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Abstract

:

The impact of biochar and chitosan on barley plants under drought stress conditions was investigated during two field experiments. Our results confirmed that drought stress negatively affected morphological and physiological growth traits of barley plants such as plant height, number of leaves, chlorophyll concentrations, and relative water content. However, electrolyte leakage (EL%), lipid peroxidation (MDA), soluble sugars, sucrose and starch contents significantly increased as a response to drought stress. Additionally, 1000 grain weight, grains yield ha−1 and biological yield significantly decreased in stressed barley plants, also anatomical traits such as upper epidermis, lower epidermis, lamina, and mesophyll tissue thickness as well as vascular bundle diameter of flag leaves significantly decreased compared with control. The use of biochar and chitosan led to significant increases in plant height, number of leaves, and chlorophyll concentrations as well as relative water content; nevertheless these treatments led to significant decreases in electrolyte leakage (EL%) and lipid peroxidation (MDA) in the stressed plants. Moreover, anatomical and yield characters of stressed barley plants were improved with application of biochar and chitosan. The results proved the significance of biochar and chitosan in alleviating the damaging impacts of drought on barley plants.
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1. Introduction


Barley is one of the most significant cereal crops of the Poaceae family and it is an important crop not only in Egypt but also all over the world. There are many biotic and abiotic stress factors affecting the plant growth and production such as plant diseases pathogens mainly net blotch disease in barley plants [1,2,3], rust diseases in wheat plants [4,5] and abiotic stress factors like drought and salinity [6,7,8]. Drought stress is one of the most detrimental factors seriously affecting the growth and production of many plants mostly during the flowering phases [9]. Under drought stress conditions, significant diminution in the growth parameters were recoded such as number of leaves, leaf area stem length in various plants [10,11]. Also, the crop yield and productivity were significantly affected under drought stress [12] in barley plants. During drought stress, the solutes such as organic acids, free amino acids, and carbohydrates were accumulated [13] in flax plants. The plants have many mechanisms in response to abiotic factors such as drought, salinity, cold and heat stress. These mechanisms are associated with morphological, physiological, and biochemical changes [14]. Under various abiotic stresses, the damaging effects on plants are associated with oxidative damage in the plant cells [15,16,17] resulting in increases in lipid peroxidation, reactive oxygen species (ROS), and electrolyte leakage [6,7,18,19]. Under normal conditions, ROS naturally exist in plant organelles, mainly mitochondria, chloroplasts, and peroxisomes, but in the stress conditions such as drought, ROS levels increase resulting in lipid peroxidation and proteins degradation [20]. Also, growth and physiological characters such as stem length, number of leaves, leaf area, relative water content, and chlorophyll concentration as well as yield production were decreased under abiotic and biotic stresses such as salinity, drought, and pathogens in many plants [4,5,21,22,23,24]. Recently, overuse of chemical fertilizers led to injurious effects on soil properties, soil valuable microorganisms, water quality, and human health [25]. There are many strategies to decrease the harmful effects of chemical fertilizers and mitigate the damaging effects of various stresses, one of the safe and effective strategies is application of some natural compounds such as biochar and chitosan.



Biochar is one of the important soil amendments because it is a rich source of many important nutrient elements such as carbon, nitrogen, and sulfur. It was obtained by the decomposition of the forest, residual plants, as well as manure residues under high temperature (200–900 °C) without or with low oxygen concentration [26]. Biochar plays many positive roles in agricultural production such as in composting improvement [27], in mitigation of salinity and drought stress [28], and in improving crop production [29]. Application of biochar enhanced the absorption of many nutrients in kiwi plants [30], and significantly increased magnesium, phosphorus, and nitrogen contents in corn plants [31]. Nutrients uptake and chlorophyll concentrations increased with biochar application at rate 20 t ha−1 in pumpkin plants under drought conditions [32]. Under natural and stressful conditions, biochar gave significant results of growth characters and yield production [33]. Application of biochar increased nutrient uptake and enhanced plant growth in drought-stressed maize plants [34].



