilizers (Table 4).



Soluble proteins content

The results of a combined analysis of variance showed that the effects of simple irrigation and bio-fertilizer and the interaction effects of irrigation × cultivar and irrigation × bio-fertilizer on the SPC of leaves were significant (Supplementary Table 3). The results of comparing the mean of the data (Table 7) show that the highest amount of protein in both Sirvan and Sardari cultivars was related to two irrigations (11.21 and 9.89 mg g−1 FW, respectively) and the lowest amount in non-irrigation conditions (dryland) (5.69 and 6.47 mg g−1 FW, respectively) were obtained. As seen in Table 8, the application of bio-fertilizers, especially in the combined case, increased the content of soluble leaf proteins compared to the control treatment (no fertilizer use). When bio-fertilizer (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) was used in two supplementary irrigation conditions, the SPC was up by 44.30 and 79.8% compared to one supplementary irrigation and no irrigation when bio-fertilizers were not used. Also, bio-fertilizers (Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract) and supplemental irrigation increased the SPC by 29.55% compared to the treatment without irrigation (dryland and no bio-fertilizers) (Table 8).


TABLE 7 Mean comparisons of the dual interaction of cultivar and irrigation levels on phenol and soluble proteins content traits 2 years of experiment (2017–2018 and 2018–2019).
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TABLE 8 Mean comparisons of the dual interactions of irrigation levels and bio-fertilizers on phenol and soluble proteins content traits in 2 years of experiment (2017–2018 and 2018–2019).
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Grain yield

The two irrigation treatments had the highest grain yield in the 1st and 2nd year of the experiment, with an average of 6,250.38 and 5,927.19 kg ha−1, respectively. The dryland treatments had the lowest grain yield, with an average of 3,481.88 and 3,317.03 kg ha−1, respectively (Figures 6A,B). As seen in the experiment's 1st and 2nd years, grain yield was significantly different between Sardari and Sirvan cultivars. In both years of research, the Sirvan cultivar was found to have the most grain (Figures 6C,D). Based on the results presented in Figures 6A,B, grain yield was significantly affected by applying bio-fertilizers. All biofertilizers had different effects on grain yield in the 1st and 2nd years. Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract increased grain yield by 8.456 and 6.9106%, respectively, compared to the control (Figures 6E,F).
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FIGURE 6
 Mean comparisons main effects of irrigation levels (A,B), cultivars (C,D) and bio-fertilizers (E,F) on grain yield in wheat plant in years 2017–2018 and 2018–2019. At p > 0.05, ns, not significant; and **0.001 < p ≤ 0.01.





Discussion

One of the most severe abiotic stresses is drought stress, a severe obstacle to increasing agricultural production and has become more problematic today due to climate change (Naderi et al., 2020). Drought stress covers a wide range of plant responses, from cellular metabolism to changes in growth rate and crop yield (Anjum et al., 2017). These changes in the plant were associated with a decrease in its water content because the RWC reflects the water status of the plant and is one of the indicators of drought resistance (Khan and Bano, 2019; Rashid et al., 2021). In the present experiment, water shortage in both years reduced the leaves' RWC, while frequent irrigation improved plant water content (Figures 1A,B). In confirmation of our results, a study on wheat showed that drought stress reduced RWC, while under sufficient water supply conditions, a significant increase in RWC was observed (Wasaya et al., 2021).

