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Abstract

:

Drought stress is a significant environmental variable affecting wheat growth and development. Plant stress tolerance is intimately related to growth regulators of plants as polyamines. The study assessed the impact of drought (50% water irrigation and 100% water irrigation), priming of grains in putrescine (0.25, 0.5, and 1 mM), and their interactions on the growth, yield, and physiological attributes of wheat plants. Drought conditions declined plant height, fresh and dry weights, leaves and tillers numbers, and flag leaf area. However, applying putrescine, especially at (1 mM), enhanced wheat growth performance in normal or water-deficit conditions. Drought stress decreased spike length (28.6%), number of spikelets (15.6%), number of grains (30.3%), the weight of the spike (23.5%), and the weight of the grains/spike (37.5%). In addition, drought decreased the contents of chlorophyll a, chlorophyll b, free amino acids, and total phenols, while applying putrescine enhanced wheat plant growth performance in normal or drought conditions. Putrescine at (1 mM) achieved the highest increase in plant height (38.8%), root length (50%), leaves number (166%), tillers number (80%), flag leaf area (70.3%), shoot fresh weight (99.4%), shoot dry weight (98.4%), root fresh weight (97.8%), root dry weight (210%) compared to the untreated plants. Moreover, pretreatment with putrescine improved chlorophyll a (13.3%), chlorophyll b (70.3%), carotenoids (61.8%), soluble sugars (49.1%), amino acids (42.7%), phenols (52.4%), number of spikelets (59.3%), number of grains (81.1%), and weight of spike (45.4%). Moreover, variations in the protein profile of wheat plants were due to drought conditions and putrescine application. In conclusion, priming wheat grains with putrescine effectively induces protective mechanisms against water stress and improves wheat plants’ physiological attributes and yield components.
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1. Introduction


The Gramineae family includes wheat (Triticum aestivum L.) crop. Wheat plants are cultivated by humans in widely extended areas [1]. Wheat is considered one of the most economical and valuable grain crops. The primary national goal is wheat breeding by raising the productivity per unit area and expanding the planted area in recently reclaimed lands. Wheat ranks third internationally and is used as a fundamental food grain for rural and urban cultures providing farmers with straw for animal feed [2,3]. In the last decade, about 65 million ha of wheat productivity was influenced by a water shortage [4]. Since wheat can grow in arid and semiarid areas, irrigation management is essential. Reducing water irrigation is an effective means of irrigation management under water deficit conditions. The irrigation water deficit influences crops’ growth and productivity [5,6,7]. Drought (water deficit) is considered one of the most significant abiotic stresses resulting in remarkable decreases in the growth of plants and productivity [3]. Drought changes widely range from morphological stages to molecular levels in several growth stages [8]. Under drought stress, wheat plants accumulate “Osmolytes” such as sugars and amino acids to manage water absorption [9]. Under a water shortage, sugars can replace water even more than proline which acts as a hydration shell surrounding biomolecules [10]. Proteins are biomolecules of primary importance for all physiological processes in the plant cell [3]. An increase in wheat proteins of shoots cultivated under stress caused by a shortage water was reported. In addition, deficit water irrigation increased phenols and flavonoids under drought stress in wheat plants [11]. Reactive oxygen species, including singlet oxygen (1O2), hydrogen peroxide (H2O2), superoxide anion (O2−), and hydroxyl radical (OH), are produced in stressed plants. These species disrupt enzyme activity and cause oxidative damage, photoinhibition, and disruption to nucleic acids, lipids, and proteins, which results in cell death. [12,13]. Drought conditions inhibit plant growth, morphological attributes, water relations, stomatal closure, membrane stability, and disruptions in carbohydrate lipid and protein metabolism [3,14]. The adjustment of osmotic balance differs from wheat cultivars. Therefore, studying the physiological attributes of the drought tolerance of target wheat plants and their defense mechanisms is necessary.



Priming with growth regulators is one of the most crucial strategies for reducing the negative impacts of drought and enhancing crop growth and survival. Putrescine is a member of the polyamine family, considered a class of growth regulators of plants. All living things include these nitrogenous chemicals, characterized by low molecular masses [15,16]. Applications of polyamines cope with drought effects on crops by increasing free polyamines, regulating their metabolism, and accumulating osmolytes [17]. An earlier investigation by [18] proved that putrescine inhibited the accumulation of drought-induced reactive oxygen species by boosting antioxidation enzyme activities. Similar findings also proved that polyamines enhanced the antioxidant defense system [19]. Putrescine was to improve the chemical constituents under stress and to improve a variety of plant attributes when applied topically [20,21]. However, the question remains: does pretreatment with putrescine increase the tolerance of wheat plants against (water deficit) drought conditions? Therefore, the main aims of this investigation are to assess the harmful effects of drought stress on wheat plants and evaluate the alleviative role of putrescine on growth attributes and biochemical contents of these drought-stressed plants.




2. Materials and Methods


2.1. Experiment Design


A greenhouse experiment was conducted in the winter of 2017–2018 at the Faculty of Science (Girls) at Al-Azhar University, Cairo, Egypt. Agriculture Research Center, Egypt, supplied the grains of wheat (cv. Sods 1), which soaked in putrescine (0.00, 0.25, 0.5, 1 mM) for 12 h. On 21 November, pretreated grains were planted in earthenware pots (No. 50) and 20 kg of sand-filled soil in a completely randomized design with three replicates for each treatment. The soil texture was sandy with a field capacity of 11.5%, pH 8.7, EC 0.35 dm m−1, Na+ 1.2, Ca++ 1.27%, K+ 0.25, Mg++ 0.58, Cl− 1.7, HCO3− 1.10 meq L−1. Five seedlings were in each pot after full emergence. Potassium sulfate and calcium superphosphate were applied. After 30 and 60 days following seeding, ammonium nitrate was added. Plant irrigation was completed every week with full-water irrigation. At 30 days after planting, the pots were divided into control and drought stress (50% water irrigation) groups. The amount of water irrigation was decided based on the soil field capacity (FC).




2.2. Morphological Growth and Yield Traits


At the vegetative stage, after 65 days of cultivation, samples were collected from each treatment to measure growth characteristics (height of plant (cm), length of root (cm), number of tillers/plant, number of leaves/plants, area of flag leaf (cm2), weights of fresh and dry both shoot and root (g) per plant). At harvest, samples were collected to yield components: spike length/plant, spikelets number/plant, the weight of spike/plant, grains number/spike, and weight of grains/spike.




2.3. Leaf Pigments


Chlorophyll a, Chlorophyll b, and carotenoids were measured in wheat leaf tissue samples in acetone (85%), illustrated by [22]. The extraction of (0.1 g) wheat leaves that were still fresh were in acetone. Centrifuging homogenized plant material at 1006× g produced a supernatant containing (10 mL) of 85% acetone. Spectrophotometer (VEB Carl Zeiss) was used to the absorbances at 663, 644, and 452 nm against blank acetone. The pigment fraction concentrations (carotenoids, chlorophyll a, and b) were mg/g fresh weight.




2.4. Total Soluble Sugars (TSS)


The amount of total soluble sugars was measured in an ethanolic extract of fresh wheat plant flag leaves using [23]. For 10 min in a boiling water bath, combine 0.1 mL of ethanol extract with 3 mL of fresh anthrone [(150 mg) of anthrone + (100 mL) of 72% H2SO4], let the mixture cool, and read the result at 625 nm using a spectrophotometer. To decide TSS, the glucose standard curve was employed.