Chitosan is a polysaccharide consists of two molecules of monosaccharaides (N-acetyl Dglucosamine (GlcNAc)) linked by β-1,4 glycosidic bonds [35]. It has a promising role in many fields because of biological activities and non-toxicity mainly in agricultural production. Chitosan has a positive effect on plants under pathogens and abiotic stress. Chitosan application can support the defense system, enhances the plant growth characters (plant height, leaf area, chlorophyll concentrations) under many abiotic stress factors, mainly drought stress by the stimulation of antioxidant system in many plants such as rice plants [36]. Foliar spray application of chitosan increase plant height, leaves number, and yield production [37], it can improve growth characters, chlorophyll concentration, and nutrient uptake [38]. Seed treatments with chitosan led to prominent increase in germination rate, growth characters, and yield of soybean plants [39]. Under drought stress conditions, application of chitosan (400 μL L−1) led to an increase in dry matter of thyme plants (Thymus daenensis) [40]. Regarding to the drought conditions, there are many plants that are adapted to arid lands, these plants are identified as xeromorphy and have xeromorphic anatomical characters such as decreased leaf area, increased thickness of epidermis cell wall and cuticle [41,42]. Plants showed many various responses such as anatomical changes under stress conditions [43]. Until now, a little information is available about the impact of biochar and chitosan on anatomical structure of droughted stressed plants. Thus, the objective of our research is to study the effect of biochar and chitosan on inducing tolerance in barley plants to drought stress, through evaluating the antioxidant enzymes activity, osmolytes accumulation, yield, and anatomical characters.




2. Materials and Methods


2.1. Plant Materials and Experiment Preparation


During two successive winter seasons 2017/2018 and 2018/2019, field experiments were carried out in a private farm under field conditions, Al-mahalla Al-Kobra region, El-Gharbia Governorate, Egypt to study the effect biochar and chitosan on antioxidative capacity, osmolytes accumulation, yield, and anatomical characters of barley plants under drought stress conditions. The physiological, biochemical and anatomical studies were carried out at Excellence Center (EPCRS) and Plant Pathology and Biotechnology Lab. (certified according to ISO 9001, ISO 14001, OHSAS 18001 and ISO 17025), Department of Agricultural Botany, Kafrelsheikh University, Kafr Elsheikh, Egypt. The weather conditions of the experimental location are presented in Table 1 according to NASA POWER Data Access Viewer-Prediction of Worldwide Resource (https://power.larc.nasa.gov/data-access-viewer).



Barley grains (Hordeum vulgare L. var. Giza123) (120 kg grains ha−1) were sown on 3rd December in the first season and 2nd December in the second season. The experimental design was a randomized complete block design with three replicates, the experimental unit was 2 × 2 m, and the irrigation system was surface irrigation. The physical and chemical characteristics of the experimental soil were studied according to Association of Officinal Analytical Chemists (A.O.A.C 2005) [44] as follows: electrical conductivity 1.7 dS m−1, available n 33.1 ppm, available p 10.3 ppm, available K 286 ppm, sand 17.6%, silt 35.8%, clay 47.6%, pH (water) 8.1, and texture clay. The recommended doses of NPK were added as the recommendations of ministry of agriculture and land reclamation. The treatments were done as follow: plants received three irrigations (control), well-watered (2000 m3 water) as per the recommendations under field conditions, plants received one irrigation only after germination (D1) stressed plants (650 m3 water), plants received two irrigations after germination (D2) stressed plants (1300 m3 water), plants received one irrigation and treated with 20 t biochar (D1 + biochar), plants received one irrigation and treated with 400 μL L−1 ha−1chitosan (D1 + chitosan), plants received two irrigations and treated with 20 t ha−1 biochar (D2 + biochar), plants received two irrigations and treated with 400 μL L−1 ha−1 chitosan (D2 + chitosan). The harvest date was on 7th and 12th May in both seasons respectively.



The samples were randomly taken at anthesis date to study the growth and physiological characters.




2.2. Growth Characters


The samples were randomly taken at anthesis date (ten plants from each plot) to study plant height, number of leaves, and leaf area/plant.