In the present study, in addition to supplementary irrigation, using bio-fertilizers, especially the combination of Mycorrhiza + Nitrozist and Phosphozist + Seaweed extract, also enhanced RWC (Tables 3, 4). It could be due to the positive effects of these fertilizers on root volume and the ability of roots to absorb more water. Consistent with our results in other studies on the wheat plant, the application of PGPR bio-fertilizers has increased RWC under drought-stress conditions (Khan and Bano, 2019; Rashid et al., 2021). The existence of osmotic regulation mechanisms in wheat plants under drought stress, such as increasing the content of Anth (Tables 5, 6) and TFAA (Tables 3, 4), induces maintaining and higher keeping RWC in the plant. Increased content of soluble sugars, total free amino acids, and proline as osmotic protectors under drought stress conditions has been reported in other studies (Rady et al., 2020). Using bio-fertilizers has positive effects, such as enhancing the hydraulic conductivity of roots and plant organs, which, together with maintaining the pressure of cellular inflammation (turgor) as a result of the accumulation of compatible osmolytes, maintains RWC and resistance to drought stress. PGPR bio-fertilizers with in-dole acetic acid (IAA) excretion strengthen and expand the roots to further absorb water (Yasmin et al., 2017; Ambreetha et al., 2018). Bio-fertilizers containing PGPR also protect the plant from drying out by producing EPS from bacterial cells and improving water-holding capacity (Rashid et al., 2021). In addition, the increase of RWC by bio-fertilizers containing PGPR can be attributed to increasing water and nutrient uptake from the soil, production of volatile organic compounds, EPS, changes in the content of plant hormones such as abscise acid (ABA), in-dole acetate (IAA), gibberellin acid (GA) and ethylene (Oleńska et al., 2020). Fiorilli et al. (2022) stated that the higher RWC in wheat plants inoculated with mycorrhiza might be due to factors such as the high ability of mycelium hyphae to increase soil water availability, and water uptake with low potential in the rhizosphere region, greater hydraulic conductivity, enhanced uptake of nutrients, osmotic adjustment, and the higher ability to adjust stomata.

Water scarcity stress and often abiotic stresses induce oxidative stress in plants by disrupting electron transfer and the function of optical photosystems, which in turn increases the amount of ROS such as superoxide, H2O2, and OH−. ROS reduces photosynthesis, plant growth, and yield by oxidizing lipids in biological membranes, damaging chloroplast structure and reducing photosynthetic pigment content in plants (Anjum et al., 2017). In the present study, the amount of H2O2 (data not shown) and MDA (Figures 2A,B) was increased in dryland and water shortage conditions. At the same time, the application of supplementary irrigation and bio-fertilizers decreased MDA in wheat (Figures 2A,B,E,F). Under stress conditions, ROS are produced, and ROS-induced oxidative damage to membrane lipids produces MDA, which is the product of membrane lipid peroxidation (Naliwajski and Skłodowska, 2021). Elkelish et al. (2021), in a study, stated that drought stress increased H2O2 in wheat. Increasing membrane lipid peroxidation decreased the membrane stability index, led to membrane electrolyte leakage, and enhansed the production of MDA. An increase in protective antioxidants limits the overproduction of toxic molecules (ROS) under stress conditions. Plants need to eliminate and detoxify ROS as part of their drought tolerance, and the production of enzymatic and non-enzymatic antioxidants plays a role in plants' defense against drought. Plants have a wide range of antioxidants, each specific to a specific ROS (Baruah et al., 2021). The first plant defense system against oxidative stress is SOD, which continuously detoxifies excess O−2 in various organs such as chloroplasts, apoplasts, cytosols, mitochondria, and peroxisomes and converts O−2 to H2O2 (García et al., 2020). Then other enzymes, such as CAT (peroxisomes and mitochondria) and peroxidase (cell walls), can then convert H2O2 to H2O and O2 (Liu et al., 2019; Xie et al., 2019). The second group of antioxidants is non-enzymatic such as ascorbic acid, carotenoids, phenolic compounds, Fla, and Anth (Chiappero et al., 2021). Wheat plants also increased their antioxidant activity in response to drought stress and to counteract it. In contrast, in more favorable conditions of water access and supplemental irrigation, the reduced production of ROS and their destructive effects did not require an increase in the production and activity of these enzymes (Tables 3, 5, 6, 8). Secondary metabolites such as Phe, Fla, and Anth, while acting as antioxidants in inhibiting ROS, can act as an osmotic solution in drought or water scarcity conditions and accumulate in young and growing leaves (Baruah et al., 2021). Osmolytes and secondary metabolites such as soluble carbohydrates, soluble proteins, and proline play key roles in osmotic regulation under stress conditions (Amjad et al., 2021; Noreen et al., 2021). In a study, (Naderi et al., 2020) reported that the wheat plant reduced its ROS by using defense systems such as antioxidants and phenolic compounds and then used mechanisms such as increasing lignin to strengthen cell walls, which can be effective in improving wheat drought tolerance.