2.5. Total Free Amino Acids


Fresh leaves of the wheat plant were extracted in ethanol (80%) for free amino acids determination [24] ninhydrin technique. Following centrifugation, one mL of the extract was mixed with 0.5 mL of buffer, which had 27 g of sodium acetate, 20 mL of distilled water, 5 mL) of CH3COOH (glacial), and 1.5 mL of distilled water (pH = 5.4) with 490 ppm of NaCN. The setting is 75 mL. After that, add 0.5 mL of the ninhydrin solution, which is made up of (200 mg) of ninhydrin, (10 mg) of cadmium acetate in 0.2 mL of acetic acid (glacial), 0.8 mL of distilled water, and 10 mL from acetone (50%). The previously combined solution was submerged in water for five minutes or until a purple hue appeared. Once cooled, 5 mL of 50% isopropanol was added. A VEB Carl Zeiss spectrophotometer was to read the absorbance at 570 nm. The L-glutamate standard curve prepared to determine free amino acids (mg g−1 FW).




2.6. Free Proline


Free proline was measured using the procedure illustrated by [25]. About 0.5 g of leaf fresh weight was grounded in 10 mL of aqueous sulfosalicylic acid (3%). Two mL of the extract were mixed with two ml of the acid ninhydrin reagent and kept at 100 °C for an hour. The reaction mixture of proline was extracted with 4 mL of toluene. Toluene was removed from the aqueous phase at room temperature. The absorbance was conducted on a spectrophotometer at 520 nm. A standard curve for L-proline was to assay proline content. The proline expressed as μmol g−1 FW (fresh weight).




2.7. Total Phenolic Content


The colorimetric method was used to find the contents of total phenolic compounds of fresh leaves [26,27]. In a boiling water bath for 10 min, the extract (1 mL) was mixed with (10 drops) of strong hydrochloric acid and allowed to cool. Then, (1.5 mL) of sodium carbonate (14%) and (1 mL) of Folin–Ciocalteau reagent were combined. After thoroughly shaking the mixture, (5 mL) of distilled water was added. The combination was then placed in a bath of boiling water for 5 min. Using the pyrogallol standard curve, the data were reported as (mg g−1 FW) after the absorbance at 650 nm was measured.




2.8. Total Flavonoids


The colorimetric method was used to detect the total flavonoid content of wheat flag leaves [28]. The sample (0.5 g) was combined with (10 mL) of 80% ethanolic alcohol. The supernatant was collected after centrifugation at (2500× g) for 10 min, and extraction was carried out once more. Supernatants were concentrated in water at 45 °C to (5 mL). The proper dilutions of the sample extracts (2 mL) were reacted with (0.2 mL) of sodium nitrite 5% and, after 5 min, (0.2 mL) of 10% AlCl3 formed a flavonoid–aluminum complex. Immediately after, 510 nm absorbance was evaluated using the catechin standard.




2.9. Protein Profile


Liquid nitrogen (N2) was used to rapidly freeze 0.2 g of fresh leaves to create a protein extract, which was then used for protein profiling on an SDS-polyacrylamide gel [29]. Molecular weight markers (11–180 kDa) determined the molecular weights (Mwt) of the isolated proteins.




2.10. Statistical Analysis


One-way analysis of variance (ANOVA) was used to statistically analyze data via Minitab® 18.1 Statistical Data Document [30]. To compare means, the Tukey scale test was calculated at a 5% probability level. The data were presented as mean ± error of standard (n = 3).





3. Results


3.1. Morphological Characteristics


3.1.1. Plant Height, Root Length, Leaves Number, Flag Leaf Area, and Tillers Number


The presented data in Table 1 clarified how various morphological characteristics of wheat plants (plant height, root length, number of leaves, flag leaf area, and number of tillers) respond to putrescine, drought, and their interactions. Most characteristics of wheat plants were improved using putrescine at several concentrations (0.25, 0.5, and 1 mM) under typical conditions. On the other side, wheat plants grown under drought conditions showed reductions in plant height, number of leaves, flag leaf area, and tillers number by 18.33%, 35.72%, 23.28%, and 16.65%, respectively, except root length, which enhanced about 33.33%. Grain priming in putrescine at different concentrations improved wheat plants cultivated under drought conditions in comparison with the untreated ones. Putrescine at 1 mM significantly increased plant height, root length, leaves number, flag leaf area, and tillers number of drought-stressed wheat plants by 38.78%, 50%, 166.67%, 70.25%, and 79.96%, respectively, compared with untreated plants.




3.1.2. Weights of Fresh and Dry of Both Shoot and Root


The obtained results in Table 2 displayed the impact of putrescine, drought, and their interactions on weights of fresh and dry matter for shoots and roots. Individual application of putrescine at various levels (0.25, 0.5, and 1 mM) increased the mentioned parameters. The most effective treatment was putrescine at (1 mM), which increased shoot fresh weight, shoot dry weight, root fresh weight, and root dry weight by 61.62%, 62.03%, 43.9%, and 90.66%, respectively. In the case of drought, the weight of fresh shoot, dry shoot, fresh root, and dry root of wheat were significantly inhibited by about 45.37%, 45.03%, 42.28%, and 49.56%, respectively. Application of the tested concentrations of putrescine on drought-stressed wheat plants led to marked enhancements in the fresh and dry weights for shoots and roots compared to the untreated ones. Putrescine at (1 mM) significantly enhanced the fresh and dry weights of shoot and root, by 99.43%, 98.43%, 97.8%, and 210.17%, respectively.





3.2. Photosynthetic Pigments


Efficacy of putrescine, drought, and their interactions on some pigments (chlorophylls and carotenoids) of wheat leaves (Figure 1). Under normal conditions, priming wheat plants with different concentrations (0.25, 0.5, and 1 mM) of putrescine resulted in significant enhancements in chlorophyll a, chlorophyll b, and carotenoids. Putrescine at 0.5 mM recorded the highest treatment via boosting chlorophyll a, chlorophyll b, and carotenoids of wheat leaves by 16.67%, 32.97%, and 55.17%, respectively. However, water deficit stress led to significant suppression in chlorophyll a (about 10.7%) and chlorophyll b (about 26.6%) and insignificant increases in carotenoid contents in the tested plants. Concerning the interaction between putrescine and drought, putrescine at 0.25, 0.5, and 1 mM significantly promoted chlorophylls and carotenoids in drought-stressed wheat plants.




3.3. Osmolytes (Soluble Sugars, Free Amino Acids, Free Proline)


The results in Figure 2 illustrated the efficacy of putrescine, drought, and their interactions on the amount of free amino acids, total soluble sugars, and proline of wheat plants. Individual treatment of putrescine at 0.25, 0.5, and 1 mM increased the contents of sugars, amino acids, and free proline. Putrescine at (1 mM) increased the mentioned parameters by 84.59%, 24.68%, and 56.37%, respectively. In contrast, drought stress caused significant enhancement in soluble sugars content (32.81%), inhibition in free amino acids content (7.47%), and non-significant enhancement in proline content (14.89%) compared with un-stressed plants. Regarding the role of putrescine on drought-stressed wheat plants, the tested concentrations reinforced the levels of total soluble sugars, free amino acids, and free proline. Putrescine at (1 mM) recorded the highest increase in sugars and amino acids by 49.07% and 42.69%, respectively, while 0.5 mM recorded the highest proline contents increase by 115.74%.




3.4. Phenols and Flavonoids


The efficacy of various levels (0.25, 0.5, and 1 mM) of putrescine, drought condition, and their interactions on wheat plants was seen in Figure 3. In normal conditions, treating wheat plants with putrescine at (1 mM) enhanced the highest phenols and flavonoid contents by 25.1% and 23.49%, respectively. Under drought conditions, the phenol contents of wheat plants decreased insignificantly, while flavonoid contents significantly increased by 36.99%. In the case of wheat plants that are grown under drought conditions, the application of putrescine at 0.25, 0.5, and 1 mM promoted phenols amount to 13.74%, 35.63%, and 52.37% while inhibiting flavonoids contents by 28.47%, 25.18%, and 19.71%, respectively.