2.3. Determination of Chlorophyll a and Chlorophyll b Concentrations as well as Relative Water Content (RWC%)


Fresh flag leaf (0.5 g) was homogenized with acetone (90% v/v), filtered, and make up to a final volume of 50 mL. The absorbance was measured spectrophotometrically at 663 and 648 nm to measure chlorophyll a and chlorophyll b concentrations [45].



Relative water content was recorded as follow:


RWC = (FW – DW)/(TW – DW) × 100



(1)







According to Sanchez et al. (2004) [46], FW is fresh weight, DW is dry weight, TW is turgid weight.




2.4. Determination of Electrolyte Leakage (EL%), Lipid Peroxidation and Proline Content


Electrolyte leakage (%) was measured in fresh leaves. Twenty discs (1 cm2) were placed into flasks containing 25 mL deionized water, the flasks were shaken at ambient temperature (20 h) to facilitate electrolyte leakage from tissues. Initial electrical conductivity measurements were recorded. Flasks were then immersed in a hot water bath (80 °C) for 1 h to induce cell rupture. The samples were again placed on the shaker for 20 h at 21 °C. Final conductivity was measured for each flask. Electrolyte leakage (%) was calculated as follow: Initial conductivity/final conductivity × 100 [47].



Determination of malondialdehyde (MDA) concentration. The concentration of MDA was measured according to the following formula:


MDA (nmol g−1 fw) = [6.45 × (A532 − A600) − (0.56 × A450)] × V−1 W



(2)




where V = volume (mL), W = weight (g) [48].



Proline was assayed based on the reaction with ninhydrin, and the absorbance was determined at 520 nm as μg g−1 FW [49].




2.5. Determination of Soluble Sugar, Sucrose and Starch Contents


Samples of fresh leaves (0.1 g) were ground, extracted with 80% (v/v) ethanol at 80 °C for 30 min, and centrifuged for 10 min at 10,000× g. The extraction was done three times with 80% ethanol, the three supernatants were combined using 80% ethanol to a total volume of 5 mL. Using Double-Beam spectrophotometer (Shimadzu, Columbia, Maryland, USA) at A620 nm and A489 nm, the soluble sugars and sucrose contents were measured, respectively [50]. The ethanol-insoluble residue was used to extract the starch by evaporation, 2 mL of distilled water was added into the samples and incubated for 15 min at 100 °C. Starch was hydrolyzed by 9.2 M and 4.6 M HClO4 to the samples, individually. The starch content was determined with anthrone reagent using spectrophotometer at A620 nm [51].




2.6. Antioxidant Enzymes Activity


Fresh leaves (0.5 g flag leaf) were homogenized at 0–4 °C in 3 mL of 50 mM TRIS buffer (pH 7.8), centrifuged (12,000 rpm, 20 min, 4 °C), and the total soluble enzyme activities were measured in the supernatant using spectrophotometer. Catalase activity (CAT) was determined according to Aebi (1983) [52], while, activity of glutathione reductase (GR) was determined according to the methodology of Fryer et al. (1998) [53]. Activity of peroxidase (POX) was directly determined of the crude enzyme extract according to Hammerschmidt et al. (1982) [54]. The absorbance was recorded every 30 s intervals for 3 min at 470 nm.




2.7. Yield Characters


Ten plants from each plot were taken at harvesting date (7th and 12th May in both seasons) to determine the yield characters, grains yield ha−1, biological yield ha−1, and 1000 grain weight.




2.8. Anatomical Characters


Barley leaves (0.5 cm length from the flag leaves) were taken during the second season 2018/2019 (50 days from the sowing). In formalin acetic acid alcohol (FAA), the leaves were killed and fixed. Next, the samples were washed and dehydrated in normal butyl alcohol [55]. Slides were examined and photomicrographed by light microscope.




2.9. Statistical Analysis


The data were subjected to analysis of variance (ANOVA) procedures according to Gomez and Gomez (1984) [56] using the MSTAT-C Statistical Software package, East Lansing, MI, USA. The means were compared using Duncan (1955) [57] when the differences were significant (p ≤ 0.05).