The present study showed that bio-fertilizers reduced wheat's H2O2 (Najafi vafa et al., 2022) and MDA (Figures 2E,F) content. The amount of H2O2 indicates the balance between the production and decomposition of ROS. Bio-fertilizers increased the percentage of DPPH (Figure 5D and Table 4). A reduction in H2O2 and MDA content was also achieved by raising the amounts and activities of non-enzymatic antioxidants such as Phe (Tables 8, 9), Fla (Figures 4C,D) and enzymatic antioxidants such as POD (Table 3) and SOD (Tables 6, 10) due to the bio-fertilizer application. Increased DPPH under stress conditions has produced a positive property for eliminating O−2 radicals (Patil et al., 2021). As a confirmation of the results of the present study, another study on wheat has shown that PGPR application under drought stress conditions decreases membrane lipid peroxidation by reducing H2O2 and MDA, maintaining cellular redox balance and, therefore, preventing electrolyte leakage in treated plants (Ahmad et al., 2019; Omara et al., 2022). Benaffari et al. (2022) reported that the production of secondary metabolites in quinoa inoculated with mycorrhiza fungi under drought stress improves the plant's capacity to inhibit ROS. They believe that in inoculated plants, increasing the activity of SOD, APX, POX, and PPO enzymes in leaves and roots with less H2O2 and MDA content than in uninoculated plants protects the plant against drought stress. Bitaraf et al. (2020) and Zou et al. (2021) stated that wheat plants treated with Glomus mosseae mycorrhiza under water deficiency had a higher content of non-enzymatic antioxidant secondary metabolites such as Fla, Anth, and total Phe compounds than uninoculated wheat. Pan et al. (2019) observed that inoculating corn with Azospirillium significantly reduced the amount of MDA in the plant. This shows that Azospirillium reduces oxidative stress and subsequent MDA, which ensures the integrity of the membrane and prevents the leakage of critical ions. In confirmation of the results of our research, (Ansari et al., 2021) also stated that the biochemical parameter of MDA in wheat fertilized with bio-fertilizers containing PGPR was significantly lower compared to the control (non-inoculation). In a study by Trivedi et al. (2018), MDA content in maize plants under drought stress increased in comparison to plants under a supplementary irrigation regime. In this study, the use of algae extracts compared to the control plant caused a significant reduction in MDA content, O−2 concentration, hydroxyl radical, and H2O2 content, which is completely consistent with the results of the present study.


TABLE 9 Mean comparisons of the dual interactions of cultivar and bio-fertilizers on Phenol content in 2 years of experiment (2017–2018 and 2018–2019).
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TABLE 10 Mean comparisons of the dual interactions of bio-fertilizers and cultivar on anthocyanin content and peroxidase activity in 2018–2019.
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A study on the wheat plant (Spagnoletti et al., 2021) showed that under stress conditions, the amount of SOD activity in plants inoculated with AMF was higher than inoculated plants (control). Under stress conditions, inoculating wheat plants with AMF activated the expression of genes encoding the synthesis of antioxidant enzymes such as SOD, POD, and CAT (Zou et al., 2021). In other studies, inoculation of wheat plants with PGPRs under drought stress conditions increased the activity of antioxidant enzymes SOD, POD, APX, CAT, and GR compared to the control (non-inoculation with PGPRs) (Kumar and Dubey, 2020; Zhang et al., 2020; Rashid et al., 2021). Also, Hussein et al. (2021), during a study on maize, stated that foliar application of algae extract on maize increased antioxidant enzymes such as SOD, POD, and CAT and non-enzymatic enzymes such as Phe. Latique et al. (2017) and Latique et al. (2021) stated in a study that foliar application of seaweed extract on the wheat plant under stress conditions improved SOD activity. They attributed the increase to the presence of some biochemical compounds such as polyphenols, sugars, and proteins soluble in algae extract. These compounds stimulated and increased the necessary antioxidant enzymes and reduced cell damage caused by ROS.