3.5. Profile of Protein


Analysis of the protein pattern of wheat plants showed variations in the resulting bands shown in Figure 4 and Table 3. Results revealed 34 polypeptide bands with various molecular weights between 11 kDa and 180 kDa with a polymorphic rate of 26.47%. Concerning the stabilization of protein, there are 23 monomorphic bands. Water deficit stress led to variations in the profile of protein by inducing the synthesis or disappearance of some bands. Water deficit stress synthesized a unique band (54 KDa) while disappearing protein bands at 52 and 20 KDa. Furthermore, drought conditions and putrescine enhanced polymorphic polypeptides with 36 and 16 KDa regarding control plants. Moreover, under drought stress, the putrescine at (1 mM) formed the polymorphic polypeptide 110, 32, and 26 KDa in water deficit-stressed plants. Under drought stress, only putrescine at 0.5 mM promoted the appearance of the unique band at 64 KDa in water deficit-stressed plants and polymorphic bands 110, 63, 32, and 26. Under drought stress, only putrescine at 0.25 mM stimulated the appearance of the polymorphic bands at 46 and 63 KDa in water deficit-stressed plants.




3.6. Yield Characteristics


The results obtained in Table 4 clarified the efficacy of putrescine application, drought conditions, and their interactions with wheat plants. Utilizing putrescine at 0.25, 0.5, and 1 mM has promotive impacts on yield attributes of the grown plants under normal conditions. In the case of spike length, putrescine at 0.5 mM was the most effective treatment, while 0.25- and 0.5-mM concentrations recorded the same significant value in the number of spikelets. Furthermore, putrescine at (1 mM) recorded the highest increases in the number of grains, the weight of spike, and the weight of grains/spike, reaching 48.7%, 45.76%, and 94.03%, respectively. On the contrary, growing wheat plants in water deficit conditions led to significant decreases in most yield parameters; spike length by 28.58%, number of spikelets by 15.63%, number of grains by 30.26%, the weight of spike by 23.45%, and weight of (grains/spike) by 37.45%. Under drought stress, grains priming with putrescine (0.25, 0.5, and 1 mM), enhanced spike length (about 36%, 18%, and 32%), number of spikelets (about 33%, 33%, and 59%), number of grains (about 1.9%, 47%, and 81%), the weight of the spike (about 34%, 37%, and 45%), and the weight of the grains/spike (about 36%, 61%, and 48%), respectively.





4. Discussion


Water deficit is a problem that mainly and directly threatens agriculture, as it negatively affects the growth and production of crops due to the imbalance between the number of reactive oxygen species and their antioxidants [31]. It is necessary to enhance the plant tolerance against the environmental stresses to survive. A possible approach is the application of polyamine, putrescine, or its derivatives, such as Spermine and Spermidine. Putrescine pre-treatment proved to have an effective, positive, and protective role in wheat plants against oxidative stress conditions, particularly drought [32].



Plant organs are highly affected to respond to abiotic stresses through changes in plant growth regulation. In agreement with our findings, a recent study by [33] showed that shoot and root as well as leaf area lengths were inhibited due to drought. Moreover, drought stress decreased Leaf areas compared with un-stressed maize plants [19] and growth traits (plant height, the number of leaves, and the leaf area) of cotton plants [34]. The inhibition in the earlier growth parameters could be related to the inhibition in cell turgor, which suppresses cell elongation and development [35]. Regarding putrescine application, a study by [36] described enhancements in plant height and leaf areas of wheat plants under normal conditions. Putrescine as a polyamine is considered a class of plant growth regulators [37]. Concerning the interaction between drought and putrescine impact, similarly, putrescine improved plant lengths and leaf areas of drought-stressed wheat plants [36]. Recently, putrescine at different concentrations could recover Korean ginseng from stress conditions by enhancing most morphological growth attributes [38]. Overall, putrescine has a role in various hormonal pathways, scavenging reactive oxygen species, and adjusting osmotic balance [39,40].



In line with our results, drought stress decreased shoot and root weights (fresh and dry) for broccoli plants [33]. A study [19] submitted that fresh and dry weights of maize plants were significantly decreased due to exposure to drought conditions. Alfalfa plants exposed to drought stress decreased fresh and dry mass of shoots and roots compared with un-stressed plants [41]. In an earlier study, putrescine increased the shoot and root weights in wheat [42] and geranium plants [16]. Putrescine had a beneficial impact on the morphological growth aspects [43]. In this respect, putrescine treatments enhanced the growth parameters of cotton plants compared with untreated plants [44]. Polyamines had a role in various physiological activities, including embryonic development, root growth, organogenesis, floral differentiation, fruit ripening or apoptosis, and plant defense responses. Its cationic nature explains most of its biological activity [45,46,47,48].



Drought stress negatively affects the photosynthetic pigments in wheat plants. It reduces the photosynthetic pigments and transpiration and, thus, negatively affects plant productivity [49,50]. In agreement with our results, drought-stressed alfalfa plants declined the contents of chlorophyll a and chlorophyll b compared to un-stressed plants [43]. Additionally, drought conditions caused significant reductions in chlorophyll content [51]. In an earlier study, the contents of leaf pigments of cotton plants as chlorophyll a, chlorophyll b, and total chlorophylls were decreased due to drought stress exposure [44]. In a recent study, such enhancement in carotenoids might improve the antioxidant activity that acts as non-enzymatic antioxidants produced under unfavorable conditions [3], while treating wheat plants with various concentrations of putrescine augmented the contents of chlorophyll a, chlorophyll b, and carotenoids [41]. Putrescine treatment promoted chlorophyll pigments in geranium foliage. The author suggested that such an increment in photosynthetic pigments might be due to the activity of putrescine as anti-senescence [16]. The application of putrescine increased the levels of photosynthetic pigments in several studies [52,53]. On cotton plants, the authors attributed the enhancements of the photosynthetic pigments to the positive impact of polyamines in keeping thylakoid and chloroplast structures [38,44].



One of several mechanisms in the plant to mitigate and counteract the harmful effects of stress is osmoprotectants accumulation, which reduces oxidative damage and enhances plant tolerance. In an earlier study on the impact of drought, the total sugars and proline of cotton plants were enhanced when plants were grown under drought conditions [34]. Quinoa plants subjected to water deficit resulted in marked increases in the contents of total soluble sugars and free proline [54]. Moreover, Free proline contents were increased in common beans after polyethylene glycol (drought inducer) treatment [55]. Our findings agree with the results of [51], which found a reduction in the levels of free amino acids in wheat plants due to exposure to drought. Putrescine enhanced soluble sugars, proline, and amino acids in wheat plants [42]. Furthermore, an earlier study portrayed enhancements in the levels of soluble sugars, free amino acids, and free proline of cotton plants in response to putrescine applications [44]. Several investigations showed that putrescine was included in various physiological and metabolic processes [56,57,58]. Recently, total soluble sugars and free proline in stressed Korean ginseng plants were enhanced after the putrescine application [38]. Proline is a low molecular weight osmotic regulating molecule that regulates redox potentials, scavenges hydroxyl radicals, reduces oxidative damage, and stabilizes cell membranes under stress conditions [15,59,60,61]. Increased total free amino acids may control osmotic adjustment, safeguard cellular macromolecules, store nitrogen, and preserve cellular pH [62].



Plant cells use flavonoids and phenolics as non-enzymatic antioxidants to scavenge reactive oxygen species produced due to stress and increase plant tolerance [63]. A study by [64] documented increases in the contents of flavonoids in marigold plants grown under water stress, while putrescine treatments increased total phenols content in cotton plants [44] and Thymus vulgaris plants [35]. Moreover, maize plants increased total phenolic compounds and flavonoids in response to polyamine treatment compared to the control [62]. The promotion of flavonoids level under water stress conditions was previously documented in several studies [3,51,65]. In drought-stressed maize plants, the contents of phenolic compounds and flavonoids accumulated due to polyamine treatment [62]. Flavonoids are poly-phenolic compounds having an antioxidant ability in plants [64]. Different putrescine concentrations increased the total soluble phenolics in drought-stressed thyme plants compared to untreated plants [35]. This response may be due to the catalytic putrescine effect on photosynthesis, the main source of phenolic compounds via the shikimic acid pathway [66,67,68].