3. Results


3.1. Plant Height, Number of Leaves, Leaf Area/Plant, Chlorophyll Concentrations, and Relative Water Content (RWC %)


Under drought stress condition the exposed plants to drought conditions (one or two irrigations) showed significant reduction in plant height, number of leaves, and leaf area/plant compared with control plants (Figure 1). The maximum reduction was observed in the plants irrigated one time (D1) followed by the plants irrigated two time (D2) in the two growing seasons. The obtained data in Figure 1 indicated that, application of biochar and chitosan significantly improved plant height, number of leaves, and leaf area/plant in the stressed barley plants which received one or two irrigations in both seasons. The best results were obtained with control followed by the plants received two irrigations and treated with biochar (D2 + biochar) in the two seasons. According to data presented in Figure 1, the concentrations of chlorophyll a and b as well as relative water content were significantly reduced in the stressed plants in the two seasons. The plants that received one irrigation showed the minimum concentrations of chlorophyll a and chlorophyll b as well as relative water content compared with the plants that received two irrigations and control plants (well-watered). Nevertheless, when stressed plants were treated with biochar and chitosan, chlorophyll a and b concentrations as well as relative water content significantly increased under drought conditions in the two seasons. Among all treatments, the high concentrations of chlorophyll and relative water content were recorded in the stressed treated barley plants which received two irrigations and treated with biochar.




3.2. Effect of Biochar and Chitosan on Electrolyte Leakage (EL%), Lipid Peroxidation and Proline Content


The obtained results in Figure 2 pointed out that electrolyte leakage (EL%), lipid peroxidation, and proline content significantly increased in the stressed plants in the both seasons. The maximum increases in electrolyte leakage, lipid peroxidation, and proline were recorded in the plants that received one irrigation and untreated with biochar or chitosan compared to the plants that received two irrigations. Contrariwise, electrolyte leakage, lipid peroxidation, and proline content were considerably influenced by biochar or chitosan application under drought conditions. Moreover, application of biochar or chitosan led to improved growth characters which caused decreases in electrolyte leakage, lipid peroxidation, and proline content, the best results were observed in the plants that received two irrigations under biochar application without any significant difference when compared with control plants.




3.3. Soluble Sugars, Sucrose, and Starch Contents


It is evident from Figure 3 that soluble sugars, sucrose, and starch contents were considerably increased in barley plants growing under drought conditions (one or two irrigations). The obtained results also showed that all treatments of biochar and chitosan significantly decreased soluble sugars, sucrose, and starch contents in the stressed barley plants with regard to control plants as well as stressed untreated plants which had the highest values of these characters. The plants that received two irrigations and treated with biochar showed the best results in the two seasons.




3.4. Antioxidant Enzymes Activity of Stressed Barley Plants Affected by Biochar and Chitosan Treatments


Under drought stress conditions, the plants activate the defense system to scavenge reactive oxygen species which cause oxidative stress to plant organelles. In this experiment, exposed barley plants to drought stress showed significant increases in catalase, peroxidase, and glutathione reductase activities mainly in the plants that received one irrigation followed by the plants that received two irrigations in both seasons (Figure 4). In this study, we examined the impact of biochar and chitosan on catalase, peroxidase, and glutathione reductase activities of barley plants under drought conditions. Adding biochar to soil led to an improved activity of antioxidant enzymes around the optimum level like the control plants. Also, chitosan application led to an enhanced activity of POX, CAT, and GR in barley under drought conditions in both seasons. The best result was obtained with the plants treated with biochar and that received two irrigation.