Flavonoids are antioxidants that, by reducing ROS, reduce the adverse effects on DNA, lipids, and proteins and increase plant tolerance to stress conditions (Baruah et al., 2021). The increase of secondary metabolites such as Fla in plants inoculated with arbuscular mycorrhiza is due to increased activity of phenylalanine ammonia-lyase (PAL) (Mirjani et al., 2019) and the involvement of gene expression in the synthesis of Fla (Aseel et al., 2019). Under stress, ROSs are destroyed by Fla, which are antioxidants. Fla stimulates mycorrhiza fungi activity; Fla causes spore germination, mycorrhiza hyphae growth, and arbuscular formation in the host plant's roots (Mirjani et al., 2019). In another study, the total Phe content of maize inoculated with MAF increased under stress, indicating that these fungi destroy ROS by producing compounds such as Phe and protecting the cellular structures and function of the host plant (Begum et al., 2019). Foliar application of maize with bio-fertilizer of seaweed extracts under stress conditions also increased soluble sugars, free amino acids, phenolic compounds, and Fla, which reduced electrolyte membrane leakage and oxidative damage by reducing oxygen free radicals (Baltazar et al., 2021; Shukla and Prithiviraj, 2021).

Studies have shown that the response of plants to drought stress in terms of the SPC of wheat leaves is variable and can be rising, decreasing, or unchanged. As in the study of Drooger et al. (2019) on different wheat cultivars, the amount of SPC with increasing drought stress in different wheat cultivars first went up to a 50% stress level and then showed a decreasing trend. In other words, it can be stated that increasing the activity of antioxidant enzymes under water stress may prevent the breakdown of plant proteins under drought stress (Drooger et al., 2019). Amjad et al. (2021) also reported that inoculation of wheat plants with AMF under drought stress enhanced the SPC of a wheat leaf. The study of different crops has well-proven the positive effects of seed inoculation with bio-fertilizers containing bacteria on the increase of the SPC (Pan et al., 2019), which is completely consistent with the results of the present experiment (Tables 7, 8).

Cell membrane integrity, the content of pigments and intracellular compounds, plant hydrogen bonds, osmotic regulation, and photosynthetic activity are significantly affected by dehydration stress, which ultimately reduces plant growth and yield (Anjum et al., 2017). In the present experiment, wheat grain yield decreased due to drought stress and irrigation and application of bio-fertilizers, especially the combination of bio-fertilizers used in the experiment, improved grain yield (Figures 6A,B,E,F). As a result of inoculating wheat seeds with EPS-producing rhizobacterial strains, the amounts and activities of non-enzymatic antioxidants such as Phe (Tables 8, 9) and Fla (Figures 4C,D), and enzymatic antioxidants such as SOD (Table 10), POD (Tables 6, 10) and DPPH (Figure 5D and Table 4) increased significantly. Also, inoculation significantly reduced leaf H2O2 and MDA contents compared with non-inoculated conditions (Figures 2E,F). This study showed that EPS-producing PGPR changed the defense reactions of plants, which could indicate its protective function. These physiological mechanisms are possibly controlled by signaling events that occur during the interactions between plants and EPS-generating rhizobacteria.