Regarding the protein pattern, our findings predicted nine stress-responsive genes related to putrescine action in response to water deficit conditions. Put-induced proteins act as a defense line to alleviate the damage effects of drought stress. The synthesis of new proteins might be due to the effectiveness of putrescine in stimulating vital physiological processes, such as nitrogen metabolism and polyamine synthesis [69]. Further, variation in protein expression in wheat plants growing under water deficit stress might be due to PAs protecting the Rubisco protein in wheat [70].



At yield and its components, water deficit application significantly reduced the yield attributes of tomatoes [71]. Similarly, drought stress reduced the yield components of cotton (e.g., open bolls number, seed cotton yield/plant, fiber length, and fiber strength) [34]. In agreement with our findings, the results of [72] documented significant decreases in yield components (grain yields, length of spike, number of grains, and spikelet per spike) of wheat plants under drought conditions. Water deficiency adversely affects the plant growth and productivity of crops. The suppression in growth and yield may be related to the overproduction of reactive oxygen species that caused damage to membranes and cell components [73,74]. Results of [75] documented that putrescine (1.25 and 2.5 mM) enhanced growth, development, and all yield attributes of wheat crops. The application of putrescine led to improvements in the yield of wheat and cotton [36,44]. These improvements are due to enhancing photosynthetic pigments, sugars, amino acids, and proline. Under drought stress, polyamines (spermine, spermidine, and putrescine) on wheat plants enhanced the filling of grains and the weight of grains [76] as well as yield and its components (number of totals, open and closed bolls, boll weight, seed yield/plant, and seed index) of stressed cotton plants [77].




5. Conclusions


The current study concluded how wheat plants respond to exposure to water deficiency conditions (50% water irrigation based on field capacity) and putrescine (0.25, 0.5, and 1 mM). Exposure to drought stress caused harmful effects on growth parameters, yield, and metabolic activities via increasing oxidative stress. Meanwhile, putrescine treatment clarified improvements in the performance of morphology, pigments, proline, amino acids, sugars, phenolics, flavonoids, and yield aspects, which help wheat plants in facing drought stress conditions. It is worth noting that putrescine (1 mM) was the most effective among the tested concentrations. Based on its pivotal role, putrescine is one of the safe solutions for plants to cope with water stress conditions. Grain priming in putrescine is a promising technique to save water irrigation and induces drought defense mechanisms.







Author Contributions


Conceptualization, H.-A.A.H. and A.A.B.; methodology, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; software, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; validation, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; formal analysis, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; investigation, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; resources, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; data curation, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; writing—original draft preparation, H.-A.A.H. and A.A.B.; writing—review and editing, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; visualization, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B.; supervision, H.-A.A.H. and A.A.B.; project administration, H.-A.A.H. and A.A.B.; funding acquisition, H.-A.A.H., S.O.A., M.E.A.E.-S., S.K.M.K. and A.A.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Acknowledgments


The authors are thankful to the Botany and Microbiology Department, Faculty of Science (Girls), Al-Azhar University, and the Biology Department, University College of Nairiyah, University of Hafr Al-Batin. The authors would also like to thank the Biology Department, College of Science, University of Hafr Al-Batin. The authors extend their thanks and appreciation to the Botany and Microbiology Department, Faculty of Science, Al-Azhar University.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bahari, A.; Pirdashti, H.; Yaghubi, M. The effects of amino acid fertilizers spraying on photosynthetic pigments and antioxidant enzymes of wheat (Triticum aestivum L.) under salinity stress. Int. J. Plant Prod. 2013, 4, 787–793. [Google Scholar]

	



Abdel-Fattah, G.M.; Asrar, A.W.A. Arbuscular mycorrhizal fungal application to improve growth and tolerance of wheat (Triticum aestivum L.) plants grown in saline soil. Acta Physiol. Plant. 2012, 34, 267–277. [Google Scholar] [CrossRef]

	



Hussein, H.-A.A.; Alshammari, S.O.; Kenawy, S.K.M.; Elkady, F.M.; Badawy, A.A. Grain-priming with L-arginine improves the growth performance of wheat (Triticum aestivum L.) plants under drought stress. Plants 2022, 11, 1219. [Google Scholar] [CrossRef]

	



FAO. FAO Publications Catalogue 2022; FAO: Rome, Italy, 2022. [Google Scholar]

	



Ewais, E.A.; Ismail, M.A.; Amin, M.A.; Badawy, A.A. Efficiency of salicylic acid and glycine on sugar beet plants grown under heavy metals pollution. Egypt J. Biotechnol. 2015, 48, 112–126. [Google Scholar]

	



Abdel Latef, A.A.H.; Omer, A.M.; Badawy, A.A.; Osman, M.S.; Ragaey, M.M. Strategy of salt tolerance and interactive impact of Azotobacter chroococcum and/or Alcaligenes faecalis inoculation on canola (Brassica napus L.) plants grown in saline soil. Plants 2021, 10, 110. [Google Scholar] [CrossRef]

	



Attia, M.S.; Hashem, A.H.; Badawy, A.A.; Abdelaziz, A.M. Biocontrol of early blight disease of eggplant using endophytic Aspergillus terreus: Improving plant immunological, physiological and antifungal activities. Bot. Stud. 2022, 63, 26. [Google Scholar] [CrossRef]

	



Timmusk, S.; Abd El-Daim, I.A.; Copolovici, L.; Tanilas, T.; Kännaste, A.; Behers, L.; Nevo, E.; Seisenbaeva, G.; Stenström, E.; Niinemets, Ü. Drought-tolerance of wheat improved by rhizosphere bacteria from harsh environments: Enhanced biomass production and reduced emissions of stress volatiles. PLoS ONE 2014, 9, e96086. [Google Scholar] [CrossRef]

	



Hassanein, R.A.; Amin, A.B.A.E.S.; Rashad, E.S.M.; Ali, H. Effect of thiourea and salicylic acid on antioxidant defense of wheat plants under drought stress. Int. J. ChemTech Res. 2015, 7, 346–354. [Google Scholar]

	



Bowne, J.B.; Erwin, T.A.; Juttner, J.; Schnurbusch, T.; Langridge, P.; Bacic, A.; Roessner, U. Drought responses of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol. Plant 2012, 5, 418–429. [Google Scholar] [CrossRef]

	



Sallam, A.; Alqudah, A.M.; Dawood, M.F.A.; Baenziger, P.S.; Börner, A. Drought stress tolerance in wheat and barley: Advances in physiology, breeding and genetics research. Int. J. Mol. Sci. 2019, 20, 3137. [Google Scholar] [CrossRef]

	



Gill, S.S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 2010, 48, 909–930. [Google Scholar] [CrossRef] [PubMed]

	



Hasanuzzaman, M.; Bhuyan, M.H.M.B.; Zulfiqar, F.; Raza, A.; Mohsin, S.M.; Al Mahmud, J.; Fujita, M.; Fotopoulos, V. Reactive oxygen species and antioxidant defense in plants under abiotic stress: Revisiting the crucial role of a universal defense regulator. Antioxidants 2020, 9, 681. [Google Scholar] [CrossRef] [PubMed]

	



Abid, M.; Ali, S.; Qi, L.K.; Zahoor, R.; Tian, Z.; Jiang, D.; Snider, J.L.; Dai, T. Physiological and biochemical changes during drought and recovery periods at tillering and jointing stages in wheat (Triticum aestivum L.). Sci. Rep. 2018, 8, 4615. [Google Scholar] [CrossRef] [PubMed]

	



Skowron, E.; Trojak, M. Effect of exogenously-applied abscisic acid, putrescine and hydrogen peroxide on drought tolerance of barley. Biologia 2021, 76, 453–468. [Google Scholar] [CrossRef]