3.5. Effect of Biochar and Chitosan on Yield Characters (1000 Grain Weight, Grains Yield/ha, and Biological Yield/ha)


The yield characters were significantly affected under drought stress with one or two irrigations; 1000 grain weight, grains yield ha−1, and biological yield ha−1 significantly decreased compared with the control well-watered plants in both seasons (Figure 5). The decrease in these characters was more effective in the plants that received one irrigation only compared to the plants that received two irrigation. Furthermore, 1000 grain weight, grains yield ha−1, and biological yield ha−1 were significantly increased in the stressed barley plants which received one or two irrigations and treated with biochar and chitosan compared with stressed untreated plants in the two seasons, while there was no significant difference compared with the control well-watered plants. The highest values of 1000 grain weight, grains yield ha−1, and biological yield ha−1 were achieved with control well-watered plants and stressed plants (D2) treated with biochar compared with stressed untreated plants (D1 and D2) as well as the other treatments (Figure 5).




3.6. Effect of Biochar and Chitosan on Anatomical Structure of Barley Leaves under Drought Conditions


Our results demonstrated in Table 2 and Figure 6 revealed the means of five sections of each treatment and showed some modifications of anatomical structure of leaves caused by drought stress. Thickness of upper epidermis, lower epidermis, lamina, and mesophyll tissue, as well as vascular bundle diameter of flag leaves significantly decreased under drought conditions (Table 2 and Figure 6). The most reduction in all studied characters was recorded in the stressed plants that received one irrigation and untreated with biochar and chitosan (D) compared with control and stressed treated plants. Nevertheless, the treated plants with biochar and chitosan showed significant increases in thickness of upper and lower epidermis, lamina, and mesophyll tissue as well as vascular bundle diameter under the two levels of irrigation, the best results were recorded in the stressed plants that received two irrigations and treated with biochar and chitosan without any significant difference compared with the control plants (Table 2 and Figure 6).





4. Discussion


Drought stress has strong adverse effects on morphological, physio-biochemical, as well as yield and anatomical characters of the plants. According to our findings in Figure 1, the reduction in plant height, number of leaves, and leaf area/plant as well as relative water content in barley plants grown under drought stress could be due to the decrease in the soil solution absorption by the root system, and consequently reduce plant cell elongation and development as well as water content [10,58]. Likewise, chlorophyll a and b concentrations were significantly decreased under drought conditions (Figure 1); this harmful effect of drought stress may be due to the negative role of drought condition on photosynthetic enzymes activity mainly Calvin cycle enzymes and reactive oxygen species accumulation, which affect the chloroplast resulting in carbon assimilation reduction and decreased chlorophyll concentrations as well as inhibition of photosynthetic process. This negative effect was recorded under various stresses such as drought [22], salinity stress [7,19]. Application of biochar and chitosan significantly increased plant height, number of leaves, leaf area/plant, chlorophyll a and chlorophyll b concentrations as well as relative water content in stressed barley plants (Figure 1). The positive effect of biochar may be attributed to that, biochar increase soil content of elements such as carbon which, improve quality of soil, and led to increased relative water content and enhance plant height, number of leaves, leaf area/plant. This result of biochar application was similar to the obtained results of [59]. Furthermore, the increase of plant height, number of leaves, and leaf area/plant in the stressed plants treated with chitosan may be due to the significant role of chitosan as a protective factor against drought damage.



Electrolyte leakage (EL%), lipid peroxidation, and proline content significantly increased with two treatments of drought (one irrigation (D1) and two irrigations (D2)) in both seasons compared with control plants (Figure 2), this increase is a response to water deficit stress and consistent with the obtained results of [7,60]. This result might be due to the harmful effect of drought on plasma membrane function and dehydration of cytoplasm, consequently, increase electrolyte leakage, lipid peroxidation, and proline content in barley plants under drought conditions. Use of biochar and chitosan against drought stress led to improved barley plant status associated with decreased electrolyte leakage, lipid peroxidation, and proline content. This positive effect of biochar and chitosan in diminishing electrolyte leakage, lipid peroxidation, and proline content because of biochar and chitosan may play a significant role in protecting plasma membrane stability, regulate water pressure, and improve relative water content as well as reduce oxidative stress resulting in decreasing lipid peroxidation. These progressive results are in agreement with the results of [58,61]. Drought stress causes decrease in growth parameters of barley plants associated with increase soluble sugars, sucrose, and starch contents (Figure 3), the increase was significant with the drought treatments, particularly, the plants that received one irrigation. The increase of these characters which are essential osmoprotectants may be an important approach in barley plants to adjust and cope with the drought conditions, for instance, the sucrose may converse into fructose and glucose which can regulate osmotic adjustment under drought conditions, these results are in harmony with those recorded by Wang et al. (2016) [9].