Drought stress, while impairing plant metabolic activity by reducing access to water, also reduces nutrient uptake, ultimately affecting crop growth and yield. The present study showed that drought stress in different growth stages significantly changed wheat growth, yield, and quality traits due to reduced water absorption, lower mobility of food reserves, and changes in enzyme activity, reduction and delay in germination. In addition, it reduced wheat plant growth by decreasing cell division and cell length, decreasing photosynthesis rate, and increasing ROS accumulation (Batool et al., 2022; Javed et al., 2022). Drought stress causes a reduction in stem growth, leaf area, stomatal closure, reduced photosynthesis, reduced growth material production, and disturbance in carbon metabolism and carbohydrate source, which leads to partial stomatal closure with less carbon dioxide availability. Furthermore, drought causes the production of ROS, which leads to membrane damage. As a result, it causes a decrease in the development of vegetative and reproductive organs, which can ultimately lead to a decrease in wheat plant performance in water-limited (dryland) conditions (Hussein et al., 2022). However, there is a great variation among genotypes in terms of their response to drought stress. Therefore, determining the effects of drought stress on yield and quality traits helps to select superior genotypes (Javed et al., 2022). Gui et al. (2021) showed that wheat's total biomass and grain yield decrease significantly with the occurrence and increase of stress. Other studies have shown that inoculation of wheat with AMF increased its growth and yield, which was associated with the expansion of the root system to access minerals and water, which increased plant resistance to drought stress (Ye et al., 2019; Tarnabi et al., 2020). Also, other research found that drought stress decreased wheat yield, but using PGPR bio-fertilizers improved wheat yield in drought-stress conditions (Akhtar et al., 2021). These researchers attributed the improvement in grain yield to increasing the amount and activity of antioxidants, establishing a more appropriate relationship between plant and soil for water and nutrient absorption, maintaining membrane stability (decreased electrolyte leakage), and increasing chlorophyll content (Akhtar et al., 2021). Inoculation of wheat seeds with bio-fertilizers containing PGPR caused tolerance to drought stress in wheat plants. It is possible to develop tolerance to drought stress in wheat plants inoculated with bio-fertilizers containing PGPR due to various direct or indirect mechanisms, including facilitation of water and nutrient absorption, induction of plant antioxidant systems, growth regulators, phytohormones such as IAA, osmolytes, the activity of different enzymes removing ROS and increasing soluble carbohydrates, increased the growth and photosynthetic efficiency of inoculated wheat plants. These changes can be a defense response and a reason for increasing drought stress tolerance in wheat plants inoculated with bio-fertilizers containing PGPR (Rashid et al., 2021; Latif et al., 2022). These bio-fertilizers contain bacterial strains commonly found in the wheat plant rhizosphere, which interact with the roots of the wheat plant and affect their growth and productivity. Bio-fertilizers containing PGPR had positive effects on various characteristics of wheat plants, such as biological nitrogen fixation, dissolution of inorganic phosphate compounds, and mineralization of organic phosphate compounds. The secretion of various plant hormones and vitamins, the limitation of ethylene synthesis, and the secretion of antibiotics increased the absorption of water and nutrients, tolerance to drought, resistance to disease, and the growth of wheat plants (Sedri et al., 2022). PGPR makes nutrients available to the rhizosphere by producing and releasing organic acids to dissolve phosphorus and potassium, improves nutrient absorption, and with oxidation reactions, converts nutrients from inaccessible shape to accessible form (Hungria et al., 2021). Ahmad et al. (2020) and Mousavi et al. (2020) reported that fertilizers containing PGPR increased corn, millet, and beans yield, which corresponds to our findings. Different plant species and varieties have different reactions to environmental conditions. In the present experiment, Sardari had a higher RWC than Sirvan in water limit conditions (Tables 3, 4). Higher RWC indicates existing water in the plant leaf and more resistance to stress conditions (Khan and Bano, 2019; Rashid et al., 2021). In a study on 14 wheat genotypes, the Galaxy-2013 genotype had the highest RWC and tangible superiority over other cultivars in severe drought stress conditions. In our research, Sedaris's cultivar due to a series of defensive mechanisms such as the further activity of antioxidant enzymes of SOD (Figures 3B,C) and POD (Tables 5, 10) as well as more non-enzymatic antioxidants including Phe (Tables 7, 9), Fla (Figure 4B) and Anth (Tables 5, 10) and higher osmotic adjustment (Figures 1A,B, 5A, Table 5) and better inhibit active oxygen radicals (Figure 5C, Tables 5, 6) had more resistance to dry stress. Drought-resistant species maintain more RWC in stress conditions, which can be a desirable trait in drought-resistant cultivars, which causes their openings to be tied in dry stress conditions and reduce transpiration, which affects the absorption and transfer of minerals (Wasaya et al., 2021). The higher RWC can be for two cases: these cultivars with their characteristics and by closing their stomata and less transpiration in dry stress conditions, keep their water content at high levels of water, and or these cultivars can absorb water from more deep of soil and transfer to air organs and maintain their RWC at high levels (Singh et al., 2021; El-Borhamy et al., 2022; Lotfi et al., 2022). Genotypes with higher RWC under stress conditions can have high stomata conductivity and photosynthesis and, as a result, have high drought resistance (Anwar et al., 2022). In our study, despite the highest capability of Sardari's cultivar than Sirvan's cultivar in drought resistance, Sirvan produced more grain yield. Najafi vafa et al. (2022) attributed this advantage to the higher content of photosynthetic pigments, higher photosynthetic power, and more yield potential for Sirvan compared with Sardari's cultivar.