	



Ayad, H.S.; Reda, F.; Abdalla, M.S.A. Effect of putrescine and zinc on vegetative growth, photosynthetic pigments, lipid peroxidation and essential oil content of gerenium. World J. Agric. Sci. 2010, 6, 601–608. [Google Scholar]

	



Ebeed, H.T.; Hassan, N.M.; Aljarani, A.M. Exogenous applications of polyamines modulate drought responses in wheat through osmolytes accumulation, increasing free polyamine levels and regulation of polyamine biosynthetic genes. Plant Physiol. Biochem. 2017, 118, 438–448. [Google Scholar] [CrossRef] [PubMed]

	



Mohammadi, H.; Ghorbanpour, M.; Brestic, M. Exogenous putrescine changes redox regulations and essential oil constituents in field-grown Thymus vulgaris L. under well-watered and drought stress conditions. Ind. Crops Prod. 2018, 122, 119–132. [Google Scholar] [CrossRef]

	



Li, L.; Gu, W.; Li, C.; Li, W.; Li, C.; Li, J.; Wei, S. Exogenous spermidine improves drought tolerance in maize by enhancing the antioxidant defence system and regulating endogenous polyamine metabolism. Crop Pasture Sci. 2018, 69, 1076–1091. [Google Scholar] [CrossRef]

	



Ahmed, A.H.H.; Darwish, E.; Hamoda, S.A.F.; Alobaidy, M.G. Effect of putrescine and humic acid on growth, yield and chemical composition of cotton plants grown under saline soil conditions. Am. J. Agric. Environ. Sci. 2013, 13, 479–497. [Google Scholar]

	



Seleem, E.A.; Ibrahim, H.M.S.; Taha, Z.K. Exogenous application of ascorbic acid and putrescine: A natural eco-friendly potential for alleviating NaCl stress in barley (Hordeum vulgare). Emir. J. Food Agric. 2021, 33, 657–670. [Google Scholar] [CrossRef]

	



Metzner, H.; Rau, H.; Senger, H. Untersuchungen zur Synchronisierbarkeit einzelner Pigmentmangel-Mutanten von Chlorella. Planta 1965, 65, 186–194. [Google Scholar] [CrossRef]

	



Cerning, B.J. A note on sugar determination by the anthrone method. Cereal Chem. 1975, 52, 857–860. [Google Scholar]

	



Rosen, H. A modified ninhydrin colorimetric analysis for amino acids. Arch. Biochem. Biophys. 1957, 67, 10–15. [Google Scholar] [CrossRef] [PubMed]

	



Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207. [Google Scholar] [CrossRef]

	



Savitree, M.; Isara, P.; Nittaya, S.L.; Worapan, S. Radical scavenging activity and total phenolic content of medicinal plants used in primary health care. J. Pharm. Sci. 2004, 9, 32–35. [Google Scholar]

	



Pourmorad, F.; Hosseinimehr, S.J.; Shahabimajd, N. Antioxidant activity, phenol and flavonoid contents of some selected Iranian medicinal plants. Afr. J. Biotechnol. 2006, 5, 1142–1145. [Google Scholar] [CrossRef]

	



Adom, K.K.; Liu, R.H. Antioxidant activity of grains. J. Agric. Food Chem. 2002, 50, 6182–6187. [Google Scholar] [CrossRef]

	



Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature 1970, 227, 680–685. [Google Scholar] [CrossRef]

	



Snedecor, G.W.; Cochran, W.G. Statistical Methods; The Iowa State University Press: Ames, IA, USA, 1989. [Google Scholar]

	



Da Costa, M.; Huang, B. Changes in antioxidant enzyme activities and lipid peroxidation for bentgrass species in response to drought stress. J. Am. Soc. Hortic. Sci. 2007, 132, 319–326. [Google Scholar] [CrossRef]

	



Doneva, D.; Pál, M.; Brankova, L.; Szalai, G.; Tajti, J.; Khalil, R.; Ivanovska, B.; Velikova, V.; Misheva, S.; Janda, T.; et al. The effects of putrescine pre-treatment on osmotic stress responses in drought-tolerant and drought-sensitive wheat seedlings. Physiol. Plant. 2021, 171, 200–216. [Google Scholar] [CrossRef]

	



Kusvuran, S. Microalgae (Chlorella vulgaris Beijerinck) alleviates drought stress of broccoli plants by improving nutrient uptake, secondary metabolites, and antioxidative defense system. Hortic. Plant J. 2021, 7, 221–231. [Google Scholar] [CrossRef]

	



Ahmed, A.H.H.; Darwish, E.; Alobaidy, M.G. Impact of putrescine and 24-epibrassinolide on growth, yield and chemical constituents of cotton (Gossypium barbadense L.) plant grown under drought stress conditions. Asian J. Plant Sci. 2017, 16, 9–23. [Google Scholar] [CrossRef]

	



Abd Elbar, O.H.; Farag, R.E.; Shehata, S.A. Effect of putrescine application on some growth, biochemical and anatomical characteristics of Thymus vulgaris L. under drought stress. Ann. Agric. Sci. 2019, 64, 129–137. [Google Scholar] [CrossRef]

	



Gupta, S.; Agarwal, V.P.; Gupta, N.K. Efficacy of putrescine and benzyladenine on photosynthesis and productivity in relation to drought tolerance in wheat (Triticum aestivum L.). Physiol. Mol. Biol. Plants 2012, 18, 331–336. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Hong, X.; Xiao-xia, W.; Yun-cheng, L. Effect of polyamine on seed germination of wheat under drought stress is related to changes in hormones and carbohydrates. J. Integr. Agric. 2016, 15, 2759–2774. [Google Scholar] [CrossRef]

	



Islam, M.J.; Ryu, B.R.; Azad, M.O.K.; Rahman, M.H.; Rana, M.S.; Lim, J.D.; Lim, Y.S. Exogenous putrescine enhances salt tolerance and ginsenosides content in korean ginseng (Panax ginseng Meyer) sprouts. Plants 2021, 10, 1313. [Google Scholar] [CrossRef]

	



Al-Kandari, M.; Redha, A.; Suleman, P. Polyamine accumulation and osmotic adjustment as adaptive responses to water and salinity stress in Conocarpus lancifolius. Funct. Plant Sci. Biotechnol. 2009, 3, 42–48. [Google Scholar]

	



Velikova, V.; Yordanov, I.; Edreva, A. Oxidative stress and some antioxidant systems in acid rain-treated bean plants: Protective role of exogenous polyamines. Plant Sci. 2000, 151, 59–66. [Google Scholar] [CrossRef]

	



Zeid, I.M.; Shedeed, Z.A. Response of alfalfa to putrescine treatment under drought stress. Biol. Plant. 2006, 50, 635–640. [Google Scholar] [CrossRef]

	



El-Bassiouny, H.M.; Mostafa, H.A.; El-Khawas, S.A.; Hassanein, R.A.; Khalil, S.I.; Abd El-Monem, A.A. Physiological responses of wheat plant to foliar treatments with arginine or putrescine. Aust. J. Basic Appl. Sci. 2008, 2, 1390–1403. [Google Scholar]

	



Talaat, I.M.; Bekheta, M.A.; Mahgoub, M.H. Physiological response of periwinkle plants (Catharanthus roseus L.) to tryptophan and putrescine. Int. J. Agric. Biol 2005, 7, 210–213. [Google Scholar]

	



Shallan, M.A.; Hassan, H.M.M.; Namich, A.A.M.; Ibrahim, A.A. Effect of sodium niroprusside, putrescine and glycine betaine on alleviation of drought stress in cotton plant. Am. J. Agric. Environ. Sci. 2012, 12, 1252–1265. [Google Scholar] [CrossRef]

	