Likewise, the activity of antioxidant enzymes such as catalase, peroxidase, and glutathione reductase significantly increased under drought conditions to manage the accumulation of reactive oxygen species. The maximum levels of antioxidant enzymes activity were observed in the stressed plants that received one irrigation only followed by the plants that received two irrigations compared with control well-watered plants (Figure 4). The increasing enzymes activity in stressed barley plants is an important strategy to cope with the harmful effects of drought stress and scavenge reactive oxygen species which causes oxidative stress for plants. This effect of enzymes was observed under drought and various stresses [7,22,62]. Additionally, the treated barley plants with biochar and chitosan under the two treatments of drought conditions normalizes the activities of catalase, peroxidase, and glutathione reductase enzymes compared with stressed untreated plants and control plants. These valuable effects of biochar and chitosan in stressed plants were documented by [9].



Regarding to yield characters, drought conditions inhibits morphological growth characters such as plant height, number of leaves, and leaf area/plant and physiological parameters (relative water content, chlorophyll a and chlorophyll b concentrations). As we previously mentioned in Figure 1 and Figure 2, this decrease led to detrimental effects and reduced yield characters mainly, 1000 grain weight, grains yield ha−1, and biological yield ha−1 (Figure 5). The reduction in yield characters was significant in the drought treatments (D1 and D2) compared with control plants and the stressed treated plants. This harmful impact of drought could be due to that drought negatively affects cell division and elongation, delay cellular growth, reduces photosynthetic rate, and finally decreases yield characters. This damaging effect of drought stress on yield production was revealed in many plants with some researchers [8,11,12,13]. On the other hand, the yield characters of barley plants significantly increased with application of biochar and chitosan; the increase was significant in the stressed treated plants compared with stressed untreated plants. These results showed that, biochar and chitosan play an important role in improving plant growth, increase nutrients uptake, enhance the concentrations of auxin and gibberellic acid [60], and consequently improve yield characters [32].



According to our results, drought stress induced anatomical changes in thickness of upper and lower epidermis, lamina and mesophyll tissue, as well as vascular bundle diameter. This negative and inhibition effect may result in water deficit from soil to plant organs, nutrients uptake reduction, leaf growth inhibition, decreased cell division and enlargement, reduced photosynthetic rate, and consequently decrease in anatomical characters of flag leaves. The same trend in many plants was recorded with drought stress [22,63,64] and salinity stress [16,19]. Contrariwise, thickness of upper and lower epidermis, lamina and mesophyll tissue, as well as vascular bundle diameter significantly increased in the stressed treated plants with biochar and chitosan. This positive effect could be attributed to the availability of carbon and mineral nutrients as well as phytohormones such as gibberellin and indole acetic acid which improve the anatomical characters of flag leaves [61].