Conclusion

According to the result of the present study, supplementary irrigation affected the traits of RWC, SPC, enzymatic and non-enzymatic antioxidants, caused reduced damage due to oxidative stresses, reduced the amounts of MDA, and increased plant growth and grain yield in both wheat cultivars. The consumption of biological fertilizers reduced the harmful effects of water scarcity stress and improved grain yield by increasing RWC, SPC, enzymatic antioxidants activity (SOD and POD) and content of non-enzymatic antioxidants (Phe, Fla, Anth) and more DPPH and decreased contents of MDA. Sardari's resistance to drought stress was higher than Sirvan's cultivar and responded better to the consumption of bio-fertilizers, although it had a lower yield than Sirvan. Therefore, it is reasonable to suggest applying a combination of supplemental irrigation and bio-fertilizers as an efficient technique to lessen the negative impacts of drought stress in arid and semi-arid environments.
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The data are means of four replicates  SD. Means in cach column followed by a similar
letter(s) are not significantly different at a 1% probability level by the LSD test. I refer to
tap water; C, Cultivars; Io, Dryland farming; I, Irrigation once; I, Irrigation twice; Sar,
Sardari cultivar; Sir, Sirvan cultivar; SPC, soluble proteins content; Phe, Phenol content.
Phenol is expressed as Gallic acid on grams of fresh weight.
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The data are means of four replicates £ SD. Means in each column followed by a similar
letter(s) are not significantly different at 1% probability level by the LSD test. I, refer to
tap water;

, Cultivars; B, Bio-fertilizers; lo, Dryland farming; I, Irrigation once; I,

Irrigation twice; Sar, Sardari cultivas
Se, Seaweed extract; N and P, Nitr

Sir, Sirvan cultivar; C, Control; M, Mycorrhiza;
ist and phosphozist; M and Se, Mycorrhiza +
Seaweed extract; M + N and B, Mycorrhiza + Nitrozist and phosphozist; N and P +Se,

Nitrozist and phosphozist -+ Seaweed extract; M + Se+ N and B, Mycorrhiza + Seaweed
extract + Nitrozist and phosphozist; POD, Peroxidase activity; Anth, Anthocyanin
content. Anthocyanin content measured by pH differential method, expressed as g Mal-
3-GLC equivalents g™ fresh weight in grape pomace (GP) and g cyanidin-3-O-glucoside
equivalents on grams of fresh weight.
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The data are means of four replicates = SD. Means in each column followed by a
similar letter(s) are not significantly different at a 1% probability level by the LSD test.
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M, Mycorrhiza; Se, Seaweed extract; N and P, Nitr

zist and phosphozist; M and Se,

Mycorthiza + Seaweed extract; M+ N and P, Mycorrhiza + Nitrozist and phosphorzist; N
and P +Se, Nitrozist and phosphozist + Seaweed extract; M + Se + N and P, Mycorrhiza
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he data are means of four replicates = SD. Means in cach column followed by a similar
letter(s) are not significantly different at a 1% probability level by the LSD test. I, refer to
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The data are means of four replicates = SD. Means in each column followed by similar letter(s) are not significantly different at 1% probability level by the LSD test. I, refer to tap water; C,
Cultivars; Ip, Dryland farming; I, Irrigation once; I, Irrigation twice; Sar, Sardari cultivar; Sir, Sirvan cultivar; Fla, Flavnoid; POD, Peroxidase; Anth, Anthocyanin; DPPH, 2-2-Diphenyl
picryl hydrazyl. Anthocyanin content measured by pH differential method, expressed as g Mal-3-GLC equivalents g-1 fresh weight in grape pomace (GP) and g cyanidin-3-O-glucoside
equivalents on grams of fresh weight.
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The data are means of four replicates 2 SD. Means in each column followed by similar letter(s) are not significantly different at 1% probability level by the LSD test. I refer to tap water;
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picryl hydrazyl. Anthocyanin content measured by pH differential method, expressed as g Mal-3-GLC cquivalents g-1 fresh weight in grape pomace (GP) and g cyanidin-3-O-glucoside
equivalents on grams of fresh weight.
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IxB (RWC) (%) SOD (U mg~! protein) Anth (pH TFAA (mg g~! FW)
differential method)
(gC-3-GEg'FW)