Fariduddin, Q.; Varshney, P.; Yusuf, M.; Ahmad, A. Polyamines: Potent modulators of plant responses to stress. J. Plant Interact. 2013, 8, 1–16. [Google Scholar] [CrossRef]

	



Mustafavi, S.H.; Shekari, F.; Maleki, H.H. Influence of exogenous polyamines on antioxidant defence and essential oil production in valerian (Valeriana officinalis L.) plants under drought stress. Acta Agric. Slov. 2016, 107, 81–91. [Google Scholar] [CrossRef]

	



Sequera-mutiozabal, M.; Antoniou, C.; Tiburcio, A.F.; Alcázar, R.; Fotopoulos, V. Polyamines: Emerging hubs promoting drought and salt stress tolerance in plants. Curr. Mol. Biol. Rep. 2017, 3, 28–36. [Google Scholar] [CrossRef]

	



Alcázar, R.; Bueno, M.; Tiburcio, A.F. Polyamines: Small amines with large effects on plant abiotic stress tolerance. Cells 2020, 9, 2373. [Google Scholar] [CrossRef]

	



Hussain, H.A.; Hussain, S.; Khaliq, A.; Ashraf, U.; Anjum, S.A.; Men, S.; Wang, L. Chilling and drought stresses in crop plants: Implications, cross talk, and potential management opportunities. Front. Plant Sci. 2018, 9, 393. [Google Scholar] [CrossRef]

	



Zhang, Y.; Ding, J.; Wang, H.; Su, L.; Zhao, C. Biochar addition alleviate the negative effects of drought and salinity stress on soybean productivity and water use efficiency. BMC Plant Biol. 2020, 20, 288. [Google Scholar] [CrossRef]

	



Hammad, S.A.R.; Ali, O.A.M. Physiological and biochemical studies on drought tolerance of wheat plants by application of amino acids and yeast extract. Ann. Agric. Sci. 2014, 59, 133–145. [Google Scholar] [CrossRef]

	



Zeid, F.A.; Omer, E.A.; Amin, A.Y.; Hanafy, S.A.H. Effect of putrescine and salicylic acid on Ajwain plant (Trachyspermum ammi) at vegetative stage grown under drought stress. Int. J. Agric. Sci. Res. 2014, 4, 61–80. [Google Scholar]

	



Abdel-azem, H.S.; Shehata, S.M.; El-yazied, A.A.; Safia, M. Snap bean response to salicylic acid and putrescine used separately and jointly under two sowing dates. Middle East J. Appl. Sci. 2015, 05, 1211–1221. [Google Scholar]

	



Elewa, T.A.; Sadak, M.S.; Saad, A.M. Proline treatment improves physiological responses in quinoa plants under drought stress. Biosci. Res. 2017, 14, 21–33. [Google Scholar]

	



Türkan, I.; Bor, M.; Özdemir, F.; Koca, H. Differential responses of lipid peroxidation and antioxidants in the leaves of drought-tolerant P. acutifolius Gray and drought-sensitive P. vulgaris L. subjected to polyethylene glycol mediated water stress. Plant Sci. 2005, 168, 223–231. [Google Scholar] [CrossRef]

	



González-Hernández, A.I.; Scalschi, L.; Vicedo, B.; Marcos-Barbero, E.L.; Morcuende, R.; Camañes, G. Putrescine: A key metabolite involved in plant development, tolerance and resistance responses to stress. Int. J. Mol. Sci. 2022, 23, 2971. [Google Scholar] [CrossRef]

	



Killiny, N.; Nehela, Y. Citrus polyamines: Structure, biosynthesis, and physiological functions. Plants 2020, 9, 426. [Google Scholar] [CrossRef] [PubMed]

	



Khan, N.; Bano, A.; Babar, M.A. Metabolic and physiological changes induced by plant growth regulators and plant growth promoting rhizobacteria and their impact on drought tolerance in Cicer arietinum L. PLoS ONE 2019, 14, e0213040. [Google Scholar] [CrossRef] [PubMed]

	



Omer, A.M.; Osman, M.S.; Badawy, A.A. Inoculation with Azospirillum brasilense and/or Pseudomonas geniculata reinforces flax (Linum usitatissimum) growth by improving physiological activities under saline soil conditions. Bot. Stud. 2022, 63, 15. [Google Scholar] [CrossRef]

	



Osman, M.S.; Badawy, A.A.; Osman, A.I.; Abdel Latef, A.A.H. Ameliorative impact of an extract of the halophyte Arthrocnemum macrostachyum on growth and biochemical parameters of soybean under salinity stress. J. Plant Growth Regul. 2021, 40, 1245–1256. [Google Scholar] [CrossRef]

	



Badawy, A.A.; Abdelfattah, N.A.H.; Salem, S.S.; Awad, M.F.; Fouda, A. Efficacy assessment of biosynthesized copper oxide nanoparticles (CuO-NPs) on stored grain insects and their impacts on morphological and physiological traits of wheat (Triticum aestivum L.) plant. Biology 2021, 10, 233. [Google Scholar] [CrossRef]

	



Talaat, N.B.; Shawky, B.T. Dual application of 24-epibrassinolide and spermine confers drought stress tolerance in maize (Zea mays L.) by modulating polyamine and protein metabolism. J. Plant Growth Regul. 2016, 35, 518–533. [Google Scholar] [CrossRef]

	



Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [Google Scholar] [CrossRef] [PubMed]

	



Feiz, F.S.; Hakimi, L.; Mousavi, A.; Jahromi, M.G. The effects of glycine betaine and L-arginine on biochemical properties of pot marigold (Calendula officinalis L.) under water stress. Iran. J. Plant Physiol. 2019, 9, 2795–2805. [Google Scholar]

	



Hammad, S.A.R.; El-Gamal, S.M. Response of pepper plants grown under water stress condition to biofertilizers (Halex 2) and mineral nitrogen. Minufiya J. Agric. Res. 2004, 29, 1–27. [Google Scholar]

	



Farooq, M.; Wahid, A.; Lee, D.-J. Exogenously applied polyamines increase drought tolerance of rice by improving leaf water status, photosynthesis and membrane properties. Acta Physiol. Plant. 2009, 31, 937–945. [Google Scholar] [CrossRef]

	



Amin, M.A.; Ismail, M.A.; Badawy, A.A.; Awad, M.A.; Hamza, M.F.; Awad, M.F.; Fouda, A. The Potency of fungal-fabricated selenium nanoparticles to improve the growth performance of Helianthus annuus L. and control of cutworm Agrotis ipsilon. Catalysts 2021, 11, 1551. [Google Scholar] [CrossRef]

	



Badawy, A.A.; Alotaibi, M.O.; Abdelaziz, A.M.; Osman, M.S.; Khalil, A.M.A.; Saleh, A.M.; Mohammed, A.E.; Hashem, A.H. Enhancement of seawater stress tolerance in barley by the endophytic fungus Aspergillus ochraceus. Metabolites 2021, 11, 428. [Google Scholar] [CrossRef]

	



Yuan, Y.; Zhong, M.; Shu, S.; Du, N.; Sun, J.; Guo, S. Proteomic and physiological analyses reveal putrescine responses in roots of cucumber stressed by NaCL. Front. Plant Sci. 2016, 7, 1035. [Google Scholar] [CrossRef]

	



Hassan, N.; Ebeed, H.; Aljaarany, A. Exogenous application of spermine and putrescine mitigate adversities of drought stress in wheat by protecting membranes and chloroplast ultra-structure. Physiol. Mol. Biol. Plants 2020, 26, 233–245. [Google Scholar] [CrossRef] [PubMed]

	



Abdeldaym, E.A.; Sabra, M.A. The root endophytic fungus Piriformospora indica improves growth performance, physiological parameters and yield of tomato under water stress condition. Middle East J. Agric. Res. 2018, 7, 1090–1101. [Google Scholar]

	