5. Conclusions


In conclusion, the use of biochar and chitosan can improve the tolerance of barley plants to drought stress conditions, this protection is closely connected with improvement of morphophysiological growth characters such as plant height, leaf area, chlorophyll concentrations, relative water content, and regulate antioxidant enzymes activity as well enhancement of anatomical characters of flag leaves such as thickness of upper and lower epidermis, lamina and mesophyll tissue, as well as vascular bundle diameter. The best results were achieved in the plants that received two irrigations and treated with biochar followed by the plants that received two irrigations and treated with chitosan. In our view the role of biochar and chitosan needs more attentions in the future in the agricultural production as harmless and friendly products to environment and to explain the mechanism of how biochar and chitosan relieve plants in stress conditions and their effects on the soil.
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Figure 1. Effect of biochar and chitosan on plant height (A), number of leaves (B), leaf area (C), chlorophyll concentrations (D,E), and relative water content (F) of barley during two seasons (2017/2018–2018/2019). Bars followed by different letters are significantly different at p < 0.001. (D1) One irrigation (D2) Two irrigations 
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Figure 2. Effect of biochar and chitosan on electrolyte leakage (A), lipid peroxidation (B), and proline content (C) of barley during two seasons (2017/2018–2018/2019). Bars followed by different letters are significantly different at p < 0.001. 
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Figure 3. Effect of biochar and chitosan on soluble sugars (A), sucrose (B), and starch contents (C) of barley during two seasons (2017/2018–2018/2019). Bars followed by different letters are significantly different at p < 0.001. 
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Figure 4. Effect of biochar and chitosan on antioxidant enzymes activity POX (A), CAT (B), and GR (C) of barley during two seasons (2017/2018–2018/2019). Bars followed by different letters are significantly different at p < 0.001. 
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Figure 5. Effect of biochar and chitosan on yield characters; weight of 1000 grains (A), grain yield (B), and biological yield (C) of barley during two seasons (2017/2018–2018/2019). Bars followed by different letters are significantly different at p < 0.001. 
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Figure 6. Transverse sections in flag leaves of barley plants in the second season. (A) Control (well-watered). (B) Plants received one irrigation (D1). (C) Plants received two irrigations (D2). (D) Plants received one irrigation and treated with biochar (D1 + BC). (E) Plants received one irrigation and treated with chitosan (D1 + CH). (F) Plants received two irrigations and treated with biochar (D2 + BC). (G) Plants received two irrigations and treated with chitosan (D2 + CH). (× 200). UE: upper epidermis, MT: mesophyll tissue, VB: vascular bundles, LE: lower epidermis, XT: xylem tissue, PhT: phloem tissue, BC: Biochar, CH: Chitosan 
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Table 1. The weather conditions of the experimental location during two growing seasons from sowing to harvesting date.
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Meteorological Data

	
Season

	
December

	
January

	
February

	
March

	
April

	
May






	
Precipitation (mm day−1)

	
2017

	
8.36

	
7.78

	
7.85

	
0.58

	
47.42

	
0.03




	
2018

	
8.13

	
32.80

	
10.80

	
1.61

	
3.09

	
0.01




	
Relative humidity at 2 m (%)

	
2017

	
67.35

	
68.84

	
67.23

	
63.81

	
59.35

	
53.37




	
2018

	
67.82

	
68.49

	
67.61

	
55.02

	
54.00

	
54.25




	
Maximum temperature at 2 m (°C)

	
2017

	
21.88

	
17.16

	
18.86

	
21.86

	
25.25

	
29.92




	
2018

	
19.65

	
18.69

	
20.99

	
25.41

	
27.58

	
31.35




	
Minimum temperature at 2 m (°C)

	
2017

	
14.21

	
9.70

	
10.37

	
12.50

	
14.21

	
18.37




	
2018

	
13.66

	
11.64

	
12.15

	
13.66

	
15.76

	
19.90
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Table 2. Effect of biochar and chitosan on anatomical structure of barley leaves under drought conditions.
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	Treatments
	Thickness of Upper Epidermis (µm)
	Thickness of Lower Epidermis (µm)
	Thickness of Lamina (µm)
	Thickness of Mesophyll Tissue (µm)
	Diameter of Vascular Bundle (µm)





	Control
	13. 65 a
	13.78 a
	136.95 a
	109.4 a
	67.56 b



	D1 (one irrigation)
	7.95 d
	8.14 d
	105.45 d
	87.49 e
	61.42 e



	D2 (two irrigations)
	10.64 c
	10.88 c
	116.04 c
	94.26 d
	66.07 c



	D1 + Biochar
	10.05 c
	10.18 c
	119.95 b
	98.44 c
	64.76 d



	D1 + Chitosan
	11.75 b
	11.24 b
	138.32 a
	108.45 ab
	68.84 b



	D2 + Biochar
	12.75 a
	12.88 a
	137.86 a
	111.02 a
	68.47 b



	D2 + Chitosan
	13.52 a
	13.63 a
	139.14 a
	112.19 a
	71.26 a







The numbers followed by different letters are significantly different.
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