Ipx C 63.934 & 0.7784" 12,3152  0.7600° 05803 % 0.0217M 113.1200 & 3.4992°
Iox M 68.7279 % 0.8578'™ 12,3974 £ 0.7484% 0.6598 % 0.0300% 118.2000 & 4.1529%
Io X Se 67.098 & 0.9822™ 12.4508 £ 0.7680 0.7095 = 0.0366 1192100 & 4.7262"
Io x Nand P 68.0203 £ 1.0387™ 12,5022 £ 0.7672% 0.8825 = 0.0354° 1200100+ 4.2402%
To x M+ Se 712815 % 0.4063% 12.6575 # 0.7535% 1.0984 = 0.0317° 124.6900 % 6.2246"
Ip x M+ Nand P 71.3842 & 0.6492% 12.6794 # 0.7569% 1.0984 = 0.0339" 123.2700 & 5.8243"
Io x Nand P + Se 70.7609 % 0.54214 125751 £ 0.7598% 1.0353 % 0.0461° 123.7400 % 4.1793°
Io X M + Se+ N and P 72.6531 & 0.4023% 12.7157 £ 0.7602° 1.1956 & 0.0419° 132.3200 £ 7.3051°
L xC 76.5136 % 0.57501 6.2788  0.6249¢ 0.3215 = 0.0378% 81.7182 % 2.1964¢
L xM 78.5097  0.27481 6.4183 % 0.6046 0.4162 % 0.0271) 84.1148 + 2.8460
Iy x Se 78.2489 = 0.47231 6.3989 % 0.6160% 0.4208 = 0.0326/ 835324 +2.6863¢
I, x Nand P 78.7808 £ 0.2010" 6.5064 & 0.5907° 0.5218 & 0.0392° 84.4172 + 2.7965¢
I x M+ Se 80.2128 & 0.5310¢" 6.6032 % 0.6258 0.8425 = 0.0390%¢ 85.9626 + 2.89754
I, x M+Nand P 81.6838 % 0.3378% 67502 % 0.6282° 0.7306 % 0.0361% 87.4812 % 3.1374¢
I, x Nand P+ Se 80.7645 % 0.2815%¢ 6.5658 £ 0.6022¢! 05978 = 0.0283¢" 86.4890 = 3.1820¢
I x M +Se + Nand P 82.5308 % 0.4163 6.7280 % 0.6214° 0.7871 % 0.0524% 88.2249 +3.3872¢
I xC 85.3011 % 0.7106° 1.4637 £ 023110 0.07243 % 0.0194° 55.0418 + 3.0237
L x M 87.6857 = 0.5880¢ 1.7168 = 0.26678" 0.2029 % 0.0262" 58.0096 =+ 3.3855¢
I, x Se 87.8246 = 0.4611%¢ 1.7182 027918 02035 % 0.0279" 57.7184 % 3.0347°
I, x Nand P 87.4845 % 0.4625¢ 1.8454 £ 0.2437% 02125 £ 0.0274™ 57.6960 + 3.2498°
I, x M+ Se 89.9323 = 0.4006% 2.1140 £ 03125 0.3346 = 0.0606% 60.3838 = 3.389¢"
I, x M+Nand P 90.0788 = 0.5450 2.1197 % 0.3054¢" 0.2815 = 003528 59.0283 & 3.7387¢"
I x Nand P + Se 89.5459 = 0.6867% 2.0373 £ 0.2529% 0.2774 £ 0.0321"™ 61.0110 % 2.9176¢"
I x M+ Se +Nand P 91.8948 % 0.4346" 2.4395 £ 0.3809° 0.3204 % 0.0361% 63.7436 £ 3.3725°