Raza, M.A.S.; Saleem, M.F.; Shah, G.M.; Khan, I.H.; Raza, A. Exogenous application of glycinebetaine and potassium for improving water relations and grain yield of wheat under drought. J. Soil Sci. Plant Nutr. 2014, 14, 348–364. [Google Scholar] [CrossRef]

	



Talaat, N.B.; Shawky, B.T.; Ibrahim, A.S. Alleviation of drought-induced oxidative stress in maize (Zea mays L.) plants by dual application of 24-epibrassinolide and spermine. Environ. Exp. Bot. 2015, 113, 47–58. [Google Scholar] [CrossRef]

	



Shemi, R.; Wang, R.; Gheith, E.S.M.S.; Hussain, H.A.; Hussain, S.; Irfan, M.; Cholidah, L.; Zhang, K.; Zhang, S.; Wang, L. Effects of salicylic acid, zinc and glycine betaine on morpho-physiological growth and yield of maize under drought stress. Sci. Rep. 2021, 11, 3195. [Google Scholar] [CrossRef] [PubMed]

	



Mostafa, H.A.M.; Hassanein, R.A.; Khalil, S.I.; El-Khawas, S.A.; El-Bassiouny, H.M.S.; El-Monem, A.A.A. Effect of arginine or putrescine on growth, yield and yield components of late sowing wheat. J. Appl. Sci. Res. 2010, 6, 177–183. [Google Scholar]

	



Liu, Y.; Liang, H.; Lv, X.; Liu, D.; Wen, X.; Liao, Y. Effect of polyamines on the grain filling of wheat under drought stress. Plant Physiol. Biochem. 2016, 100, 113–129. [Google Scholar] [CrossRef] [PubMed]

	



Alobaidy, M.G. Effect of Putrescine and Humic Acid on Cotton Plant Growing under Salinity Stress Conditions. Master’s Thesis, Faculty of Agriculture, Cairo University, Giza, Egypt, 2013. [Google Scholar]








[image: Agriculture 13 00587 g001 550] 





Figure 1. Change of chlorophyll a (A), chlorophyll b (B), and carotenoids (C) contents in wheat plants pretreated with putrescine, drought stressor, and their combination. Each bar shows mean ± standard error. Different letters indicate different significance between means. 
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Figure 2. Change in soluble sugars (A), free amino acids (B), and free proline levels (C) in wheat plants pretreated with putrescine, drought stressor, and their combination. Each bar shows mean ± standard error. Different letters indicate different significance between means. 
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Figure 3. Change in total phenols (A) and total flavonoid (B) levels in wheat plants pretreated with putrescine, drought stressor, and their combination. Each bar shows mean ± standard error. Different letters indicate different significance between means. 
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Figure 4. Change in protein pattern in putrescine-pretreated wheat plants under water deficit condition. L1, control; L2, 0.25 mM putrescine; L3, 0.5 mM putrescine; L4, 1 mM putrescine; L5, water deficit conditions; L6, water deficit condition combined with 0.25 mM putrescine; L7, water deficit condition combined with 0.5 mM putrescine; L8, water deficit condition combined with 1 mM putrescine. 
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Table 1. The response of some growth characteristics of wheat plants to putrescine, drought stress, and their combination. Values depict the mean and standard error. Different letters indicate significance between means.
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Treatments

	
Plant Height

(cm)

	
Root Length

(cm)

	
Leaves Number

	
Flag Leaf Area

(cm2)

	
Tillers Number




	
Irrigation

	
Putrescine






	
Control

	
0.0 mM

	
60 ± 0.58 e

	
6.00 ± 0.1 d

	
4.67 ± 0.33 de

	
14.5 ± 0.35 cde

	
2.00 ± 0.1 bc




	
0.25 mM

	
72 ± 1.15 a

	
7.33 ± 0.67 cd

	
8.33 ± 0.33 abc

	
18.1 ± 0.64 bc

	
2.33 ± 0.33 bc




	
0.50 mM

	
74 ± 0.58 a

	
8.67 ± 0.33 bc

	
9.33 ± 0.33 ab

	
19.7 ± 1.11 ab

	
3.00 ± 0.1 b




	
1.0 mM

	
71 ± 0.58 ab

	
9.67 ± 0.33 abc

	
10.33 ± 0.67 a

	
23.3 ± 1.92 a

	
4.67 ± 0.33 a




	
Drought

	
0.0 mM

	
49 ± 0.58 f

	
8.00 ± 0.1 bcd

	
3.00 ± 0.1 e

	
11.2 ± 0.73 e

	
1.67 ± 0.33 c




	
0.25 mM

	
64 ± 0.58 d

	
9.00± 0.1 bc

	
5.67 ± 0.33 d

	
12.8 ± 0.24 de

	
2.0 0± 0.1 bc




	
0.50 mM

	
66 ± 0.58 cd

	
10.0 ± 1.0 ab

	
6.67 ± 0.33 cd

	
15.8 ± 0.61 bcd

	
2.67 ± 0.33 bc




	
1.0 mM

	
68 ± 0.58 bc

	
12.0 ± 0.58 a

	
8.00 ± 0.57 bc

	
19.0 ± 0.13 ab

	
3.00 ± 0.1 b
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Table 2. The response of shoot and root weights of the wheat plant to putrescine, drought stress, and their combination. Values depict the mean and standard error. Different letters indicate different significance between means.
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Treatments

	
Shoot Fresh Weight

(g)

	
Shoot Dry Weight (g)

	
Root Fresh Weight

(g)

	
Root Dry Weight

(g)




	
Irrigation

	
Putrescine






	
Control

	
0.0 mM

	
6.3 ± 0.13 cd

	
1.51 ± 0.03 cd

	
0.82 ± 0.08 bcd

	
0.27 ± 0.02 b




	
0.25 mM

	
7.7 ± 0.49 bc

	
1.85 ± 0.12 bc

	
0.83 ± 0.03 bcd

	
0.30 ± 0.02 b




	
0.50 mM

	
9.3 ± 1.01 ab

	
2.22 ± 0.24 ab

	
1.03 ± 0.03 ab

	
0.42 ± 0.03 a




	
1.0 mM

	
10.2 ± 0.35 a

	
2.45 ± 0.08 a

	
1.18 ± 0.06 a

	
0.52 ± 0.02 a




	
Drought

	
0.0 mM

	
3.4 ± 0.04 e

	
0.83 ± 0.01 e

	
0.47 ± 0.02 e

	
0.14 ± 0.03 c




	
0.25 mM

	
5.2 ± 0.35 de

	
1.25 ± 0.09 de

	
0.62 ± 0.01 de

	
0.23 ± 0.01 bc




	
0.50 mM

	
6.4 ± 0.11 cd

	
1.54 ± 0.03 cd

	
0.77 ± 0.03 cd

	
0.27 ± 0.03 b




	
1.0 mM

	
6.9 ± 0.53 cd

	
1.65 ± 0.13 cd

	
0.94 ± 0.07 bc

	
± 0.03 a
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Table 3. Change in protein pattern in putrescine-pretreated wheat plants under water deficit condition. L1, control; L2, 0.25 mM putrescine; L3, 0.5 mM putrescine; L4, 1 mM putrescine; L5, water deficit conditions; L6, water deficit condition combined with 0.25 mM putrescine; L7, water deficit condition combined with 0.5 mM putrescine; L8, water deficit condition combined with 1 mM putrescine.
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No.