The data are means of four replicates = SD. Means in each column followed by a similar letter(s) are not significantly different at a 1% probability level by the LSD test. I, refers to water
‘AA, Total free
0O-glucoside

level; B, Bio-fertilizers; lo, Dryland farming; I, Irrigation once; I, Irrigation twice; RWC, Relative Water Content; SOD, Superoxide dismutase; Anth, Anthocyanin

amino acids. Anthocyanin content measured by pH differential method, expressed as g Mal-3-GLC equivalents g-1 fresh weight in grape pomace (GP) and g cyanid;
equivalents on grams of fresh weight.
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Month Precipitation Max RHayg Min RHavg Max Tavg Min Tavg Precipitation Max RHayg Min  Max Tayg Min Tavg

(mm) (%) (%) Q) Q) (mm) (%) RHayg  (°C) (°C)
(%)

October 0 44.4839 19.5806 26.4000 8.5419 13.6000 100 12 27.2000 =3
November 7.6000 71.2000 36 19.1000 3.4433 85.6000 100 24 14.9000 —3.1000
December 13.4000 69.6452 35.2581 16.7000 —0.8097 83 100 100 12.8000 —8.8000
January 35.2000 80.4516 46 5.8161 —2.9871 72.4000 100 100 11.8000 —11.9000
February 106.3300 81.1071 49.7143 8.3321 —0.7286 16.4000 100 100 10.8000 —13.3000
March 16.0200 64 27.7742 13.3694 1.4452 52.6000 100 100 13.8000 —8.1000
April 111 89.9000 36.4666 15.5167 3.7300 115.6000 100 22 19.2000 —6.2000
May 70 100 93.16 19.2548 6.4710 21.2000 96 17 27.4000 0.1000
June 0 79 16 29.9000 8.0500 1.6000 86 12 34.7000 3.9300

Total 359.5500 - . . . 462 - - . .
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CxB POD (Umin~!  Anth (pH differential
mg_1 protein) method) (g C-3-GE

g~ FW)
Sar x C 02801 £ 0.0447¢ 0.4571 £ 0.0744"
Sar x M 0.2903 £ 0.0468°¢ 0.5490 = 0.0625%
Sar x Se 0.2883 = 0.0461%¢ 0.5970 = 0.0822¢%
Sar x Nand P 0.2954 £ 0.0463%¢ 0.6851 = 0.0885%"
Sar x M+ Se 0.3047 £ 0.0500 1.0017 £ 0.1122%
Sar x M + Nand P 0.2900 £ 0.0490°0¢ 0.9686 = 0.1539%
Sar x Nand P + Se 0.2891 = 0.0469%¢ 0.8800 = 0.1374%
Sarx M+Se+NandP  0.3074 £ 00468 1.0879  0.1502°
Sirx C 02681 + 0.0479% 0.3162 = 006301
Sirx M 0.2698 = 0.0483¢ 0.4158 £ 0.0538"
Sir xSe 0.2742  0.0499% 0.4496 = 0.0589"
Sir x Nand P 02700 = 0.0482¢ 05362 £ 0.0804¢"
Sir x M + Se 02671 + 0.0465 0.7432 % 00937
Sirx M+ Nand P 0.2750 = 0.0464 0.7191 % 0.0903%¢
Sir x Nand P + Se 0.2681 = 0.0475¢ 0.6223 = 0.0884%¢
Sir x M+ Se + N and P 0.2712 = 0.0486¢ 0.7366 = 0.1234¢

he data are means of four replicates £ SD. Means in each column followed by
similar letter(s) are not significantly different at 1% probability level by the LSD test. C,
refer to cultivar; B, Bio-fertilizers; Sardari cultivar; Sirvan cultivar; C, Control;

M, Mycorrhiza; Se, Seaweed extract; N and P, Nitrozist and phosphozist; M and Se,
Mycorrhiza + Seaweed extract; M + N and B, Mycorrhiza + Nitrozist and phosphozist; N
and P +Se, Nitrozist and phosphozist + Seaweed extract; M + Se-+ N and B, Mycorrhiza
+ Seaweed extract + Nitrozist and phosphozist; POD, Peroxidase; Anth, Anthocyanin.
Anthocyanin content measured by pH differential method, expressed as g Mal-3-gle
equivalents g-1 fresh weight in grape pomace (GP) and g cyanidin-3-O-glucoside
equivalents on grams of fresh weight.





OPS/images/math_3.gif
[©






OPS/images/math_2.gif
[rrigation water volume (V)

_ (Fe—M) x pa x A x Ds
= Fa

@