	
MW

	
L1

	
L2

	
L3

	
L4

	
L5

	
L6

	
L7

	
L8






	
1

	
180

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
2

	
135

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
3

	
118

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
4

	
110

	
-

	
-

	
-

	
-

	
-

	
-

	
+

	
+




	
5

	
100

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
6

	
80

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
7

	
70

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
8

	
66

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
9

	
65

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
10

	
64

	
-

	
-

	
-

	
-

	
-

	
-

	
+

	
-




	
11

	
63

	
-

	
-

	
+

	
-

	
-

	
+

	
+

	
-




	
12

	
61

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
13

	
60

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
14

	
54

	
-

	
-

	
-

	
-

	
+

	
-

	
-

	
-




	
15

	
52

	
+

	
+

	
+

	
+

	
-

	
-

	
-

	
-




	
16

	
48

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
17

	
46

	
-

	
-

	
+

	
-

	
-

	
+

	
-

	
-




	
18

	
37

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
19

	
36

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
20

	
34

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
21

	
33

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
22

	
32

	
-

	
-

	
-

	
-

	
-

	
-

	
+

	
+




	
23

	
31

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
24

	
30

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
25

	
28

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
26

	
26

	
-

	
-

	
-

	
-

	
-

	
-

	
+

	
+




	
27

	
23

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
28

	
21

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
29

	
20

	
+

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
30

	
18

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
31

	
17

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
32

	
16

	
-

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
33

	
15

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
34

	
12

	
+

	
+

	
+

	
+

	
+

	
+

	
+

	
+




	
Total

	
25

	
26

	
28

	
26

	
25

	
27

	
31

	
28
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Table 4. The response of yield components of the wheat plant to putrescine, drought stress, and their combination. Values depict the mean and standard error. Different letters indicate different significance between means.
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Treatments

	
Spike Length

	
Number of Spikelets

	
Number of Grains

	
Weight of Spike (g)

	
Weight of Grains/Spike (g)




	
Irrigation

	
Putrescine






	
Control

	
0.0 mM

	
11.67 ± 0.33 a

	
10.67 ± 0.33 bc

	
25.33 ± 0.67 c

	
1.18 ± 0.02 b

	
0.68 ± 0.04 cd




	
0.25 mM

	
12.17 ± 0.60 a

	
14 ± 0.57 a

	
27.67 ± 1.45 bc

	
1.57 ± 0.02 a

	
0.92 ± 0.10 bc




	
0.5 mM

	
12.67 ± 0.67 a

	
14 ± 1.15 a

	
31 ± 0.57 b

	
1.69 ± 0.08 a

	
1.11 ± 0.07 ab




	
1.0 mM

	
11 ± 0.57 ab

	
13.33 ± 0.33 a

	
37.67 ± 1.45 a

	
1.72 ± 0.01 a

	
1.31 ± 0.10 a




	
Drought

	
0.0 mM

	
8.33 ± 0.33 b

	
9 ± 0.1 c

	
17.67 ± 0.33 d

	
0.90 ± 0.01 c

	
0.42 ± 0.03 d




	
0.25 mM

	
11.33 ± 0.33 a

	
12 ± 0.1 ab

	
18 ± 0.57 d

	
1.21 ± 0.02 b

	
0.58 ± 0.03 d




	
0.5 mM

	
9.83 ± 0.17 ab

	
12 ± 0.1 ab

	
26 ± 1 c

	
1.24 ± 0.04 b

	
0.68 ± 0.03 cd




	
1.0 mM

	
11 ± 1.15 ab

	
14.33 ± 0.33 a

	
32 ± 0.57 b

	
1.31 ± 0.02 b

	
0.63 ± 0.03 cd

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
o I
rr 15 15T
INFHH O ANLW —LNO
< N o B o

NW T IMJ
N €0nd
W ST0Md
W 0md
NW T IMJ
AW €0 M J
W ST0Md
AW 0 IMJ

(M 1-33w) spoe ourwue aar]

U

<

m9876543210

JAW T 30
JNW €0 N
JNW SZ0 INd
JAW 0 I
JAW T 3N
JNW €0 N
JNW ST°0 INd
JAW 0 I

(M -3 3w) sre8ns ayqnjos 3o

Drought

Control

Drought

Control

O H—— W T ]
© HEEEEE——— AU CT0 I
O e WU CT0 I
= e AWM ]

U e AT

(€)

v I TS0 IM]
— S WU CT0Md

o e WU QM

DN D D D D D D D
VOFHFN—=NVOFHNO
1111 OOOO

(M ;-310wm) aurjor ]

Drought

Control






nav.xhtml


  agriculture-13-00587


  
    		
      agriculture-13-00587
    


  




  





media/file2.png
(A)

© s AW TN

< ess——— WU S0 M

< e WU CT0 M
v H——— AW QI ]

© HE———— AW TN

© - AW C°0 N

< HEEEE———— AT CT0 I ]

O s WU Q0 INJ

I

] 1 1 1 1 L] 1 1 L] 1

O NOINOIINFHFNN—~O

COO0 OO OOOO0O

(M 18 3w) qidydorony)

O s———— W] INg
O — WU S0 N
O —— AU CT0 I

U e WU O INJ

© M AW ]3I0
© [ AU S0 ]
< I WU CT0 I

—— AU O]

f
ol
o

21b

J ! ' L
n = 1 O
— =}

(M -8 3w) eqdydorony)

Drought

Control

Drought

Control

© HEEEEEEEEEE——— WU TN
< HEEEE——— AU CT0 ]
v HE——— AT CT0INd

< e AW INJ

8 s WU T INJ

(©)

8 s WU S0 M

< s W CT0INd
T HE——— AW INg
NOOHNTROHNO

QTP - -
COCOS C©OOCOo

(M ;-3 3w) sprousjore))

Drought

Control






media/file5.jpg
£ e— N 11
© — I €0
© — N ST 0N

 — 0N

2 H— N 1A

2 — N S0
2 — N ST0INT
© — N0

(M4 188w)sprovonery

© — N A
L e— N GO
D — W ST0 I

© V— 0 1N

2 N g
£ — U G030
T m— N ST0I

G - — 0 10

©n ey -y o

(M 88w)sjouag

Drought

Control

Drought

Control






media/file3.jpg
(A)

W ng

 e— S0
T — N T 01
- — 010
o — N0
 —
 — N STOW
© e— 01

nammn e o

(M +88w) spoe ourwe aazy

W g

W ST

© e— 0N
2 — T
© H— 0

 — N ET0W

o — N0

(438w sxeBnsan

s oL

Drought

Control

Drought

Control

W g
W g0Ind

W szomd
e omd
g
W gomd
 — U ET0
 — 01
%33478339°
(M 1 8rowr) auroxg

Drought

Control






media/file1.jpg
© — T

2 e— N 0N

D — N ST0
© — N0

© — N T

- — 0TI

© — N ST 0
o — U0

St onamaao

383333383

(M1 88w) quiudosony

£ e— N 10
5 — 0T
O — U ST0IN
 — N0
© — N 1

- — N I

(M4 188w) endydosopyy

Drought

Control

Drought

Control

(©

© — I

— N 1

— A EOW
© — N ST
© — 0

g@ezaz °
8333s8say
(M 88w) sprouarore

Drought

Control






media/file7.jpg
M12 3 456 7

180 kDa

100 kDa
75kDa

65 kDa
48 kDa

35kDa
25kDa

17 kDa

11 kDa






media/file0.png





media/file8.png
M1 2 3 45 6 7

180 kDa

100 kDa
75 kDa

65 kDa
48 kDa

35 kDa
25 kDa

17 kDa

11 kDa






media/file6.png
(B)

ab

(A)

8 Hesssssm—— WU T INJ
U e WU 0 INd
U e AW CT0 N
© HEEEEE———— WU QI
NW T Ing
NW S0 IMd
NW cZT0md
AW 0 M J

bc bc
Control

0 -

T
o
o

04 -

T
\Q
o

(-8 )

1.2 -

1 4
ooO.S‘C
(7))

prouoae[]

< HEEEEEEE——— AU TN

NW S0

INW T 0mMd
VU HEEE——— AWM J

< Hss—— WU T ]

O Heeesssmmmmm——— [\ €0 MJ

e AW CT0 M

e AW O I

dcd bcd

r
N

0 -

L L L
10— 1
i o

ToR e
(@
(M 1-33w) sjouayg

Drought

Drought

Control






